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The disruption of mother-infant interactions can have life-long detrimental consequences 
for offspring and mothers. This topic of Frontiers will focus on maternal-infant interactions 
including factors that may affect or alter infant or child development and maternal response 
capability in clinical and preclinical (animal) populations. Articles may highlight topics 
such as drug abuse, maternal neglect, altered reward systems, stress, biological and neural 
system development, child and infant behavioral development, genetics/epigenetics and 
intergenerational studies. Submissions can include research methods papers, reviews, original 
research articles, techniques and opinion articles that address the topics of interest. This 
Research Topic will highlight translational research including common measures and results 
found in both animal and human studies. Please contact one of the Editors for submission 
proposals or for additional information.
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clinical and preclinical populations are included. Our aims include 
introducing new translational models and methods for research 
through a group of outstanding papers focused on these topics.
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The disruption of mother-infant interactions can have life-long det-
rimental consequences for offspring and mothers. Recently, science 
has begun to emphasize translational research including preclinical 
and neurobiological research that may have direct implications for 
clinical populations and issues (see Figure 1) (Watson et al., 2006). 
This group of papers focuses broadly on translational studies high-
lighting factors that may affect or alter infant or child development 
and maternal response capability. Articles, both preclinical and clini-
cal, highlight topics such as drug abuse, maternal neglect, altered 
reward systems, stress, biological and neural system development, 
child and infant behavioral development, genetics/epigenetics, inter-
generational studies, and logistical issues of comparative measure-
ment. Articles include research methods papers, reviews, original 
research articles, techniques, and opinion articles that address these 
topics. New methods papers for comparative measures between 

Figure 1 | Approximate neuro-development comparison in humans (blue) 
and rats (orange; Watson et al., 2006). 1–6 = Myelination, 1 = myelination 
onset internal capsule, 2 = onset olfactory tract, 3 = onset anterior commissure, 
4 = onset fornix, 5 = 50% myelination of corpus callosum, 6 = mature 

myelination, 7 = 50% cerebellum size, 8 = peak synaptogenesis period, 
9 = maximum brain growth velocity (peak), 10 = cortical dominance established, 
11 = mature cerebral metabolism, 12 = adult pattern of slow wave and REM 
sleep, 13 = adult brain weight, 14 = mature prefrontal cortex.
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Adolescent opiate exposure in the female rat induces subtle 
alterations in maternal care and transgenerational effects on 
play behavior

Nicole L. Johnson, Lindsay Carini, Marian E. Schenk, Michelle Stewart and Elizabeth M. Byrnes*

Department of Biomedical Science, Cummings School of Veterinary Medicine, Tufts University, North Grafton, MA, USA

The non-medical use of prescription opiates, such as Vicodin® and MSContin®, has increased 
dramatically over the past decade. Of particular concern is the rising popularity of these drugs 
in adolescent female populations. Use during this critical developmental period could have 
significant long-term consequences for both the female user as well as potential effects on her 
future offspring. To address this issue, we have begun modeling adolescent opiate exposure in 
female rats and have observed significant transgenerational effects despite the fact that all drugs 
are withdrawn several weeks prior to pregnancy. The purpose of the current set of studies was 
to determine whether adolescent morphine exposure modifies postpartum care. In addition, 
we also examined juvenile play behavior in both male and female offspring. The choice of the 
social play paradigm was based on previous findings demonstrating effects of both postpartum 
care and opioid activity on play behavior. The findings revealed subtle modifications in the 
maternal behavior of adolescent morphine-exposed females, primarily related to the amount 
of time females’ spend nursing and in non-nursing contact with their young. In addition, male 
offspring of adolescent morphine-exposed mothers (MOR-F1) demonstrate decreased rough 
and tumble play behaviors, with no significant differences in general social behaviors (i.e., social 
grooming and social exploration). Moreover, there was a tendency toward increased rough 
and tumble play in MOR-F1 females, demonstrating the sex-specific nature of these effects. 
Given the importance of the postpartum environment on neurodevelopment, it is possible 
that modifications in maternal–offspring interactions, related to a history of adolescent opiate 
exposure, plays a role in the observed transgenerational effects. Overall, these studies indicate 
that the long-term consequences of adolescent opiate exposure can impact both the female 
and her future offspring.

Keywords: morphine, offspring, rough and tumble play, nursing, maternal attachment

(Sung et al., 2005; Alemagno et al., 2009). Currently, the long-
term impact of this increased use of opiates in adolescent female 
populations remains unknown.

Given that adolescence represents a period of significant brain 
maturation, perturbation of the endogenous opioid system during 
this period may induce significant long-term effects. Endogenous 
opioids (beta-endorphin, dynorphin, and enkephalin) and their 
receptor targets (mu, kappa, and delta) are ubiquitous, serving as 
critical modulators of neural, endocrine, and immune function. 
For example, during adolescence, endogenous opioids modulate 
the timing of sexual maturation (Cicero et al., 1986; Reiter, 1987; 
Sizonenko, 1987). Opioids also regulate stress responsiveness as well 
as modulating numerous cognitive and reward-related processes 
(Zager and Black, 1985; McCubbin, 1993; Van Ree et  al., 2000; 
Drolet et al., 2001; Kreek, 2007). Thus, adaptations in response to 
high levels of opioids during adolescent development could impact 
a wide-range of opioid-mediated functions.

A significant body of literature indicates that endogenous opi-
oids play a role in maternal behavior. Initial studies conducted 
with morphine, showed a disruption of postpartum maternal 
behavior (Bridges and Grimm, 1982; Rubin and Bridges, 1984; 

Introduction
Since the early 1990s there has been a steady increase in pre-
scription rates for opiates (Substance Abuse and Mental Health 
Services Administration [SAMHSA], 2009), including prescrib-
ing for conditions ranging from routine dental procedures to 
menstrual cramps. This escalation in prescribing, coupled with 
increased availability of these substances online (Forman et al., 
2006), and the advent of long-acting forms of opiate analge-
sics such as OxyContin®, have combined to create a dangerous 
upsurge in both the medical and non-medical use of prescrip-
tion pain medications (Paulozzi et al., 2006; Cai et al., 2010). 
Of great concern is the increased use of these potent opiates 
in adolescent populations (Sung et  al., 2005), with 60.6% of 
respondents in a recent survey reporting initiation of use before 
the age of 15 (Wu et al., 2008). Misuse in younger populations 
is likely due to the decreased risk perception associated with 
prescription opiates (e.g., as compared to heroin), in conjunction 
with their increased availability. Indeed, overall, prescription 
drugs are reported as the “drug of choice” in 12- and 13-year-
old populations (SAMHSA, 2007) and unlike other drugs of 
abuse, they are used at higher rates in young female populations 

7

http://www.frontiersin.org/
http://www.frontiersin.org/Child_and_Neurodevelopmental_Psychiatry/archive
http://www.frontiersin.org/Psychiatry/editorialboard
http://www.frontiersin.org/Psychiatry/
http://www.frontiersin.org/Psychiatry/about
http://www.frontiersin.org/Child_and_Neurodevelopmental_Psychiatry/10.3389/fpsyt.2011.00029/abstract
http://www.frontiersin.org/Child_and_Neurodevelopmental_Psychiatry/10.3389/fpsyt.2011.00029/abstract
http://www.frontiersin.org/Child_and_Neurodevelopmental_Psychiatry/10.3389/fpsyt.2011.00029/abstract
http://www.frontiersin.org/people/nicolejohnson/32872
http://www.frontiersin.org/people/elizabethbyrnes/23489


Frontiers in Psychiatry  |  Child and Neurodevelopmental Psychiatry	 	 June 2011  | Volume 2  |  Article 29  | 

Johnson et al.	 Adolescent morphine and maternal–offspring interactions

Berg et al., 2000) and can be altered by changes in the postnatal 
environment (Janus, 1987; Veenema and Neumann, 2009). Our 
working hypothesis is that adolescent morphine exposure induces 
significant changes in the endogenous opioid system of both the 
female and her offspring.

Materials and Methods
Experimental Animals
Sixty female Sprague-Dawley rats (22  days of age) were pur-
chased from Charles River Breeding Laboratories [Crl:CD(SD)BR; 
Kingston, NY, USA]. All animals were group-housed in light- (on 
0700–1900 hours) and temperature- (21–24°C) controlled rooms 
and provided with food and water ad libitum. All animals were 
maintained in accordance with the National Research Council 
(NRC) Guide for the Care and Use of Laboratory Animals and all 
procedures were approved by the Institutional Animals Care and 
Use Committee of Tufts University.

Adolescent Morphine Exposure
Beginning at 30 days of age, females were treated with morphine 
(morphine sulfate; Butler-Schein, Dublin, OH, USA) for a total 
of 10 days using an increasing dose regimen. The doses used in 
the current study were based on allometric scaling to approximate 
human use (Chiou et al., 1998). Moreover, the use of increasing 
doses is more compatible with human use patterns, allowing for 
rising and falling levels of opiates. On day 1 of exposure, 30 ani-
mals received 5 mg/kg morphine sulfate (s.c.) once daily (between 
0900 and 1100 hours). Every other day, the dose of morphine was 
increased by 5 mg/kg such that by the final day of treatment subjects 
received 25 mg/kg. Thirty, age-matched control animals received 
the saline vehicle (0.9% NaCl, s.c.) with volumes adjusted to match 
those of drug-treated females. Bodyweights were recorded daily 
throughout the treatment. Bodyweight gain during drug exposure 
was calculated by subtracting each animal’s bodyweight on expo-
sure day 1 from their bodyweight on exposure day 10. Bodyweight 
gain was also measured at additional time points post-withdrawal 
(1, 2, 12, and 19 days after withdrawal). Again, bodyweight gain was 
calculated relative to exposure day 1 (i.e., prior to their first injec-
tion). Adolescent-exposed females will subsequently be referred to 
as SAL-F0 and MOR-F0 females.

Mating and Maternal Behavior Observations – F0 Females
At 60 days of age (i.e., 3 weeks after their final injection), SAL-F0 
and MOR-F0 females were mated with colony males. A total of 27 
SAL-F0 and 28 MOR-F0 became pregnant. The day of parturition 
was designated as postnatal day 0 (PND0). On PND1 all litters 
were weighed and culled to 10 pups (five males: five females). In a 
subset of these females, home-cage maternal behavior was observed 
at multiple time points throughout PND4, PND10, and PND16. 
A behavioral checklist was used to monitor maternal behavior 
with frequencies recorded every 60 s during a 30-min observation 
period. A total of five observation periods per day were included; 
three during the light phase (0900, 1200, and 1500 hours), and two 
during the dark phase (0500 and 2000 hours). Behaviors monitored 
included nesting (in nest with pups regardless of nursing status), 
nursing (actively nursing at least one pup), pup grooming, and self-
directed behaviors (eating, drinking, self-grooming). In addition, 

Kinsley and Bridges, 1986, 1990; Mann et al., 1990; Kinsley et al., 
1995; Sukikara et al., 2007). These disruptive effects were even more 
pronounced when the female was pre-exposed to morphine dur-
ing pregnancy (Bridges and Grimm, 1982; Miranda-Paiva et al., 
2001; Slamberova et al., 2001). In a number of species, including 
humans and non-human primates, endogenous opioids modu-
late affiliative behaviors, including mother–infant attachment 
(Panksepp et al., 1994; Kalin et al., 1995; Nelson and Panksepp, 
1998; Saltzman and Maestripieri, 2010). Indeed, there is evidence 
in women, that opioid use (e.g., methadone) can induce subtle 
alterations in mother–infant contact and attachment (Goodman 
et al., 1999). Moreover, studies indicate that endogenous opioids in 
both the mother, and the infant, are important for infant emotional 
regulation and attachment (Schino and Troisi, 1992; Weller and 
Feldman, 2003; Barr et al., 2008). If this system is altered by prior 
exposure to opiates, then postpartum maternal–offspring interac-
tions could be affected.

We have previously documented significant effects of adoles-
cent morphine exposure on the expression of opioid-related genes, 
including increased expression of mu- and kappa-opioid receptor 
genes and decreased expression of the proopiomelanocortin gene 
in the mediobasal hypothalamus (Byrnes, 2008). In addition, we 
observed attenuated suckling-stimulated prolactin secretion dur-
ing early lactation in these females (Byrnes, 2005b, 2008). These 
findings demonstrate long-term changes in the endogenous opi-
oid system of adolescent-exposed females, as well as alterations in 
physiological parameters that can influence maternal care. One 
additional component of these studies was an examination of rudi-
mentary aspects of maternal behavior, such as the latency to retrieve 
and crouch over pups following a brief separation. No differences in 
maternal behavior latencies were observed, however, such measures 
do not assess quantitative or qualitative aspects of maternal care.

In addition to observing direct effects of adolescent morphine 
exposure on the female rat, we have also demonstrated transgen-
erational effects in both male and female offspring. These off-
spring effects include differences in anxiety-like behavior, shifts 
in morphine sensitization and alterations in morphine analgesia 
(Byrnes, 2005a; Byrnes et al., 2011). It is important to note that all 
adolescent-exposed females in our studies are drug-free for several 
weeks prior to mating. Thus, the developing embryo/fetus is never 
directly exposed to morphine. These findings indicate that even 
when morphine exposure is confined to the adolescent period, 
there can be significant effects on future offspring. Moreover, the 
nature of these transgenerational effects suggests an alteration 
in the endogenous opioid system of the offspring. Variations in 
maternal care can significantly impact offspring neurodevelop-
ment, including the development of the endogenous opioid sys-
tem (Weaver et  al., 2007; Gustafsson et  al., 2008; Michaels and 
Holtzman, 2008). Thus, one potential mechanism underlying 
transgenerational effects of adolescent morphine exposure may 
be altered maternal–offspring interactions.

The current study was designed to examine maternal behavior 
in females exposed to morphine during adolescent development. 
In addition, we also investigated social play behavior in their male 
and female offspring. The choice of social play behavior was based 
upon studies indicating that play behavior is modulated by opioids 
(Niesink and Van Ree, 1989; Vanderschuren et al., 1995; Van den 
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however, by the 12th day post-withdrawal these differences were 
no longer observed. Prior to mating (i.e., 20 days post-withdrawal), 
all females were of similar weights.

Data recorded on PND1 did not reveal any significant differ-
ences in litter size, gender ratio, or total litter weight (all ps > 0.2). 
At weaning (PND21) there was a significant difference between the 
groups, with MOR-F1 subjects weighing more than SAL-F1 con-
trols [t

(53)
 = 2.17, p < 0.05]. These data are reported in Table 1. As 

post-culling bodyweights were not taken on PND1, we were unable 
to determine whether MOR-F1 pups that remained post-culling 
were heavier. Thus, whether these differences reflect increased 
bodyweight gain in MOR-F1 pups during the postnatal period 
remains to be determined.

Maternal Behavior in Adolescent Morphine-Exposed 
Females – Frequencies
All maternal behavior frequency data are presented in Figure 2. 
On PND4, there was a main effect of light phase [F

(1,31)
 = 55.4, 

p < 0.001], adolescent exposure [F
(1,31)

 = 6.9, p < 0.02], as well as a 
significant interaction [F

(1,31)
 = 4.3, p < 0.05] on the frequency of 

nursing behavior. Specifically, all females showed reduced nurs-
ing during the dark phase, however, MOR-F0 mothers nursed less 
frequently during the dark phase (p < 0.01). On PND10 there was 
a main effect of light phase [F

(1,31)
 = 11.0, p < 0.001], with no other 

significant effects. Finally, on PND16 there was both a main effect 
of light phase [F

(1,31)
 = 9.4, p < 0.01] and a significant interaction 

[F
(1,31)

 = 5.2, p < 0.05]. Post hoc analyses indicate that SAL-F0 moth-
ers nursed less frequently during the dark phase, while MOR-F0 
mothers did not reduce nursing frequency during the dark phase.

The decreased frequency of nursing observed in MOR-F0 was 
related to an increase in their frequency away from the nest. As 
shown in Figure 2, MOR-F0 mothers tended to be away from their 
nests more frequently than SAL-F0 mothers during the dark phase. 
On PND4, there was a main effect of light phase [F

(1,31)
 = 71.2, 

p < 0.001] as well as a significant interaction [F
(1,31)

 = 6.9, p < 0.02]. 
All females were off the nest more frequently during the dark, 
however, this effect was significantly greater in MOR-F0 mothers 
(p < 0.01). On PND10 there was a main effect of both light phase 
[F

(1,31)
 = 119.9, p < 0.001] and adolescent exposure [F

(1,31)
 = 4.3, 

on PND5 and PPD12 maternal behavior was digitally recorded for 
30 min during the light phase (0800 hours; 1 h after lights on) or 
the dark phase (2000 hour; 1 h after lights off). Maternal behavior 
durations were then scored. The behaviors included the following: 
nursing (arched back, side, or low posture), hovering (female is in 
the nest but no pups are nursing), pup grooming, and self-directed 
behavior. Care was taken to minimize any disturbance to mothers 
and litters during these home-cage observations. Sample sizes for 
frequency data were 15 SAL-F0 and 18 MOR-F0 mothers, sizes 
for the video analysis were 12 SAL-F0 and 10 MOR-F0 mothers.

Social Play Testing – F1 Males and Females
On PND21 all litters from F0 mothers were weighed and weaned. F1 
male and female offspring were then group-housed with same sex 
siblings. Between PND24 and 26, SAL-F1 and MOR-F1 males and 
females were tested for social play behavior in a novel environment. 
Only one male and one female per litter were used in social play 
testing to eliminate potential litter effects. On the day of testing, 
animals were socially isolated in a holding cage for 3.5 h. Following 
isolation, unfamiliar subject pairs of the same sex and maternal ado-
lescent exposure condition (i.e., SAL-F1 or MOR-F1) were placed in 
a novel test chamber (40 cm × 30 cm × 60 cm) under dim lighting 
conditions. Behavior was then digitally recorded for 15 min. Sample 
size was based on pairs, with each pair scored for the frequency and 
duration of select play behaviors using ODlog software. The scored 
behaviors included the following: boxing/wrestling, pinning, chas-
ing/following, crawling over/under, social exploration (sniffing any 
part of the conspecific), and social grooming. Sample sizes were 10 
SAL-F1 male and 10 SAL-F1 female pairs; 12 MOR-F1 male and 12 
MOR-F1 female pairs. These subjects represent data from N = 20 
SAL-F0 litters and N = 24 MOR-F0 litters.

Statistical Analyses
Differences in bodyweight gain during the morphine exposure 
regimen were analyzed using a Student’s t-test. Post-withdrawal 
bodyweight gain was analyzed using a two-way repeated-measures 
ANOVA with day as the within subject factor and drug exposure 
(SAL or MOR) as the between-subject factor. Maternal behavior 
frequency data were analyzed using a two-way repeated-measures 
ANOVA with phase of the light cycle as the within subject factor and 
adolescent maternal exposure as the between-subject factor. Each 
postnatal day was analyzed separately. Social play behavior data was 
analyzed using a two-way ANOVA with sex and adolescent maternal 
exposure (SAL-F1 versus MOR-F1) as factors. All significant effects 
were followed by post hoc analyses using the Tukey’s test. For all 
data, significance was designated as p < 0.05.

Results
Effects of Adolescent Morphine Exposure on Bodyweight
All females continued to gain weight during the 10-day injection 
regimen (SAL-F0 = 51.8 ± 1.2 g; MOR-F0 = 43.8 ± 0.89 g), however, 
MOR-F0 females gained significantly less than SAL-F0 controls 
[t

(58)
 = −5.43, p < 0.001]. Attenuated bodyweight gain continued to 

be observed when measured soon after drug-withdrawal, but these 
differences did not persist at later time points [day × drug interac-
tion; F

(3,179)
 = 4.5, p < 0.01]. As shown in Figure 1, MOR-F0 females 

had reduced weight gain on the first 2 days following withdrawal, 

Figure 1 | Mean (±SEM) body weight gain (gram) following cessation of 
daily injections. *p < 0.001 as compared to SAL-F0 within day. N = 27 
SAL-F0; N = 28 MOR-F0.
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Table 1 | The effects of adolescent morphine exposure on postnatal parameters.

	 Litter size (no. of pups)	 No. of females	 No. of males	 Bodyweight (g, PND1)	 Bodyweight (g, PND21)

SAL-F0	 14.1 ± 0.5	 6.7 ± 0.4	 7.4 ± 0.4	 91.2 ± 2.7	 550.9 ± 8.8

MOR-F0	 14.2 ± 0.4	 7.5 ± 0.3	 6.6 ± 0.5	 96.5 ± 2.3	 582.1 ± 11.0*

*p < 0.05 as compared to SAL-F0 on PND21.

Figure 2 | Mean (±SEM) frequency nursing, off nest, pup grooming, or engaged in self-directed behaviors on PND4, 10, and 16. Data collected during the light 
phase was averaged across three observation periods (0900, 1200, and 1500 hours). Data collected during the dark phase was averaged across two observation periods 
(0500 and 2000 hours). #p < 0.01 compared to light phase collapsed across maternal adolescent exposure condition. ##p < 0.05 compared to light phase within SAL-F0. 
*p < 0.02 compared to SAL-F0 females within day. N = 15 SAL-F0; N = 18 MOR-F0.

p < 0.05], with MOR-F0 off the nest more frequently than SAL-F0 
mothers. Finally, on PND16 there was a main effect of light phase 
[F

(1,31)
 = 30.86, p < 0.001] and a significant interaction [F

(1,31)
 = 7.16, 

p <  0.02]. Post hoc analyses indicate an increased frequency for 
MOR-F0 mothers to be away from the nest when compared to 
SAL-F0 mothers during the light phase only.
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ps > 0.3). Overall, these findings demonstrate a sex-specific shift 
in rough and tumble play in MOR-F1 subjects, which is not associ-
ated with alterations in other aspects of social behavior at this age.

Discussion
The current findings demonstrate that exposure to escalating doses 
of morphine, confined to the adolescent period, can induce sub-
tle modifications in subsequent maternal care and can alter the 
behavioral phenotype of subsequent offspring. These effects were 
largely expressed as differences in frequency of nursing and contact 
time during early lactation. In addition, the offspring of MOR-F0 
mothers showed sex-specific differences in rough and tumble play. 
These results indicate that even when opiates are withdrawn several 
weeks prior to mating, a history of opiate exposure can influence 
both maternal care and offspring development.

A number of animal models have documented the effects of 
changes in maternal care on developing offspring. For example, 
the amount of licking and grooming that a female exhibits in 

As expected, the frequency of pup grooming decreased while 
self-directed behaviors increased in the dark phase when compared 
to the light phase. These effects were similar across all postnatal days 
examined (see Figure 2; main effect of light phase, all ps < 0.05). No 
significant effects of adolescent morphine exposure were observed 
on frequency of pup grooming or self-directed behaviors, nor were 
there any significant interactions (all ps > 0.1).

Maternal Behavior in Adolescent Morphine-Exposed 
Females – Duration
As illustrated in Figure 3 (left panels), significant effects of both 
the light phase and maternal adolescent exposure were observed on 
PND5. All females nursed more during the light phase [F

(1,19)
 = 8.21, 

p < 0.05], with no significant differences between MOR-F0 and SAL-
F0 mothers (ps > 0.6). However, when we examined the amount of 
time female’s spent hovering over their litter (i.e., contacting but not 
actively nursing pups), there was a significant main effect of light 
phase [F

(1,19)
 = 9.13, p < 0.01] and maternal adolescent exposure 

[F
(1,19)

 = 8.93, p < 0.01]. Overall, MOR-F0 mothers spent more time 
hovering then SAL-F0 mothers. Finally, no significant effects on 
pup grooming were observed, while all females spent more time 
engaged in self-directed behaviors during the dark phase [main 
effect of light phase; F

(1,19)
 = 17.4, p < 0.01].

Few statistically significant effects were observed on PND12, how-
ever, some interesting trends were observed (see Figure 3, right panels). 
For example, while no significant effects of light phase or maternal ado-
lescent exposure on nursing behavior were observed (both ps > 0.3), 
there was a trend [F

(1,19)
 = 3.78, p = 0.067] toward a light phase by 

maternal adolescent exposure interaction. This trend appears to be 
due to a tendency toward increased time spent nursing during the dark 
phase by MOR-F0 mothers. No significant effects on either hovering or 
pup grooming were observed. Finally, similar to the effects observed in 
PND5, all females engaged in more self-directed behaviors during the 
dark phase [main effect of light phase; F

(1,19)
 = 5.12, p < 0.05].

Social Play Behavior in the Offspring of Adolescent 
Morphine-Exposed Mothers
Frequency and duration data were combined from separate meas-
ures to form two categories of social play behavior. These categories 
were (1) general social behavior, which included both social explo-
ration and social grooming, and (2) rough and tumble play, which 
included pinning, boxing, wrestling, chasing, following, crawling 
over/under, and tail pulling. These data are shown in Figure  4. 
There was no significant effect of either sex or maternal adoles-
cent exposure on either the frequency or duration of general social 
behaviors, although there was a modest trend toward a main effect 
of sex on durations (p = 0.07). Maternal adolescent exposure did, 
however, significantly affect both the frequency and duration of 
rough and tumble play. Moreover, these effects were sex-specific 
with a significant sex by maternal adolescent exposure interaction 
[frequency – F

(1,43)
 = 4.89, p < 0.05; duration – F

(1,43)
 = 5.2, p < 0.03]. 

Post hoc analyses indicate that these effects were largely due to the 
decreased expression of rough and tumble play by MOR-F1 males 
(p < 0.05). In addition to decreased play in MOR-F1 males, there 
was also a trend (p = 0.07) toward increased rough and tumble play 
in MOR-F1 females. Thus, significant sex differences were observed 
in MOR-F1 subjects (both ps <  0.03), but not in SAL-F1 (both 

Figure 3 | Mean (±SEM) time (seconds) engaged in pup-directed and 
non-pup-directed activities on PND5 (left panels) and PND12 (right 
panels). Behavior was recorded at 0800 hours (light phase) and 2000 hours 
(dark phase). #p < 0.01 as compared to light phase collapsed across adolescent 
exposure groups. *p < 0.01 MOR-F0 compared to SAL-F0 collapsed across 
light cycle phase. N = 11 SAL-F0; N = 10 MOR-F0.
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How then might adolescent morphine exposure induce altera-
tions in maternal care? One possible mechanism may be a shift in 
the endogenous opioid system. Indeed, we previously observed sig-
nificant shifts in the regulation hypothalamic, opioid-related gene 
transcription following adolescent opioid exposure (Byrnes, 2008). 
These effects on gene transcription persisted for at least 10 weeks 
following cessation of morphine administration. Thus, a shift in 
endogenous opioid-mediated regulation of maternal behavior may 
be one consequence of adolescent morphine exposure.

The importance of endogenous opioids in both the pre- and 
postnatal period has been well documented. Opioids directly regu-
late numerous aspects of embryonic and fetal development (Kar 
and Quirion, 1995; Leslie et  al., 1998; Zagon et  al., 1999; Kivell 
et al., 2004; Cooney et al., 2009). Moreover, during pregnancy and 
parturition, endogenous opioids modulate both the maternal and 
fetal hypothalamic–pituitary–adrenal axis (Taylor et  al., 1997; 
Douglas et al., 1998), and regulate maternal central oxytocin activity 
(Douglas et al., 1995; Douglas and Russell, 2001; Kutlu et al., 2004). 
The role of endogenous opioids in the regulation of specific aspects 
of maternal care in the rat is not well-defined. There is evidence, 
however, that the administration of an opioid antagonist increases 
the duration of nursing bouts and mother–offspring contact time 
during early lactation (Byrnes et al., 2000). These data fit well with 
the hypothesis that opioids regulate maternal–offspring attach-
ment processes (Nelson and Panksepp, 1998; Weller and Feldman, 
2003). Thus, in the face of opioid receptor blockade, the female may 
prolong contact and/or nursing bouts to achieve a similar level of 
reward associated with pup contact. In this context, one would 
postulate that MOR-F0 females may have more sensitive opioid 
receptors and therefore may terminate their nursing bouts sooner. 
While we observed significantly increased mu- and kappa-opioid 
receptor mRNA in non-lactating MOR-F0 females, no differences 

the first week postpartum, can modify the behavioral pheno-
type of her offspring (Caldji et al., 1998). These offspring effects 
include shifts in the maternal behavior of adult female offspring 
(Champagne et al., 2003; Kikusui et al., 2005), as well as changes 
in stress responsiveness (Fish et al., 2004), play behavior (Moore 
and Power, 1992), and cognition (Liu et  al., 2000; Champagne 
et al., 2008). Other models, focusing on the effects of either brief 
or prolonged maternal separation, have also illustrated the impor-
tance of mother–offspring interactions (D’Amato et  al., 1998), 
with significant effects on the regulation of fear and anxiety, stress 
responsiveness, and motivated behaviors observed in adult off-
spring (Romeo et al., 2003; Lee et al., 2007; Michaels et al., 2007; 
George et  al., 2010; Skripuletz et  al., 2010; Macri et  al., 2011). 
Often, these effects are sex-specific (Slotten et al., 2006). It is not 
clear whether all of these alterations in offspring development are 
directly related to maternal behavior. It is certainly possible that 
a number of these effects are mediated by factors present in the 
milk (e.g., corticosterone or prolactin) or represent some inter-
play between maternal care, maternal endocrine milieu, and the 
offspring’s own physiology. When considering how these findings 
might translate to human mothers and their infants, it is impor-
tant to remember that there are significant developmental differ-
ences between rodents and humans. Indeed, neurodevelopment 
in the postnatal rat is comparable to that observed in second and 
third trimester infants (Bayer et al., 1993). By determining what 
mechanisms underlie changes in adult phenotype that are induced 
by alterations in maternal care, we may gain significant insight 
into how early life experience, both in utero and during the early 
postpartum period, may alter neurodevelopment. Overall, these 
findings on maternal care in rodents clearly indicate that even 
ostensibly modest changes in the postpartum environment can 
significantly impact offspring development.

Figure 4 | Mean (±SEM) frequency and duration (seconds) of either general social behaviors (left panels) or rough and tumble play (right panels) in the 
offspring of females exposed to either morphine (MOR-F1) or saline (SAL-F1) during adolescence. *p < 0.05 as compared SAL-F1 males, τp < 0.05 as compared 
to MOR-F1 males. N = 10 SAL-F1 male; N = 10 SAL-F1 female pairs and N = 12 MOR-F1 male; N = 12 MOR-F1 female pairs.
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a consequence of adolescent morphine exposure. To what extent 
these differences play a role in the behavioral phenotype of their 
offspring remains to be determined.

In addition to modifying maternal care, adolescent morphine 
exposure induced transgenerational effects on juvenile play behav-
ior. MOR-F1 males demonstrated a significant reduction in rough 
and tumble play, with no change in other aspects of social behavior 
(social grooming or exploration). In addition, there was a trend 
toward increased rough and tumble play behavior in MOR-F1 
females, although these effects did not achieve significance. Rough 
and tumble play is displayed by a wide-range of species and is an 
important developmental marker (Auger and Olesen, 2009; Auger 
et al., 2011). It has been suggested that low levels of rough and 
tumble play may indicate vulnerability toward reduced motivated 
behavior in adulthood (Trezza et al., 2010). For example, animal 
models have demonstrated a relationship between rough and tum-
ble play and future sexual and aggressive behaviors (van den Berg 
et al., 1999a; Cervantes et al., 2007; Wommack and Delville, 2007). 
Thus, decreased rough and tumble play in MOR-F1 males may 
suggest an increased risk for deficits in other motivated behavior 
in adulthood.

The neural systems underlying rough and tumble play have 
been fairly well elucidated (Gordon et  al., 2002), with opioids 
playing a significant role in the regulation of this behavioral rep-
ertoire. Specifically, administration of morphine enhances play 
behavior, while administration of the mu-opiate receptor antago-
nist naloxone, reduces rough and tumble play (Panksepp et  al., 
1985; Vanderschuren et al., 1995; Guard et al., 2002; Trezza and 
Vanderschuren, 2008). Moreover, when juveniles are socially iso-
lated, thereby eliminating all experiences of play, both mu and 
kappa receptors are significantly up-regulation in several nuclei 
related to emotional regulation (Van den Berg et al., 1999b). Thus, 
the reduction in rough and tumble play behavior could be a symp-
tom of a down-regulation of functional mu-opiate receptors in 
MOR-F1 males or conversely, their low levels of play could induce 
alterations in opiate receptors. In line with these data, previous find-
ings in adult MOR-F1 males, demonstrate significant alterations 
in their response to opiates (Byrnes, 2005a; Byrnes et al., 2011). 
Thus, one intriguing possibility is that MOR-F0 females transfer 
modifications in neural opioid systems to their offspring. The 
mechanism underlying this type of epigenetic effect is unknown, 
but could certainly involve alterations in maternal care or maternal 
endocrine milieu.

Finally, consideration of the current findings in the context of 
effects following prenatal morphine administration is warranted. 
Certainly, morphine exposure during the prenatal period has been 
shown to significantly impact offspring development (Sobrian, 
1977; Vathy and Katay, 1992; Lesage et al., 1996; Vathy et al., 2000; 
Slamberova et  al., 2005), with many of these effects involving 
changes in opioidergic function (O’Callaghan and Holtzman, 1976; 
Ramsey et al., 1993; Gagin et al., 1997; Chiou et al., 2003; Villarreal 
et al., 2008). Interestingly, the effects we observed in MOR-F1 ani-
mals are in the opposite direction of those observed in the offspring 
of females exposed to morphine in utero, with rough and tumble 
play behavior found to be increased in the offspring of females 
exposed to morphine during gestation (Hol et al., 1996; Niesink 
et al., 1996). In fact, our effects are more similar to those observed 

in the expression of these receptor subtypes were observed during 
lactation (Byrnes, 2008). Of course, protein expression and/or post-
synaptic response of these receptors could be modified in MOR-F0 
females. Moreover, our previous studies only examined changes in 
the mediobasal hypothalamus. Certainly, significant differences in 
opioid receptor number and/or function in any number of brain 
regions could underlie changes in nursing behavior during early 
lactation. This would not, however, explain the increased contact 
time (i.e., hovering) observed in MOR-F0 mother. Perhaps then, 
some other change in the female’s behavior might underlie the 
observed effects on nursing frequency.

Examination of the differences in nursing behavior and contact 
time reveal a significant influence of both the time of day and the 
testing method. MOR-F0 females only spent more time away from 
the nest during the dark and these differences were only significant 
when tested using frequency data. Similarly, when recorded contin-
uously, no decrease in the duration of nursing was observed during 
early lactation. One obvious difference between our frequency and 
duration data was the presence of an observer during frequency 
data collection. We have noticed that qualitatively, MOR-F0 females 
appear to be more sensitive to any disturbance in their environ-
ment. Thus, while all of our observations were conducted in the 
home cage, and care was taken not to disturb the female and her 
litter, MOR-F0 females would often come off the nest and rear up 
toward the front of the cage during the 30-min observation session. 
In addition, this behavioral pattern appeared more robust during 
the dark phase. Thus, the simple act of observing MOR-F0 females 
may have altered their nursing frequency. These effects would be 
more robust during early lactation when immature pups are unable 
to maintain nipple contact when the dam rears or changes posi-
tions. If a more general, non-specific, increase in “distractibility” 
underlies these changes in maternal care, this would suggest that 
MOR-F0 mothers may be more likely to decrease the care of their 
offspring in the presence of substantial environmental distracters.

The data on the duration of nursing suggests that during later 
postnatal time points, MOR-F0 mothers have more prolonged 
nursing bouts. As mentioned previously, during these later time 
points pups are more able to maintain nursing contact even when 
the female moves either within or even off of the nest. Thus, rearing 
up in the presence of any distracter would not be as detrimental 
to nursing when pups are older. However, this would not explain 
why the female nurses for longer periods when compared to SAL-
F0 females. One possibility is that the female and/or offspring are 
compensating for decreased nutrition during early lactation with 
more sustained lactation during later development. Indeed, the 
bodyweight data demonstrate that MOR-F1 weanlings are heavier 
than their SAL-F1 counterparts. To what extent maternal nursing 
behavior, as opposed to some other metabolic factor, induces this 
difference in body weight is unknown. However, we have previous 
data suggesting differences in the lactogenic hormone prolactin 
in MOR-F1 mothers, with lower levels observed during early lac-
tation and higher levels observed during late lactation (Byrnes, 
2005b). Thus, MOR-F0 females may not necessarily be deficient in 
their nursing behavior, but rather may demonstrate a shift in the 
developmental profile of this behavior over the course of lactation. 
Overall, these data suggest that subtle modifications in maternal 
care, especially relating to nursing and non-nursing contact, are 
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Early experiences can alter adaptive emotional responses necessary for social behavior as well 
as physiological reactivity in the face of challenge. In the highly social prairie vole (Microtus 
ochrogaster), manipulations in early life or hormonal treatments specifically targeted at the 
neuropeptides oxytocin (OT) and arginine vasopressin (AVP), have long-lasting, often sexually 
dimorphic, consequences for social behavior. Here we examine the hypothesis that behavioral 
changes associated with differential early experience, in this case handling the family during 
the first week of life, may be mediated by changes in OT or AVP or their brain receptors. Four 
early treatment groups were used, differing only in the amount of manipulation received during 
the first week of life. MAN1 animals were handled once on post-natal day 1; MAN1 treatment 
produces a pattern of behavior usually considered typical of this species, against which other 
groups were compared. MAN1–7 animals were handled once a day for post-natal days 1–7, 
MAN 7 animals were handled once on post-natal day 7, and MAN0 animals received no handling 
during the first week of life. When tested following weaning, males in groups that had received 
manipulation during the first few days of life (MAN1 and MAN1–7) displayed higher alloparenting 
than other groups. Neuroendocrine measures, including OT receptor binding and OT and AVP 
immunoreactivity, varied by early treatment. In brain areas including the nucleus accumbens, 
bed nucleus of stria terminalis and lateral septum, MAN0 females showed increased OT 
receptor binding. MAN1 animals also displayed higher numbers of immunoreactive OT cell 
bodies in the supraoptic nucleus. Taken together these findings support the broader hypothesis 
that experiences in the first few days of life, mediated in part by sexually dimorphic changes in 
neuropeptides, especially in the receptor for OT, may have adaptive consequences for sociality 
and emotion regulation.
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or physical challenge (Levine, 2005; Aguilar, 2010; Zanettini et al., 
2010), though this was not true in every study (Todeschin et al., 
2009); while either drastically reduced handling or long separations 
tend to produce offspring that are hyper-responsive to stressors 
(Levine, 2002a). It is often hypothesized that this effect is mater-
nally mediated, possibly due to increases in maternal attention to 
infants upon reunion, although alternative hypotheses have also 
been suggested (Denenberg et al., 1962; Denenberg and Whimbey, 
1963; Smotherman and Bell, 1980; Boccia and Pedersen, 2001; Tang, 
2001; Tang et al., 2006; Macri et al., 2008). Sex differences in the 
response to early handling are also a consistent finding, although 
these differences are not always in the same direction (Eklund and 
Arborelius, 2006; Slotten et al., 2006; Bales et al., 2007a; Renard 
et al., 2007; Aisa et al., 2008; Desbonnet et al., 2008).

Other studies have also linked changes in mothering behav-
ior in rats, whether spontaneously occurring or induced by an 
intervention, to changes in the oxytocin (OT) and arginine vaso-
pressin (AVP) systems (Francis et  al., 2000, 2002b; Champagne 
et al., 2001; Pedersen and Boccia, 2002). In adults, OT and AVP 
have been implicated in social behaviors, including pair-bonding 
(Winslow et al., 1993; Williams et al., 1994; Cho et al., 1999; Lim 

Introduction
The role of early experience in the development of adult behavior 
and psychopathology has been of considerable interest to neuro-
biologists for decades (Harlow, 1961, 1964; Harlow and Suomi, 
1971; Hofer, 1978, 2006; Plotsky, 1997, 2002; Levine, 2002a). Early 
neglect or traumatic experiences may increase vulnerability in later 
life, contributing to the symptoms associated with depression, anxi-
ety disorders, substance abuse, and post-traumatic stress disorder 
(Heim et al., 1997; Henry and Wang, 1998; Plotsky et al., 1998; 
Sanchez et al., 2001; Gilmer and McKinney, 2003; Advani et al., 
2007; Francis and Kuhar, 2008). In contrast, early experiences can 
have positive consequences for later sociality (Carter et al., 2009) 
and emotion regulation (Francis et al., 2002a), disease resistance 
(Nithianantharajah and Hannan, 2006), and memory (Berardi 
et al., 2007; Herring et al., 2008), among other variables.

A rich literature chronicles the behavioral and physiological 
effects of early handling in rodents (Levine, 1957; Levine and 
Lewis, 1959b; Denenberg et al., 1962; Denenberg and Whimbey, 
1963), particularly focused on stress reactivity of the offspring 
(Levine, 2002b). Short separations from the mother tend to pro-
duce offspring that display improved capacities to manage a social 
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Consistent with our own findings in voles (Carter et al., 2009), 
and earlier work in rats (Champagne et al., 2001; Francis et al., 
2002b; Todeschin et al., 2009), we hypothesized here that the effects 
of parental stimulation or its absence in post-natal life might be 
mediated by alterations in the OT or AVP systems. One purpose 
of the present study was to use the vole manipulation model to 
examine the effects of differential early experience on OT and AVP 
systems, measured in later life; here we have measured indices of 
central peptide synthesis, as well as receptor binding for the OTR 
and the AVP V1aR. We also examined the hypothesis that the age 
at which manipulations occurred and the frequency of handling 
might influence behavior or endocrine outcomes. Based on the 
outcome of earlier studies we predicted that groups receiving 
reduced stimulation in the first days of life would be less likely to 
be alloparental and more likely to show indices of anxiety, such 
as reduced exploration of or autogrooming in an EPM, and to 
show associated changes in the release of the adrenal steroid, cor-
ticosterone (CORT). We further predicted that changes in behavior 
would be associated with the parallel changes in the endogenous OT 
system, indexed by measures of OT synthesis or receptor binding. 
Also measured were possible experience-induced changes in cells 
synthesizing AVP and receptor binding in the AVP V1aR. Here we 
chose to examine outcome measures in juveniles due to our pre-
vious finding of low alloparenting in juvenile males (Bales et al., 
2007a); future work will examine the same measures in adults.

Materials and Methods
Early Manipulations
Subjects were laboratory-bred male and female prairie voles (Microtus 
ochrogaster), descendants of a wild stock originally caught near 
Champaign, IL, USA. Stock was systematically outbred. Animals were 
maintained on a 14-h light: 10-h dark cycle and given food (high-
fiber Purina rabbit chow) and water ad libitum. Breeding pairs were 
maintained in large polycarbonate cages (44 cm × 22 cm × 16 cm) 
and provided with cotton for nesting material. Litters varied from 4 
to 6 offspring and were not culled to avoid any additional handling. 
At 20 days of age offspring were removed and housed in same-sexed 
sibling pairs in smaller (27 cm × 16 cm × 13 cm) cages. The goal was 
10 animals of each sex for each handling group; actual numbers of 
animals varied by outcome variable.

Sixteen multiparous pairs were used as breeders. The first treat-
ment was assigned randomly for each pair. For the next litter, each 
pair received a different treatment (no pair received the same treat-
ment more than once). There were four early handling treatments, 
here referred to as MAN0, MAN1, MAN1–7, and MAN7. MAN1 
litter handling involved lifting the parents by the scruff of the neck 
with a hand covered in a thick leather glove. Pups were attached to 
the mother by milk-teeth and therefore were not touched (if pups 
were not attached, researchers waited to perform the manipula-
tion). MAN1–7 received an identical manipulation once a day for 
7 days postpartum, while MAN7 received this manipulation once 
on day 7. MAN0 litters were lifted briefly in a clear plastic cup. 
Sitting animals were scooped into the cup. If the animal was mov-
ing, the cup was maneuvered in front of the animal as it walked 
into it. In this manipulation, infants would be supported by the cup 
while being moved, rather than dangling from the mother’s nipples. 
Cages were changed in the day preceding birth (almost always the 

et al., 2004), parental behavior (Pedersen et al., 1982; Wang et al., 
1994; Bales et al., 2004b), and also measures of anxiety (Neumann, 
2002). Increases in oxytocin receptors (OTR) in the central amy-
gdala and bed nucleus of the stria terminalis (BNST) in female 
offspring, and AVP V1a receptor (V1aR) binding in the central 
amygdala in male offspring (Francis et al., 2002b), have also been 
associated with increased maternal licking.

Prairie voles are small rodents, native to the midwestern United 
States. Members of this species show high levels of social behavior 
and display a monogamous social system, characterized by bipa-
rental care and a strong preference for a pair-mate, measured both 
in the field and in the laboratory (Getz et al., 1981; Carter et al., 
1995). These species-typical traits can be influenced by apparently 
small differences in experience during the first few days of life (Bales 
et  al., 2007a). Animals from families that were manipulated, by 
picking up the family for a few minutes during the first day of 
post-natal life (MAN1) were compared to prairie voles in which 
external manipulations of the family were minimized by not dis-
turbing the family during the first few days of life (termed MAN0). 
Behavioral differences in later life were striking and in some cases 
sexually dimorphic. When tested with pups following weaning, 
MAN0 males showed low levels of alloparenting (i.e., spontaneous 
display of parenting-like behavior by juveniles). Tested in adult-
hood, selective social behaviors indicative of pair-bonding were 
disrupted; in this case the effect was especially obvious in females. 
Female prairie voles that received reduced early handling (MAN0) 
did not exhibit selective preferences for a familiar male, even when 
given six times the amount of exposure to a male that is typically 
sufficient to induce a preference. In addition, in both sexes tested 
in adulthood, MAN0 animals showed increased anxiety-like behav-
iors when tested in an elevated plus-maze (EPM). We hypothesize 
that these differences are due primarily to an early environment 
that is for MAN0 offspring less enriched or even impoverished. 
We further hypothesize even a small amount of handling (which 
typically occurs during cage change in most animal facilities) is 
sufficient to produce changes in the parental-infant interactions, 
which in turn leads to species-typical levels of behaviors in the off-
spring in later life. The effects of this manipulation were discovered 
serendipitously. However, the MAN1 versus MAN0 model for the 
effects of early experience is advantageous in some ways, in that this 
comparison is based on a subtle manipulation of early experience 
and one in which other variables (e.g., time away from the parents 
or temperature) are held relatively constant. Because young voles 
have milk-teeth and are attached to the mother during the han-
dling manipulation, direct contact with the pups is avoided and we 
hypothesize that observed group differences are due to changes in 
the behavior of the parents (Tyler et al., 2005).

Evidence from other rodent species suggests that the effects of 
early experience can be time dependent and especially potent dur-
ing the first week of life. However, responses to early handling may 
differ by species or even within the same strains of a given species 
(Holmes et al., 2005; Enthoven et al., 2008). Although early work 
in this field, primarily done in rats, tended to emphasize direct 
effects of handling on the offspring, more recent evidence sug-
gests that individual differences in maternal behavior or maternal 
responses to disruption may significantly influence subsequent 
behavioral outcomes.
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between MAN1 and MAN0 animals, to determine replicability 
of earlier findings with these groups, and to specifically examine 
possible neuroendocrine correlates of behavioral changes between 
these groups. In some cases, we also combined groups that received 
manipulations during the first week (MAN1 and MAN1–7) and 
groups that did not receive manipulation during the first week 
(MAN0 and MAN7).

Elevated Plus-maze testing
This test examines responses to nonsocial stimuli associated with a 
novel environment, and also has been used as a form of mild stres-
sor (Insel et al., 1995; Ramos and Mormede, 1998). Time spent in 
the closed arm of the EPM is considered a measure of anxiety or 
fear response, due to the fact that presumably most rodents find 
open spaces aversive. Behavior in the EPM is responsive to both 
anxiolytic and anxiogenic drugs, and fear responses in the EPM 
have been found to be fairly resistant to environmental conditions 
(Ramos and Mormede, 1998). Prairie voles may find open areas 
less aversive than do other rodents such as meadow voles, a closely 
related polygynous species (Stowe et al., 2005), but EPM behavior 
in prairie voles has been shown to be responsive to manipulations 
such as injection of vasopressin (Dharmadhikari et al., 1997) and 
early handling (Bales et al., 2007a).

The EPM consisted of two open and two closed, opaque arms, 
each 67-cm long and 5.5-cm wide (Insel et al., 1995), elevated 1 m 
above the floor. Each vole was placed in the neutral area in the center 
of the EPM and its behavior scored for five minutes using Behavior 
Tracker. Plus-maze activity was indexed as time spent in the open 
arm/(time spent in the open arm + time spent in the closed arm). 
Data were analyzed by mixed model ANOVAs (Littell et al., 1996) 
in SAS 9.2 (SAS Institute, Cary, NC, USA). All significance levels 
were set at p < 0.05 and all tests were two-tailed.

Hormone Assays
Plasma OT was assayed using a commercial enzyme immunoassay 
(Assay Designs, Ann Arbor, MI, USA, now Enzo Life Sciences), 
validated for use in the prairie vole (Kramer et al., 2004). Non-
extracted samples were diluted at 1:8 for OT (40 μl of plasma) 
and 1:12 for AVP (25 μl of plasma) and assayed according to kit 
instructions. Intra-assay c.v. for OT was 1.5% and inter-assay c.v. 
was 13.5%. For AVP intra-assay c.v. was 1.2% and inter-assay c.v. 
was 2.9%.

Corticosterone was assayed using a radioimmunoassay (MP 
Biomedicals, Irvine, CA, USA) previously validated for the prairie 
vole (Taymans et al., 1997). Non-extracted samples were assayed 
at 1:2000 dilution in order to insure that all samples fell on the 
standard curve. Intra-assay c.v.s averaged 3.7% and inter-assay c.v. 
was 4.3%.

Receptor Autoradiography
Following sacrifice, brains were quickly removed, flash-frozen 
on dry ice and stored at −80°C. Brains were sectioned at 20-μm 
thickness, mounted onto Super-frost slides, and stored at −80°C 
until the time of assay. Sections were allowed to thaw to room 
temperature and then immersed in 0.1% paraformaldehyde for 
2  min to optimize tissue integrity. Sections then were rinsed 
three times in 50 mM Tris–HCl (pH 7.4) at room temperature 

day after the previous litter was weaned). Thereafter, cages were 
changed on day 7 and cage-changing was kept constant across 
groups. During subsequent cage changes, all animals were moved 
to the new cage in a cup. MAN0 litters were therefore manipulated 
in the cup three times (one for the early manipulation, two other 
times for cage-cleaning). The other groups received their described 
early manipulation (cup or hand) and all subsequent cage changes 
were performed by cup.

On day 20 postpartum, the infants were weaned and housed 
in same-sex pairs throughout testing. In order to utilize all of the 
offspring from each litter two experimental groups were formed, 
as described here.

Experimental group 1
On day 21–25, this group was tested in an alloparental care test 
(see methods below). The following day, they received an EPM 
test. The day following that, they were anesthetized with ketamine 
and xylazine, received an eyebleed, and were euthanized by cervical 
dislocation under deep anesthesia. Brains were flash-frozen for use 
in receptor autoradiography.

Experimental group 2
On day 21–25, these animals were removed from their cage, imme-
diately anesthetized with ketamine and xylazine, received an eye-
bleed (data not presented here), and were euthanized by cervical 
dislocation under deep anesthesia. Brains were passively perfused 
for use in immunohistochemistry (methods detailed below), and 
sliced at 40 μm thickness on a sliding microtome.

All studies were approved by the Animal Care and Use Committee 
of the University of Illinois, Chicago, IL, USA and complied with 
National Institutes of Health ethical guidelines as set forth in the 
Guide for Lab Animal Care.

Behavioral Testing
All behavioral testing was performed between 08:00 and 12:00 h.

Alloparental care testing
Animals were always weaned before the birth of the next litter in 
their home cage, thus ensuring that previous exposure to neonates 
had not occurred. Test animals were introduced into an apparatus 
which consisted of two cages connected by a 5 cm clear tube, and 
given 45  min to acclimate. Two pups (1–3  days old) were then 
introduced into one cage. The test animal was exposed to the pups 
for 10 min (methods based on (Roberts et al., 1998). If the test 
animal showed any pup-directed aggression, the test was stopped 
immediately and the pups removed and treated as necessary. 
Aggression displayed by 21-day olds rarely results in significant 
injury to the infant. Behaviors were scored from videotape by an 
observer blind to experimental treatment on behavioral software 
(Behavior Tracker, www.behaviortracker.com) for sniffing, hud-
dling, non-huddling contact (any contact with pups not covered 
by another category), retrievals, licking/grooming, and aggression.

Analysis Strategy
Data analysis was carried out by ANOVA. Residuals were checked 
for normality. All significance levels were set at p < 0.05 and all 
tests were two-tailed. We also conducted planned comparisons 
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Images were captured using a Nikon Eclipse E 800 microscope, 
Sensi-cam camera, and IP Lab Software®. Pictures for analysis were 
taken at 100× magnification. Analysis was performed using Image 
J software (National Institutes of Health, Bethesda, MD, USA). 
Density of staining within each nucleus was quantified using the 
threshold function to separate stained cells and fibers from the 
background. Within the PVN and SON, a standardized sampling 
area was used to determine the number of pixels labeled using the 
thresholding function. This was done to ensure that differences 
were not a result of variability in defining the borders of a nucleus. 
Density was calculated as the percentage of threshold labeled pixels 
versus non-labeled pixels within the entire sampling area. Similar 
methods have been used to determine differences in OT and AVP 
cell and fiber staining in other studies (Wang et al., 1996; Bester-
Meredith and Marler, 2003; Ruscio et  al., 2007). Density meas-
urements from each nucleus were taken from sections matched 
in rostral–caudal orientation to minimize variability. In all cases, 
density measures were taken by two observers blind to the condi-
tion of the subject and the average was calculated. Due to the high 
concentration of cells and fibers within certain nuclei, we felt that 
cell counts would not be accurate as it was often not possible to 
discern exact cell numbers (due to overlapping cells) and cells from 
fibers within the central portions of densely stained nuclei.

Arginine vasopressin and OT densities were measured in the 
PVN and SON. Measurements within the PVN were taken in a 
caudal section of the nucleus where the stained cells and fibers take 
a characteristic shape and branching pattern, as demonstrated in 
previous studies (Wang et al., 1996). This section is further char-
acterized by the medial–lateral position of the fornix (relative to 
the third ventricle) and medial and dorsal location of the optic 
tract (relative to more central and ventral position in more rostral 
sections). It is approximate to Figure 49 in Paxinos and Watson 
(2005). Two density measures within each section were taken; 
one in the center (sampling area: 125 μm × 125 μm) measuring 
both cells and fibers, and another in the periphery (sampling area: 
375 μm × 250 μm) measuring projecting fibers from the PVN. AVP 
and OT density measurements in the SON were taken at the same 
rostral–caudal level as the PVN. Because of the SON’s curved shape 
and location, we used two areas to ensure that the optic tract was not 
included in the thresholding function. Both measures (sampling 
areas: horizontal, 282 μm × 375 μm and vertical 225 μm × 440 μm) 
were within the SON (cells and fibers) and the density was the sum 
of stained fibers and cells with both areas.

Results
Alloparental Behavior
When groups that were manipulated before day 7 (MAN1 and 
MAN1–7) were combined and compared to groups that were not 
manipulated before day 7 (MAN0 and MAN7), they differed signifi-
cantly in alloparental behavior. Males that were manipulated before 
day 7 displayed a significantly longer duration of non-huddling 
contact (n = 42, F

1
 = 4.95, p = 0.035; Figure 1) and total time spent 

in alloparental behavior (including sniffing, licking/grooming, 
non-huddling contact, and huddling; F

1
 = 4.24, p = 0.046). When 

only MAN0 and MAN1 males were compared directly, there was a 
trend for a difference in non-huddling contact (n = 20, F

1
 = 3.79, 

p = 0.067) and other behaviors were non-significant (Table 1). In 

for 5 min and incubated for 60 min at room temperature in a 
solution of 50 mM Tris–HCl (pH 7.4) with 10 mM MgCl

2
, 0.1% 

bovine serum albumin, and 50 pM of radiotracer. For OTR bind-
ing, [125I]-ornithine vasotocin analog [(125I)OVTA] was employed 
[vasotocin, d(CH

2
)

5
[Tyr(Me)2,Thr4,Orn8, (125I)Tyr9–NH

2
]; 2200 

Ci/mmol]; (NEN Nuclear, Boston, MA, USA). For V1aR binding, 
125I–lin–vasopressin [125I–phenylacetyl–D–Tyr(ME)–Phe–Gln–
Asn–Arg–Pro–Arg–Tyr–NH

2
]; (NEN Nuclear) was used. Non-

specific binding was determined by incubating adjacent sections 
with the radioactive specific ligand as well as with 50 μM of unla-
beled Thr4, Gly7 OT, a selective OT ligand (Peninsula Laboratories, 
Belmont, CA, USA) or 50 μM of unlabeled [1-(-mercapto-,-cyclo-
pentamethylene propionic acid),2-(O-methyl)-tyrosine]-arg8-
vasopressin, selective for the V1aR. Following incubation, sections 
were washed four times at 5 min each in 50 mm Tris–HCl (pH 
7.4) with 10 mM MgCl

2
 at 4°C, followed by a final rinse in this 

same buffer for 30 min while stirred with a magnetic bar. Slides 
then were quickly dipped in cold dH

2
O and rapidly dried with a 

stream of cold air. Sections were apposed to Kodak BioMaxMR 
film (Kodak, Rochester, NY, USA). Autoradiographic 125I-receptor 
binding was quantified from film using the NIH Image program to 
measure uncalibrated optical density. Background was quantified 
for each slide from a cortical area lacking receptors. The number 
of slides scored for each area varied, but averaged approximately 
nine sections per area. Both sides of each area were quantified 
separately, compared for any differences according to hemisphere 
(which were not found), then a mean obtained for each slice. A 
mean for the area for each animal was then calculated, which was 
the value used in analyses.

Immunohistochemistry
Free-floating tissue sections were rinsed in 0.05  M KPBS. To 
block endogenous peroxidase activity, sections were incubated 
for 15 min in 0.014% phenylhydrazine and then rinsed in KPBS. 
Next, sections were incubated in rabbit OT antisera (generously 
provided by Dr. Mariana Morris) at 1:150,000 or rabbit anti-
AVP (MP Biomedicals, Irvine, CA, USA) at 1:100,000 dilution 
in 0.05 M KPBS-0.4% Triton X-100 (1 h at room temperature 
and then 48 h at 4°C).

Sections were rinsed in KPBS before being incubated for 1 h 
at room temperature in biotinylated goat, anti-rabbit IgG (1:600 
dilution in KPBS-0.4% Triton X-100; H  +  L, BA-1000; Vector 
Laboratories, Burlingame, CA, USA). Sections were rinsed in KPBS 
and then incubated in an avidin–biotin peroxidase complex (4.5 
A and 4.5 μl B per 1 ml KPBS–0.4% Triton X-100; Vectastain ABC 
kit-elite pk-6100 standard; Vector Laboratories) for 1 h at room 
temperature. Sections were rinsed in KPBS and then rinsed in 
0.175 M sodium acetate. Finally, OT-immunoreactivity (OT-IR) 
and AVP-IR were visualized by incubation in a nickel sulfate–diami-
nobenzidine chromogen solution (250 mg Nickel II Sulfate, 2 mg 
DAB, 8.3 μl 3% H

2
O

2
 per 10 ml 0.175 M sodium acetate) for 15 min, 

then rinsed in sodium acetate followed by KPBS rinses. Following 
labeling for OT or AVP, sections were mounted onto subbed glass 
slides and air-dried overnight. Sections then were dehydrated 
in ascending ethanol solutions, cleared in Histoclear (National 
Diagnostics, Atlanta, GA, USA), and the slides were coverslipped 
with Histomount (National Diagnostics).
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Figure 1 | Males that were manipulated before day 7 displayed a 
significantly longer duration of non-huddling contact (F1 = 4.95, p = 0.035; 
Table 1) and total time spent in alloparental behavior (F1 = 4.24, p = 0.046).

a one-tailed test (justified by a priori expectation of direction), the 
difference between MAN0 and MAN1 in non-huddling contact is 
significant (p = 0.033).

No female alloparental behaviors varied significantly by early 
treatment (Table 1). When MAN0 and MAN1 females were com-
pared directly, there were also no significant differences in allopa-
rental behaviors.

Elevated Plus-Maze
Autogrooming in the EPM differed by treatment for females 
(n = 39, F

3
 = 4.38, p = 0.012; Figure 2) but not for males (n = 38, 

F
3
 = 0.98, p = 0.414). While time spent in the open arm, and the ratio 

of time spent in the open arm over time spent in both arms did not 
differ for either sex, in females there was a trend (Kruskal–Wallis 
test, χ2 = 7.14, p = 0.067; Figure 2) for treatment to influence time 
spent in the closed arms, with MAN7 and MAN1–7 spending the 
most time there.

When only MAN1 and MAN0 groups were compared, no sig-
nificant differences for males were seen; however MAN1 females 
autogroomed significantly more than MAN0 females (n  =  19, 
F

1
 = 4.87, p = 0.041; note though, that this was opposite the pre-

dicted direction) and tended to spend more time in the closed arms 
(F

1
 = 3.38, p = 0.084).

Oxytocin and arginine vasopressin (V1a) receptor binding
Oxytocin receptor binding differed in several areas in females, 
with MAN0 females having significantly higher OTR binding 
than other groups (Figures 3 and 4). Treatment differences 
were significant in the BNST (n  =  26, F

3
  =  3.37, p  =  0.032) 

and the nucleus accumbens (NAcc; F
3
 = 2.96, p = 0.048). OTR 

binding in females was also marginally significant in the same 
direction in the cingulate cortex (F

3
  =  2.89, p  =  0.051; opti-

cal densities, MAN1 = 0.107 ±  0.03, MAN1–7 = 0.115 ±  0.02, 
MAN7 = 0.126 ± 0.3, MAN0 = 0.248 ± 0.06) and the lateral septum 
(LS; F

3
 = 2.97, p = 0.054; optical densities, MAN1 = 0.114 ± 0.03, 

MAN1–7 = 0.15 ± 0.02, MAN7 = 0.181 ± 0.7, MAN0 = 0.289 ± 0.09). 
OTR binding in males differed significantly in the BNST (n = 34, 
F

3
 = 3.85, p = 0.018; Figure 5), and tended to differ in the NAcc 

(F
3
 = 2.65, p = 0.065). These differences were in the same direc-

tion as females (MAN0 and MAN7 higher than MAN1), with 
even higher levels in some groups.

When comparing across the four groups there were no signifi-
cant treatment group differences in either males or females in V1aR 
binding (Tables 2 and 3). Pre-planned comparisons of MAN1 and 
MAN0 groups did not reveal any significant differences in V1aR, 
when compared in separate brain areas. Though non-significant, it 
may be important to note that the levels of V1a binding in each of 
the brain areas studied was higher in MAN0 males versus MAN1 
males. This pattern was not seen in females.

Table 1 | Alloparental behaviors in a pup test, including time spent in infant care and contact (non-huddling) were more common in prairie voles 

that were handled at least once in the first few days of life (MAN1 and MAN1–7) versus those that received no handling until at least PND 7 (MAN0 

and MAN7).

MALE: 

Manipulation in 

the first week 

(MAN1 and 

MAN1–7; n = 21) 

MALE: No early 

manipulation 

(MAN0 and 

MAN 7; n = 21)

Statistic p-value FEMALE: 

Manipulation in 

the first week 

(MAN1 and 

MAN1–7; n = 20)

FEMALE: No early 

manipulation 

(MAN0 and MAN 7; 

n = 20)

Statistic p-value

Sniff 31.52 ± 4.13 37.86 ± 6.86 F = 0.21 0.653 17.85 ± 3.2 24.36 ± 4.79 F = 0.38 0.768

Lick 56.0 ± 18.67 36.86 ± 15.58 χ2 = 2.01 0.156 70.05 ± 37.32 49.47 ± 18.68 χ2 = 2.33 0.507

Retrievals 2.67 ± 0.72 1.81 ± 0.60 χ2 = 1.99 0.158 1.55 ± 0.47 4.47 ± 1.77 χ2 = 3.33 0.344

Huddling 1.24 ± 0.86 5.71 ± 4.15 χ2 = 1.11 0.737 33.9 ± 23.22 16.32 ± 9.23 χ2 = 5.04 0.169
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Central OT and AVP production (immunohistochemistry)
The density of OT cell bodies in the SON differed significantly by 
treatment for males (n = 33, F

3
 = 4.12, p = 0.018; Figures 6 and 7), 

but not for females (n = 27, F
3
 = 1.9, p = 0.157), although results 

were in the same direction in both sexes with MAN1 higher than 
other groups.

The density of OT fibers in the SON did not differ by treat-
ment, and neither the density of OT cell bodies, nor the density 
of OT fibers, differed significantly in the PVN. No measures of 
AVP production (SON cell bodies, SON fibers, PVN cell bod-
ies, PVN fibers) differed significantly by treatment (Tables 4 
and 5). However, planned comparisons between MAN0 and 
MAN1 groups revealed that the differences in density of 
AVP immunoreactive cell bodies approached significance 
(F

1
 = 4.34, p = 0.056) with high levels of AVP in MAN0 versus 

MAN1 males. This difference was not observed in females; 
however, in females there was a trend for MAN0 females to 
have higher OT cell bodies in the PVN than MAN1 females 
(F

1
 = 3.41, p = 0.088).

Plasma Hormones
There was a trend for CORT to differ in females (n = 36, F

3
 = 2.41, 

p = 0.085; Figure 8) but not in males (n = 40, F
3
 = 0.68, p = 0.569) 

following the EPM test, a mild stressor. MAN0 females had sig-
nificantly higher CORT than MAN1 females (t

1
 = 2.66, p = 0.012).

Figure 2 | Time spent autogrooming in the elevated plus-maze differed 
among treatment groups in females (F3 = 4.38, p = 0.012). There was a 
trend for time spent in the closed arms to differ (Kruskal–Wallis test, χ2 = 7.14, 
p = 0.067). Groups which differ significantly from each other in the overall 
ANOVA are indicated by different letters. When MAN1 and MAN0 females 
were compared directly in pre-planned comparisons, MAN1 females 
autogroomed significantly more than MAN0 females (F1 = 4.87, p = 0.041) and 
MAN1 females tended to spend more time in the closed arms than MAN0 
females (F1 = 3.38, p = 0.084).

Figure 3 | Oxytocin receptor binding (optical density), females. Bars with 
different letters indicate groups that are significantly different in post hoc testing.

Figure 5 | Oxytocin receptor binding (optical density), males. Bars with 
different letters indicate groups that are significantly different in post hoc testing.

Figure 4 | Representative autoradiogram of OTR binding in MAN1 and 
MAN0 females.
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Table 2 | Radiolabeled ligand binding for AVP V1a receptors (optical density) for males (means ± SD). Groups also did not differ in V1a receptor binding.

	 MAN1 (n = 6)	 MAN1–7 (n = 10) 	 MAN7 (n = 10)	 MAN0 (n = 9)	 Statistic (F )	 p-value

Lateral septum	 0.263 ± 0.04	 0.255 ± 0.01	 0.289 ± 0.03	 0.356 ± 0.06	 1.56	 0.229

Ventral pallidum	 0.502 ± 0.08	 0.738 ± 0.14	 0.727 ± 0.14	 0.701 ± 0.13	 0.57	 0.641

BNST	 0.266 ± 0.02	 0.291 ± 0.01	 0.308 ± 0.03	 0.338 ± 0.03	 1.15	 0.347

Medial amygdala	 0.303 ± 0.01	 0.368 ± 0.06	 0.337 ± 0.03	 0.427 ± 0.08	 0.77	 0.518

Posterior cingulate cortex	 0.251 ± 0.03	 0.285 ± 0.03	 0.331 ± 0.06	 0.305 ± 0.03	 0.48	 0.696

Table 3 | Radiolabeled ligand binding for AVP V1a receptors (optical density) for females (means ± SD).

	 MAN1 (n = 8)	 MAN1–7 (n = 7)	 MAN7 (n = 3)	 MAN0 (n = 10)	 Statistic (F )	 p-value

Lateral septum 	 0.285 ± 0.04	 0.239 ± 0.01	 0.299 ± 0.01	 0.282 ± 0.04	 0.22	 0.880

Ventral pallidum	 0.717 ± 0.12	 0.596 ± 0.15	 0.882 ± 0.22	 0.564 ± 0.09	 0.91	 0.454

BNST	 0.297 ± 0.03	 0.302 ± 0.02	 0.280 ± 0.02	 0.291 ± 0.03	 0.07	 0.976

Medial amygdala	 0.326 ± 0.04	 0.419 ± 0.06	 0.307 ± 0.02	 0.348 ± 0.08	 0.45	 0.721

Posterior cingulate cortex	 0.339 ± 0.05	 0.285 ± 0.03	 0.301 ± 0.04	 0.323 ± 0.05	 0.27	 0.847

Groups also did not differ in V1a receptor binding.

Figure 6 | The number of OT cell bodies in the SON differed significantly 
by treatment for males (F3 = 5.46, p = 0.005). Although the overall ANOVA 
for females was not significant (F3 = 1.9, p = 0.157), there was a trend for a 
difference between MAN0 and MAN1 (t1 = −1.73, p = 0.096).

Figure 7 | Representative photographs of OT immunoreactivity in the 
SON in MAN1 and MAN0 animals.

Plasma AVP did not differ significantly by treatment following 
the EPM test in males (n = 31, F

3
 = 0.33, p = 0.802; Figure 9) or 

females (n = 32, F
3
 = 0.07, p = 0.977). OT also did not differ sig-

nificantly by treatment in males (F
3
 = 1.63, p = 0.199; Figure 10) or 

females (F
3
 = 1.23, p = 0.316). Comparisons of MAN0 and MAN1 

groups did not reveal significant effects in either sex.

Discussion
The results of this study replicate earlier findings in prairie voles 
showing that alloparental behavior, tested in the postweaning 
period, can be influenced by handling during the first week of 
life (Bales et al., 2007a). Findings from our studies in prairie voles 
are consistent with literature from other mammals indicating that 
behavioral patterns and emotional reactions may undergo long-
lasting adaptations based on early experience, and possibly moder-
ated by parental stimulation in early life. The present findings also 
suggest that these effects are sexually dimorphic, possibly based 
in part on neuroendocrine differences between the sexes in the 
consequences of differential early experiences.

Research in rats strongly supports the importance of early 
experience in determining later social and emotional responses. 
For example, individual differences in maternal stimulation, 
including licking, may influence the later expression of parental 
behavior by the offspring (Meaney, 2001; Pedersen and Boccia, 
2002; Champagne and Meaney, 2007). In addition, in rats off-
spring that received moderate amounts of stimulation in early life, 
either by an investigator or by the mother rat, generally were more 
adaptable in later life, at least as measured by changes in hormones 
of the hypothalamic–pituitary–adrenal axis, in comparison to 
offspring that were deliberately left undisturbed (Levine, 1957, 
2002a). Research in rats also has suggested that young animals 
may be particularly sensitive in the first week of life to the effects 
of the presence or absence of parental stimulation (Levine and 
Lewis, 1959a).
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with minimal disturbance through out the rest of the pre-weaning 
period. As in previous studies the male offspring of the manipu-
lated group (MAN1) showed higher levels of later alloparenting 
compared to the MAN0 males (Bales et al., 2007a). However, when 
the first experience of manipulation was postponed until post-
natal day 7 (MAN7), the male offspring showed an alloparenting 
pattern more similar to that seen in animals that were not han-
dled (MAN0). We also examined the hypothesis that more fre-
quent manipulation, daily during the first week of life (MAN1–7), 
would further increase alloparenting. However, no difference in 
alloparenting was observed between MAN1 and MAN1–7 males; 
a high proportion of both MAN1 (67%) and MAN1–7 (75%) 
showed alloparental behavior. In contrast, the proportion of 
alloparental males was much lower in the MAN0 (33%) and MAN7 
(20%) groups. Female alloparenting did not vary significantly with 
early manipulation, as was also found in the previous study (Bales 
et al., 2007a); 54% of MAN0 females and 38% of MAN7 females 
showed alloparental behavior, with 40% of MAN1 and 60% of 
MAN1–7 females displaying alloparenting.

In the present study, because the full family including both 
parents and their infants were manipulated, it was not pos-
sible to determine whether the observed changes were due to 

Table 4 | Immunohistochemistry results for OT and AVP measures in males.

	 MAN1 (n = 6)	 MAN1–7 (n = 7)	 MAN7 (n = 10)	 MAN0 (n = 10)	 Statistic (F )	 p-value

OT cell body density – PVN	 0.170 ± 0.04	 0.150 ± 0.03	 0.137 ± 0.02	 0.178 ± 0.01	 0.96	 0.429

AVP cell body density – PVN	 0.112 ± 0.03	 0.119 ± 0.02	 0.172 ± 0.06	 0.189 ± 0.02	 1.44	 0.254

AVP cell body density – SON	 0.118 ± 0.02	 0.159 ± 0.02	 0.109 ± 0.02	 0.123 ± 0.01	 1.64	 0.205

Table 5 | Immunohistochemistry results for OT and AVP measures in females.

	 MAN1 (n = 5)	 MAN1–7 (n = 7) 	 MAN7 (n = 5)	 MAN0 (n = 10)	 Statistic (F )	 p-value

OT cell body density – PVN	 0.124 ± 0.02	 0.141 ± 0.01	 0.148 ± 0.02	 0.171 ± 0.02	 1.21	 0.328

AVP cell body density – PVN	 0.274 ± 0.04	 0.161 ± 0.05	 0.191 ± 0.02	 0.192 ± 0.04	 1.63	 0.215

AVP cell body density – SON	 0.137 ± 0.03	 0.087 ± 0.02	 0.127 ± 0.01	 0.139 ± 0.03	 1.32	 0.296

Figure 8 | There is a trend for stress-induced corticosterone to differ in 
females (F3 = 2.41, p = 0.085) but not in males (F3 = 0.68, p = 0.569).

Figure 9 | Plasma AVP did not differ significantly by treatment following 
the EPM test in males (F3 = 0.33, p = 0.802) or females (F3 = 0.07, p = 0.977).

The present design included animals that were deliberately 
manipulated within the first day of post-natal life (MAN1) and 
those that were left undisturbed for at least one week (MAN0) 

Figure 10 | Plasma OT did not differ significantly by treatment in males 
(F3 = 1.63, p = 0.199) or females (F3 = 1.23, p = 0.316).
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In females, we did observe significant treatment differences in 
autogrooming in the EPM. Interestingly, the two groups in the 
present study which received reduced manipulation in the first week 
of life (MAN0 and MAN7), displayed very different autogrooming 
behavior in the EPM; this suggests that there may not be a critical 
period for handling effects on this particular behavior, or at least 
that it is longer than one week. MAN0 females autogroomed the 
least of all groups (Figure 2). MAN0 females may be displaying 
a more passive coping style, with higher levels of CORT released 
during stress and lower autogrooming in response to stress; MAN7 
females, on the other hand, display an active response (autogroom-
ing) resulting in lower CORT levels. The same patterns were not 
seen in males. These findings are consistent with the hypothesis 
that coping strategies in the face of challenge differ between males 
and females (Koolhaas et al., 2001, 2007), especially when these 
challenges occur in early life (Carter et al., 2009). However, the 
experiential factors that differentiate the MAN0 and MAN7 para-
digms remain to be described. There might be age-related differ-
ences in the dependence of the offspring on parental stimulation. 
Alternatively, parents of pups of different ages may differ in their 
reactions to experiences (or the absence of experiences).

The MAN1–7 group in particular presents several challenges of 
interpretation. Above, we discussed the possible role of increased 
AVP in the SON in normalizing alloparenting behavior in MAN1–7 
males. MAN1–7 females were similar to MAN1 females on almost 
every measure except for autogrooming in the EPM, where they 
showed increased autogrooming compared to all other groups, 
perhaps suggestive of increased anxiety. In females, we did not do 
post hoc comparisons between groups due to non-significance of the 
overall ANOVA for OT in the SON. However, a direct comparison 
between MAN1 and MAN1–7 females does suggest lower OT-IR 
in the SON in MAN1–7 females (p = 0.025).

One purpose of this study was to examine the hypothesis that 
changes in central neuropeptide systems might mediate the long-
term consequences of early experience. In the present study, the 
OT system, and especially the OTR, responded to variations in 
early experiences, whereas changes were less obvious in the V1aR 
system. In contrast, a series of studies of the effects of exposure to 
exogenous OT on post-natal day 1 (Bales and Carter, 2003a, 2003b; 
Bales et al., 2004a, 2004c), revealed changes in the V1aR, but with 
no detectable differences in OTRs or dopamine D2 receptors (Bales 
et al., 2007b). The source of these differences has not been identi-
fied. However, exogenous OT, possibly given at a pharmacological 
dose, might have produced secondary binding to V1aRs (Gimpl 
and Fahrenholz, 2001). In addition, the age of the animals at the 
time of sacrifice differed between the two studies.

The effects most apparent in females from the MAN0 group 
were increased OTR binding in the NAcc, the BNST, and LS. The 
higher availability of OTR may be related to the lower anxiety dis-
played by MAN0 females at this age. OT is generally anxiolytic 
(Neumann, 2002; Labuschagne et al., 2010). It is possible that the 
elevated OTRs in these brain regions are a response to lower OT 
peptide availability, either during development (due to decreased 
stimulation by parents) or during adulthood (Figure 5). We would 
hypothesize that lower OT during development is more likely, given 
that MAN0 females actually had higher OT production in the PVN 
in this study than MAN1 females. Although the SON is unlikely 

direct stimulation of the young or mediated through differential 
parenting. However, immediately following handling we observed 
that both parents, and especially mothers, directed increased levels 
of stimulation toward their pups, including licking and groom-
ing (Tyler et  al., 2005). In contrast, undisturbed families were 
less interactive with pups, especially on the first day of life. More 
recently, we have also examined the consequences in prairie voles 
of repeated handling, three times at 3–4 h intervals on post-natal 
day. Immediately following the third episode of handling, parents 
showed reductions in interactions with their infants. As in the 
MAN0 treatment, the male offspring from this repeated han-
dling group showed low levels of alloparenting in later life (Boone 
et al., 2009). Taken together with the results of the present study, 
these findings suggest that in male prairie voles reduced parental 
stimulation, especially in the immediate post-natal period, may 
contribute to the deficits in later alloparenting observed after 
either reduced or repeated handling.

Both MAN0 and MAN7 males (which displayed low alloparent-
ing) also produced less OT in the SON than MAN1 males. In con-
trast, MAN1–7 males displayed both high alloparenting and low 
OT. One hypothesis for future studies is that MAN1–7 males might 
compensate for low OT production with higher AVP production. 
While MAN1–7 had low OT in the SON, their AVP in the SON 
was relatively high (Table 4). We did not present post hoc compari-
sons in the table due to the non-significant findings in the main 
ANOVA, but if performed, MAN1–7 males did have significantly 
higher AVP cell bodies in the SON than MAN7 males (p = 0.05) 
and displayed a non-significant trend for higher values than MAN0 
males (p = 0.11). Previous research has shown that male prairie 
voles can facilitate alloparenting through either the OT or AVP 
system (Bales et al., 2004b).

As in our previous study, we found sex differences in the effects 
of handling treatments. While in females we found no difference 
in alloparenting, we did find differences in behaviors that may 
reflect anxiety. Our previous study comparing MAN1 and MAN0 
(Bales et al., 2007a) showed higher levels of anxiety-like behaviors 
in MAN0 animals, as measured in the EPM, which we did not 
detect here. In fact, we found the opposite: MAN0 females tended 
to spend less time in the closed arms of the EPM than MAN1 
females. This could be due to the age of testing, as the previous 
study tested animals at 60 days of age while in the present study 
animals were tested at 22 days (directly after weaning). In ani-
mal models, changes of anxiety with age are a common finding 
although the direction is not always consistent (Lynn and Brown, 
2010). In the current study, changes in gonadal hormones are an 
unlikely mechanism for age-related changes in anxiety because 
prairie voles are induced ovulators (Carter et al., 1980). However, 
changes in peptide systems could be a possibility; we are not aware 
of any studies directly comparing adolescent and adult production 
of OT or AVP in prairie voles. A second possibility is that time 
since receiving other tests could have affected the outcome of the 
EPM. In Bales et al. (2007a, 2007b) the adult voles had not received 
another behavioral test for approximately 38 days; while in the 
present study, the juvenile voles had received the alloparenting 
test the day before they received the EPM. It is therefore possible 
that in this study, the alloparenting test was residually affecting 
the EPM in some fashion.
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Conclusions
Differential early handling experiences in prairie voles were 
associated with long-term, sexually dimorphic changes in social 
and anxiety-related behaviors, as well as neuroendocrine param-
eters. As a whole, these measures indicate that subtle variations in 
early experience, perhaps mediated by changes in the behavior of 
the parents following disruptions of the family (Tyler et al., 2005) 
can have long-term effects on social behaviors in prairie voles. The 
disruptive effects on alloparental behavior of reduced manipula-
tion during the first few days of life (MAN0), when compared to 
those of animals that were handled (MAN1), were similar to those 
observed in previous studies (Bales et al., 2007a). In males, daily 
manipulations of the family (MAN1–7) also produced effects on 
alloparenting that were similar to those seen in MAN1 and when 
manipulations were delayed until post-natal day 7 (MAN7), the 
consequences for subsequent alloparental behavior were similar to 
MAN0. However, the neuroendocrine effects of MAN1–7 versus 
MAN1 and the effects of MAN7 versus MAN0 were not always 
similar. These results suggest that different amounts of handling 
and manipulations during different time periods have behavioral 
effects that are not identical to those for neuroendocrine systems.

The present findings yielded complex group differences in 
behavior and neuroendocrine measures. These findings do not 
allow strong conclusions regarding the causal roles of OT or AVP 
in alloparental- or anxiety-related behaviors. However, we cannot 
exclude the possibly that the behavioral results obtained here reflect 
interactions between the OT and AVP systems, and that both show 
adaptive changes adjusting the expression of social behavior and 
responsivity to novel environments.

While we did not measure changes in OT at the time of the 
early experience we did find long-term treatment effects on the OT 
system, with increases in the OTR in females. In general, changes 
in AVP were less obvious.
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to be the major source of OT peptide to these areas, recent studies 
have shown that the SON in prairie voles does have oxytocinergic 
projections to the NAcc (Ross et al., 2009).

Variations in early handling were associated with later changes 
in neuropeptide production and binding, although these rela-
tionships differed for males and females. MAN0 males displayed 
elevated OTR in the BNST, lower OT production in the SON, and 
elevated AVP production in the PVN when compared to MAN1 
males. Previous literature has suggested that male prairie voles 
can facilitate alloparenting behavior through either the OT or the 
AVP system (Bales et al., 2004b). It is possible that extensive dys-
regulation, rather than changes in one particular neuropeptide or 
neuropeptide receptor, may have affected alloparenting behavior 
in this paradigm.

The results of this study are also consistent with preliminary data 
on methylation in a CpG island in the promoter region of the OTR 
gene. In these studies animals from a MAN1 group demonstrated 
higher levels of methylation in tissue from the NAcc compared 
to MAN0 animals in which methylation was low (Connelly and 
Carter, unpublished data). Low levels of methylation would be 
expected to permit increased expression of the OTR, which was 
the outcome seen in females in the MAN0 group in the present 
study (Figure 3). Other preliminary studies from our group suggest 
that OT may increase methylation of the OTR gene (Connelly and 
Carter, unpublished data). At the time of sampling in the present 
study, PND 22, OT synthesis in the SON (indexed by immuno-
histochemical staining) was higher in MAN1 animals than in any 
other group. This effect was seen in both sexes, although was only 
significant in males. It is still unknown whether OT levels at the 
time of the handling treatment were enhanced in MAN1 animals, 
but that would be consistent with other findings.

Oxytocin production in the SON also may occur in response to 
chronic stress (Neumann, 2002; Grippo et al., 2007); stress in turn 
might increase subsequent synthesis or release of AVP (Neumann 
et al., 2006). It is possible that the higher levels of SON OT avail-
able to MAN1 animals may impact on their stress systems (perhaps 
by other measures than those shown here), and in prairie voles 
stress is well-known to affect social behavior (DeVries et al., 1995, 
1996; Bales et al., 2006). In rats, maternal separation resulted in an 
increase in AVP immunoreactivity in SON (Veenema et al., 2006). 
In the present study, there are preliminary indications that AVP, 
especially in males, might be upregulated in the MAN0 group, 
which might also be receiving less parental stimulation.
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addition, the frontal lobes also inhibit impulsivity, making predic-
tions that adjust behavior to current rewards when environment 
changes (Schoenbaum and Shaham, 2008). Thus, a key element of 
the behavioral pathology of addiction and substance dependence 
centers on the loss of frontal–cortical executive behavioral control, 
increased impulsivity, reduced behavioral flexibility, and a mount-
ing limbic anxiety and urgency.

Adolescent brain development and addiction
Adolescence: A unique period of development
Adolescence is a critical developmental period that encompasses the 
transition from childhood to adulthood. It is best defined by char-
acteristic behaviors that include high levels of risk-taking, increased 
exploration, novelty and sensation seeking, social interaction, high 
activity, and play behaviors that likely promote the acquisition of 
skills necessary for maturation and independence (Spear, 2000; 
Ernst et al., 2009). These behaviors are suggested to facilitate the 
adolescents’ development of social skills necessary to gain independ-
ence from their family or become senior adults in their group. In 
rodents, increased social interactions help guide their food choices 
(Galef, 1977) and other adult actions, such as sexual and aggressive 
behaviors (see e.g., Fagen, 1976; Smith, 1982). Unfortunately, the 
increased incidence of novelty/sensation-seeking behaviors dur-
ing adolescence are also strong predictors of drug and alcohol use 
(Baumrind, 1987; Andrucci et al., 1989; Wills et al., 1994; Faden, 
2006). Indeed, the adolescent brain is in a unique state of transition 
as it undergoes both progressive and regressive changes providing a 
biological basis for unique adolescent behaviors and the associated 
changes in these behaviors during maturation to adulthood. Human 
magnetic resonance imaging (MRI) studies have demonstrated an 

Introduction
Chronic use of alcohol, stimulants, and/or opiates leads to progres-
sive changes in brain and behavior. Addiction is the continued use 
of a drug despite harm, e.g., a loss of behavioral control over drug 
use. The frontal cortex regulates decision making and other execu-
tive functions, such as motivation, planning, goal setting, and inhi-
bition of impulses. In contrast, the amygdala, hippocampus, and 
other limbic structures contribute to emotion, emotional learning, 
and mood. Persistent use of alcohol and other drugs of abuse result 
in changes to neurobiology that culminate in a loss of attention, 
poor decision making, increased impulsivity, and anxious urgency 
that promotes the progressive loss of behavioral control over drug 
use. Although it is well accepted that drug intoxication changes 
neurochemistry ultimately leading to altered behavior, the impor-
tance of persistent drug-induced changes in the brain that underlie 
persistent harmful behaviors has only recently been appreciated. 
Indeed, drug dependence and addiction involves a disruption of the 
normal balance between self-control mechanisms and emotional 
needs. Across drugs of addiction, the progression from abuse to 
addiction involves increased drug wanting, negative emotional 
urgency, and diminished behavioral control (Jentsch and Taylor, 
1999; Robinson and Berridge, 2003). Frontal lobe executive func-
tion involves the ability to recognize future consequences, choose 
between good and bad actions (or better and best), override and 
suppress unacceptable social responses, and determine similarities 
and differences between things or events. This cortical region also 
plays an important role in retaining long-term memories associ-
ated with emotions derived from the brain’s limbic system. These 
emotions are then modified via the frontal cortex to generally fit 
societal norms important for individual integration into society. In 
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than adolescence, and greater activation during adolescence than 
adults with the adults showing the lowest dorsolateral, but equal 
orbitofrontal activation and greater inhibitory control performance 
(Casey et al., 1997; Tamm et al., 2002). These studies support the 
concept that the immature brain, with excess synapses, possesses 
more extensive, and less efficient frontal activation and lower per-
formance than adults that have a more efficient frontal cortex that 
results in more focused, lower overall activation and faster reaction 
times and better performance (Blakemore and Choudhury, 2006). 
Taken together, these studies suggest that remodeling of the cortex 
during the developmental transition from youth to adolescence to 
adulthood has functional implications for the adult stages of life.

Neurogenic processes in the adolescent brain
Although neurogenesis is primarily an early developmental proc-
ess with most neurons generated during the prenatal and early 
postnatal periods, it continues throughout adulthood in discrete 
brain regions, including the forebrain subventricular zone and 
subgranular zone of the hippocampal dentate gyrus. The genera-
tion and functional integration of nascent neurons into preexist-
ing adult neural circuits is believed to enable the hippocampus to 
adapt to novel and more complex situations (Kempermann, 2002). 
Indeed, the contribution of hippocampal neurogenesis to learning 
and memory (Shors et al., 2001) as well as mood and affective state 
(Malberg et al., 2000) is supported by many studies. Adolescent neu-
rogenesis, and its role in brain remodeling and unique adolescent 
behaviors, has to date not been investigated. Studies indicate that 
adolescent animals have higher levels of hippocampal neurogen-
esis (He and Crews, 2007), but that neurogenesis in the adolescent 
brain is very sensitive to alcohol-induced degeneration (Crews et al., 
2006a). Thus, disruption of the neurogenic process by drugs and 
alcohol use during adolescence might produce long-lasting changes 
that persist into adulthood.

Binge drinking during critical periods in cortical 
development might lead to lifelong changes in 
executive function
The effect of alcohol on the adolescent brain is different from 
those observed in adulthood. Adolescents are less sensitive to the 
sedative effects of alcohol (Silveri and Spear, 1998), which allows 
them to binge drink. However, they are more vulnerable to alcohol-
induced neurotoxicity (Monti et al., 2005; Crews et al., 2007). The 
increased sensitivity of the adolescent brain to alcohol-induced 
toxicity (Peleg-Oren et al., 2009), coupled with the dynamic syn-
aptic remodeling that characterizes this stage, might strengthen 
the learning components of heavy drinking behaviors and per-
petuate the loss of important self-control and goal setting com-
ponents of the maturing brain’s executive centers. Indeed, studies 
of adolescent individuals with alcohol use disorder have demon-
strated smaller prefrontal gray and white matter volumes than 
age-matched controls. These lower PFC volumes, in turn, correlate 
with a higher maximum number of drinks per drinking episode 
(De Bellis et al., 2005). Furthermore, binge ethanol exposure dur-
ing adolescence reduces D1 and D2 receptors in the frontal cortex 
while simultaneously increased histone acetylation in the frontal 
cortex and limbic system (Pascual et al., 2009). Thus, it is likely 
that both genetics and environment (heavy drinking) contribute 

inverted U-shape change in gray matter volume during the adoles-
cent period, with pre-adolescent increases followed by post-ado-
lescent reductions (Giedd et al., 1999; Giedd, 2004). At the cellular 
level, these changes correspond with a marked overproduction of 
axons and synapses during early puberty, but rapid pruning in later 
adolescence (Giedd et  al., 1999; Andersen et  al., 2000; Andersen 
and Teicher, 2004). Although the exact mechanisms underlying 
such synaptic changes are not well understood, it is speculated that 
such remodeling is the biological basis of developmental plasticity 
wherein the neurological circuits are effectively shaped to adapt 
to environmental needs leading to mature adult behavior. Such a 
period of remodeling could also make the adolescent brain more 
vulnerable to external insults and other psychiatric disorders.

The prefrontal cortex (PFC) and the limbic system, which 
includes the hippocampus, amygdala, nucleus accumbens (NAcc), 
and the hypothalamus, undergo prominent reorganization during 
adolescence. Indeed, absolute PFC gray matter volumes decline 
in humans (Sowell et al., 1999, 2001) as well as in rats (van Eden 
et  al., 1990) during adolescence. Similarly, a substantial loss of 
synapses, especially excitatory glutamatergic inputs to the PFC, 
occur during the adolescent period in humans and non-human 
primates (Huttenlocher, 1984; Zecevic et al., 1989). In contrast to 
such adolescent-associated pruning, dopaminergic, and seroton-
ergic inputs to the PFC increase to peak levels well above those 
observed earlier or later in life (Kalsbeek et al., 1988; Rosenberg and 
Lewis, 1994). In a similar fashion, cholinergic innervation of the 
PFC also increases at this time point, ultimately reaching mature 
levels in rats (Gould et al., 1991) and humans (Kostovic, 1990). 
Within the hippocampus, the exuberant outgrowth of excitatory 
axon collaterals and synapses during youth are morphologically 
remodeled, and branches within dendritic arbors are pruned dur-
ing this period of maturation (Swann et al., 1999 #3027). Similarly, 
significant dendritic pruning and synaptic regression also occurs 
in the medial amygdala (Zehr et al., 2006), NAcc (Teicher et al., 
1995; Tarazi et al., 1998b), and hypothalamus (Choi and Kellogg, 
1992; Choi et al., 1997). Although most synaptic pruning is likely 
glutamatergic, dopaminergic receptor expression peaks in early 
adolescence at postnatal day (P) 28 followed by a one-third reduc-
tion of receptors between P35 and P60 (Tarazi et al., 1998a). In 
terms of hypothalamic function, adolescent rats often exhibit more 
prolonged stress-induced increases in cortisol than adults (Walker 
et al., 2001). In addition, rats at P28 evidence less stress-induced 
Fos-like immunoreactivity in cortical and amygdaloid nuclei than 
adult rats (Kellogg et al., 1998), but higher novelty-induced Fos 
activation in the hippocampus during this period (Waters et al., 
1997). Thus, significant maturation of the cortical and limbic sys-
tems characterizes the adolescent period of development.

Behavioral studies have demonstrated that performance on tasks 
involving inhibitory control, decision making, and processing speed 
continues to develop during adolescence. During this developmen-
tal stage, selective attention, working memory, and problem solv-
ing skills consistently improve as frontal–cortical synaptic pruning 
and myelination progress (Blakemore and Choudhury, 2006). 
Similarly, executive inhibitory control improves from adolescence 
through to adulthood. Studies measuring behavioral inhibition on 
a Go–No-Go task and functional MRI data reveal greater activa-
tion of dorsolateral frontal and orbitofrontal cortices in children 
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as sensory and hormonal signals activate the oxidation sensitive 
transcription factor NF-κB that is highly expressed in microglia 
(see Figure 1).

The transcription factor NF-κB is involved in the induction 
of innate immune genes in microglia and other monocyte-like 
cells in the periphery. Stimuli such as stress, cytokines, oxida-
tive free radicals, ultraviolet irradiation, bacterial or viral anti-
gens, and many other signaling molecules increase NF-κB-DNA 
binding and transcription of many genes, particularly chem-
okines, cytokines, oxidases, and proteases. Our laboratory has 
previously demonstrated that ethanol increases NF-κB–DNA 
binding in the brain in vivo (Crews et al., 2006b) and in vitro in 
hippocampal–entorhinal cortex slice cultures (Zou and Crews, 
2006). Furthermore, work from our laboratory and others indi-
cate that ethanol also increases the transcription of NF-κB target 

to the development of an alcohol use disorder and lower PFC vol-
umes in adolescents. Studies of social drinkers have found that the 
heaviest binge drinkers have more negative moods and performed 
worse on executive function tasks (Townshend and Duka, 2003; 
Weissenborn and Duka, 2003). Furthermore, alcoholics report 
more fear in facial expressions and animal studies have suggested 
these alterations in fear response are the result of alcohol-induced 
deficits in associative learning (Duka et al., 2004). Additional stud-
ies have demonstrated perseverative relearning deficits following a 
rat model of binge drinking that relates to damage of the associa-
tion cortex (Obernier et al., 2002). However, none of these studies 
directly reveal a critical period during adolescence when executive 
function is liable to disruption by ethanol. In contrast, other work 
on the deleterious effects of ethanol on critical periods involv-
ing of visual cortical development, coupled with ethanol-induced 
cortical neurotoxicity and ethanol-induced alterations in execu-
tive function, support the theory that disruption of frontal–cor-
tical development and executive function maturation occurs in 
adolescent alcohol abusers. It is plausible that adolescent alcohol 
abuse might disrupt impulse inhibition, attention, and motiva-
tion thereby promoting adult alcohol dependence and underlie 
the high risk of lifetime alcohol dependence found among those 
who begin drinking as adolescents. In total, the evidence does 
support a link between adolescent alcohol abuse during a critical 
period of executive function maturation and an increased risk of 
lifetime alcohol dependence and perhaps other psychopathologies.

Drugs and stress induce innate immune genes 
through activation of NF-κB transcription
Neuroimmune signaling contributes to enteric, sensory, and endo-
crine hypothalamic–pituitary–adrenal (HPA) responses to external 
and internal environmental factors. Monocytes and tissue specific 
monocytes, such as brain microglia, are key cells involved in neu-
roimmune signaling. These cells are regularly generated from bone 
marrow stem cells where they migrate to blood, and under normal 
states, replenish tissue resident macrophages and dendritic cells, 
including brain microglia. Monocytes have multiple stages of acti-
vation that represent a progressive cascade of innate immune gene 
activation (Graeber, 2010). Monocyte responses regulate cellular 
movement to sites of tissue damage, secretion of chemokine signals 
to other cells, secretion of proinflammatory cytokines, proteases, 
and “danger” signaling molecules, and increased expression of 
Toll-like receptors (TLRs), oxidases [nicotinamide adenine dinu-
cleotide phosphate (NADPH) oxidase, cyclooxygenase (COX), 
and inducible nitric oxide synthases (iNOS)], and other innate 
immune molecules that increase across a spectrum of activation 
states that range from proinflammatory to trophic. Microglia 
have a low threshold of activation with initial states of activa-
tion secreting signaling molecules, slight morphological changes, 
upregulation of major histocompatibility complex (MHC) and 
TLR proteins, and activation of synaptic stripping. In contrast, 
highly activated microglia progress to mitosis, proliferation, and 
phagocytic oxidative bursts that oxidize and engulf waste (Graeber, 
2010). Under healthy conditions, microglia as well as monocytes 
in the peripheral sensory nerves and endocrine organs contrib-
utes to the integration of sensory systems aimed at maintaining 
health. However, stress, alcohol, and other addictive drugs as well 

Figure 1 | Nuclear factor kappa-light-chain-enhancer of activated B cells 
transcription increases the expression of chemokines, cytokines, 
oxidases, and proteases. The transcription factor NF-κB is involved in the 
induction of innate immune genes (Ghosh and Hayden, 2008). Stimuli such as 
stress, drugs of abuse, peptides, chemokines, cytokines, reactive oxygen 
species (ROS), ultraviolet irradiation, bacteria, viruses, trauma, and other factors 
all increase NF-κB-DNA binding and transcription. Reactive oxygen species 
resulting from oxidases such as NADPH-oxidase or ethanol metabolism by 
CYP2E1 increase NF-κB transcription of NOX2phox, a key NOX catalytic subunit 
(Cao et al., 2005) that produces ROS (Qin et al., 2008). Loops of activation also 
occur through induction of genes that stimulate further NF-κB activation leading 
to autocrine and paracrine amplification and persistent signals. Cytokines and 
chemokines, such as TNFα, IL1β, IL6, and MCP-1 as well as their receptors 
(TNFR in figure), are also induced resulting in amplification loops. Toll-like 
receptors are increased by ethanol (Dolganiuc et al., 2006; Alfonso-Loeches 
et al., 2010) as are other damage-associated molecular pattern receptors and 
there agonists resulting in the formation of positive activation loops (Garg et al., 
2010). Toll-like receptors and HMGB1 interact to create another activation-
amplification loop. Persistent and repeated activation occurs through positive 
cycles of activation. These loops spread innate immune signaling across the 
brain causing altered neurocircuitry and neurobiology. Figure abbreviations: 
CYP2E1, cytochrome P450 2E1; ECM, extracellular matrix; EtOH, ethanol; 
gp91, NADPH-oxidase flavocytochrome b components; HMGB1, high-mobility 
group box 1; IL-1β, interleukin-1 beta; IL1, interleukin-1; LPS, lipopolysaccharide; 
MMP, matrix metalloproteinase; MCP-1, monocyte chemoattractant protein-1; 
NOX, nicotinamide adenine dinucleotide phosphate (NADPH) oxidases; NF-κB, 
nuclear factor kappa-light-chain-enhancer of activated B cells; TACE, TNFα 
converting enzyme; TLR, toll-like receptor; TNFα, tissue necrosis factor-alpha; 
tPA, tissue plasminogen activator.
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as well as stress promoting vicious cycles of NF-κB induction of 
innate immune genes that culminate in changes to neurocircuitry 
and neurobiology.

In addition to alcohol, opiates are known to be addicting drugs, 
and endogenous opioid receptors and agonists clearly contribute to 
the neurobiology of addiction (Koob and Volkow, 2010). In con-
trast, opiate antagonists are used to treat both alcohol and opiate 
addiction. Interestingly, a potential mechanism of opiate antago-
nists appears to involve blockade of innate immune gene activation. 
Indeed, studies have found that opiate antagonists blunt LPS inher-
ent immune responses (Liu et al., 2000b) and protect dopaminergic 
neurons via inhibition of microglial activation and reduced NOX 
formation of reactive oxygen species (Liu et al., 2000a; Qin et al., 
2005). Other studies have demonstrated that opiate antagonists 
block TLR4 activation of innate immune transcription, which is 
a site of action in innate immune loops (Hutchinson et al., 2008, 
2010). Thus, opiate antagonist therapy might exert some of its ben-
eficial effects through blockade of innate immune gene induction. 
However, the progressive nature of innate immune gene induction 
and addictive behaviors suggest that therapeutic treatments aimed 
at reducing the induction of these genes would be more advanta-
geous at preventing than reversing addiction.

Innate immune activation is involved in ethanol 
drinking, depression-like behavior, and addiction
Numerous studies have investigated the neurobiological conse-
quences of addiction. Our laboratory demonstrated that MCP-1 
(CCL2), a key chemokine induced by chronic ethanol treatment in 
mice known to regulate ethanol consumptive behavior, is upreg-
ulated in post-mortem human alcoholic brains (see Figure  2). 
Neuroanatomical assessment of MCP-1 protein levels as well as 

genes, including chemokine monocyte chemoattractant protein-1 
(MCP-1, CCL2; He and Crews, 2008), proinflammatory cytokines 
[tumor necrosis factor-α (TNFα), Interleukin (IL)-1β, and 
IL-6], proinflammatory oxidases [iNOS (Zou and Crews, 2010), 
cyclooxygenase (COX; Knapp and Crews, 1999), and NOX (Qin 
et al., 2008)], and proteases (TACE and tPA; Zou and Crews, 2010). 
Similarly, stress increases the expression of NF-κB (Madrigal et al., 
2001), cytokines, prostaglandin E2, and COX-2 levels (Madrigal 
et al., 2003) in the brain. In addition, chronic stress causes the 
reversal of acute glucocorticoid anti-inflammatory responses to 
proinflammatory NF-κB activation in the cortex (Munhoz et al., 
2010). Similarly, all addictive drugs cause chronic elevations of 
basal glucocorticoids (Armario, 2010) that likely contribute to 
activation of brain NF-κB. Thus, activation of NF-κB by stress 
and drugs of abuse is a common molecular mechanism involving 
innate immune gene induction that is consistent with a stress-
drug synergy culminating in progressive increases in loss of behav-
ioral control and addiction.

Astrocytes and microglia show morphological changes in 
response to exposure to drugs of abuse. Using both in vitro and 
in vivo models through a series of elegant studies, Guerri and col-
leagues have established that chronic ethanol treatment induces 
astroglial activation and astrogliosis in the brain as indicated by 
marked upregulation of glial fibrillary acidic protein immunore-
activity along with hypertrophic astrocytes (Alfonso-Loeches et al., 
2010). In addition to the altered astrocyte morphology, microglia 
also evidence increased expression of TLRs, which are both NF-κB 
target genes and activators of NF-κB transcription. Recently, TLR4 
was discovered to contribute to persistent innate immune gene 
induction following ethanol exposure. Indeed, chronic ethanol 
exposure produces upregulation and activation of TLR4-glial 
NF-κB signaling that contributes to alcohol-induced neurode-
generation (Alfonso-Loeches et al., 2010). Similarly, acute ethanol 
exposure disrupts membrane lipid rafts thereby activating TLR4 
signaling to NF-κB as well as increased expression of TLR4 (Blanco 
et al., 2008). Indomethacin, an anti-inflammatory drug, reduces 
chronic intermittent ethanol induction of brain innate immune 
genes (iNOS and COX-2) in astrocytes and reduces markers of 
cell death and behavioral dysfunction (Pascual et al., 2007). Innate 
immune activation resulting from oxidized phospholipids (Yang 
et al., 2010), and/or release of damage-associated molecular pat-
tern danger sensing molecules such as high-mobility group box 1 
(Garg et al., 2010), activate TLR and other signals that contribute 
to innate immune gene induction (Huang et al., 2010). Loops of 
NF-κB activation likely vary across individuals and exposure to spe-
cific addictive drugs. However, all addictive drugs activate NF-κB 
transcription across the development of addiction (Russo et al., 
2009; Loftis et al., 2010). In an extensive series of studies, repeated 
bouts of moderate ethanol consumption and/or stress or innate 
immune activator exposure increased negative affect and anxiety 
in rats. The finding that the effects of ethanol and stress on brain 
function can be mimicked by injection of the chemokine MCP-1, 
the cytokine TNFα, or lipopolysaccharide (LPS), is consistent with 
the notion that stress and ethanol act through induction of innate 
immune genes to progressively increase negative affect (Breese et al., 
2008). Thus, NF-κB transcription of innate immune genes in the 
brain occurs during exposure to ethanol and other addictive drugs 

Figure 2 | Comparisons of increased levels of CCL2 in post-mortem 
human alcoholic brain and mouse brain following chronic ethanol 
treatment. Shown is data from different studies within our laboratory 
illustrating increased levels of the chemokine MCP-1 (CCL2) in humans and 
mice following ethanol exposure. (A) MCP-1 protein levels from human 
hippocampal homogenate measured using ELISA. Increased MCP-1 levels 
were also found in ventral tegmental area, substantia nigra, and amygdala (see 
He and Crews, 2008). (B) Levels of MCP-1 in mouse brain increased following 
chronic ethanol treatment. Mice (C57Bl/6) treated with 10 daily doses of 
ethanol (5.0 g/kg. i.g.) and brain MCP-1 levels were determined 24 h after the 
last ethanol administration (see Qin et al., 2008 for details). These studies 
indicate that ethanol upregulates the innate immune chemokine MCP-1 in 
post-mortem human alcoholic and mouse brain samples, which is consistent 
with ethanol activation of innate immune genes.
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markers, and anti-depressant therapy is associated with a reduc-
tion of these markers. In addition to increased innate immune 
gene expression, human depression involves structural changes 
in the hippocampus as multiple studies have demonstrated 
decreased hippocampal volume in patients with depression (see 
e.g., Videbech and Ravnkilde, 2004). These findings are consist-
ent with depression-associated diminution of hippocampal neu-
rogenesis and anti-depressant-induced increases in neurogenesis, 
hippocampal volume in humans, and reversal of depressive symp-
tomology (Dranovsky and Hen, 2006). The reductions of adult 
hippocampal neurogenesis may underlie depression and provide 
an index of mood and negative affect that allow for molecular 
studies. Indeed, both alcoholism and depression may be medi-
ated by changes in adult hippocampal neurogenesis (Crews and 
Nixon, 2003; Koo et al., 2011). Similarly, stress, multiple addictive 
drugs, and other factors that precipitate depression also reduce 
neurogenesis (Tanapat et  al., 2001; Malberg and Duman, 2003; 
Gregus et al., 2005). Many of the factors that reduce neurogenesis 
also increase depression-like behaviors (Johnson et al., 2006; see 
Figure 3). Recent research has revealed that activation of NF-κB is 
necessary for stress-induced inhibition of neurogenesis and induc-
tion of depression-like behaviors (Koo and Duman, 2008), such 
as the social defeat model of depression (Christoffel et al., 2011). 
In addition, anti-depressant efficacy in rodent behavioral models 
is dependent upon hippocampal neurogenesis (Santarelli et  al., 
2003). In animal studies, endotoxin-induced increases in innate 
immune genes reduce neurogenesis and increase depression-like 
behavior (Kelley and Dantzer, 2011). Immune activation includes 
induction of microglial tryptophan metabolism that could reduce 
serotonin thereby contributing to depression (Kelley and Dantzer, 
2011). TLRs are necessary components of both ethanol neurotox-
icity (Alfonso-Loeches et al., 2010) and innate immune-induced 
depressive behavior and reduction of neurogenesis (Kelley and 
Dantzer, 2011). We have found that chronic ethanol increases brain 
innate immune genes, reduces brain neurogenesis, and increases 
depression-like behavior. In addition, mice self-administering 
ethanol in a chronic heavy drinking model evidenced depression-
like behavior during abstinence that was associated with reduced 
neurogenesis (Stevenson et al., 2009). Ethanol-induced loss of neu-
rogenesis parallels the onset of depression-like behavior, which is 
reversed via anti-depressant treatment. Similarly, stress-induced 
IL-1β reduces neurogenesis causing depression-like behaviors (Koo 
and Duman, 2008). Inhibition of neurogenesis is also associated 
with negative affect and depression, which are key elements in the 
neurobiology of addiction. Thus, neurogenesis reflects mood, with 
reduced neurogenesis associated with innate immune gene induc-
tion, drug-induced negative affect, and depression-like behavior.

Innate immune gene activation in the brain persists for long 
periods (Qin et al., 2007, 2008), consistent with the persistence of 
addiction. This persistent nature is likely amplified in the adolescent 
brain (Spear, 2000) because of their increased ethanol consumption 
(Silveri and Spear, 1998) and greater vulnerability to the neuro-
toxic effects of alcohol (Monti et al., 2005; Crews et al., 2007). As 
such, chronic intermittent ethanol exposure during adolescence 
increases COX-2 and iNOS expression as well as apoptotic cell death 
in the neocortex and hippocampus (see Figure 4). Importantly, 
and relevant to the potential involvement of innate immune 

histological assessment of microglia from alcoholic human brains 
indicate increased levels in the ventral tegmental area, substan-
tia nigra, hippocampus, and amygdala relative to healthy control 
subjects (He and Crews, 2008). In another post-mortem human 
alcoholic brain study, Okvist et al. (2007) reported increased NF-κB 
nuclear binding of p50 subunits with 479 NF-κB driven genes being 
generally upregulated in the frontal cortex, but not motor cortex. 
In addition, a human gene expression analysis conducted on post-
mortem tissue (Liu et al., 2006) revealed altered expression of a 
group of cell adhesion genes that is consistent with altered extracel-
lular membrane components and innate immune activation. Thus, 
studies of human alcoholic brain are consistent with the hypothesis 
that drug addiction activates brain innate immune gene expression.

The induction of innate immune gene expression is known to 
alter behavior. Perhaps the most serious consequence of cancer 
treatment with proinflammatory interferon and interleukin is the 
development of severe depression that requires treatment with 
anti-depressant medication (O’Connor et al., 2007). Several other 
studies have linked negative affect and depression to innate immune 
activation (see e.g., Kelley and Dantzer, 2011). For instance, bacte-
rial endotoxin induces sickness behavior and negative affect across 
multiple species. Indeed, Eisenberger et al. (2010) recently demon-
strated that infusions of LPS into healthy humans reduced reward 
responses and increased depressed mood. Similarly, cycles of drug 
abuse, stress, and other environmental changes amplify anxiety and 
negative affect. Interestingly, animal studies determining the genetic 
basis of behavior find that innate immune genes increase alcohol 
drinking behavior. For example, gene expression studies of geneti-
cally paired rats and mice that differ primarily in their preference 
for ethanol consumption find that NF-κB, its regulatory proteins, 
and many innate immune genes are central to high ethanol drinking 
behaviors (Mulligan et al., 2006). Furthermore, beta-2 microglobu-
lin (β2M), which is a NF-κB target gene involved in MHC immune 
signaling (Pahl, 1999) evidenced the largest increase in high ethanol 
preferring brain transcriptomes (Mulligan et al., 2006). In addition, 
work from Blednov et al. (2005, 2011b) have provided interest-
ing and novel data supporting the hypothesis that innate immune 
genes regulate ethanol drinking behavior. Across multiple strains of 
transgenic mice with innate immune gene deletion, these animals 
universally drink significantly less ethanol than matched controls 
across multiple ethanol drinking paradigms. Recently, Blednov et al. 
(2011a) discovered that innate immune activation through LPS can 
cause long-lasting increases in ethanol drinking. Indeed, strains of 
mice show varied innate immune responses to LPS that correspond 
to increases in the consumption of ethanol. Furthermore, a single 
injection of LPS is capable of producing a delayed, but long-lasting 
increase in ethanol consumption even in strains of high drinking 
mice. Similarly, a single LPS treatment induces persistent increases 
in brain innate immune gene expression (Qin et al., 2007). Taken 
together, these findings are consistent with genetic regulation of 
brain innate immune gene expression contributing to risk for 
alcoholism, alcohol drinking (both preference and quantity), and 
behavioral sensitivity to alcohol across multiple species.

A significant body of evidence supports the hypothesis that 
innate immune gene induction in the brain results in negative affect 
and depression-like behavior (Raison et al., 2009). Patients with 
major depressive disorder evidence increased blood inflammatory 
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gene induction in adolescent binge drinking, administration of 
indomethacin attenuates the behavioral dysfunction associated 
with adolescent intermittent ethanol in early adulthood (Pascual 
et al., 2007).

Maturation of the frontal cortex during adolescence is par-
alleled by the development of behavioral control (Ernst et  al., 
2009). Adolescence is a recognized risk period for the initiation of 
drug experimentation and addiction due to the vulnerability of 
the developing frontal cortex (Crews et al., 2007). Other studies 
have suggested that genetic factors linked to a hyperglutamater-
gic state might contribute to alcoholism (Spanagel et  al., 2005) 
and ethanol-induced NF-κB activation to increased extracellular 
glutamate (Ward et  al., 2009). Innate immune gene induction 
results in hyperexcitability in the spinal cord related to neuropathic 
pain (Graeber, 2010) and in the hippocampus related to seizures 
(Maroso et  al., 2010). Similarly, hyperexcitability in the frontal 
cortex results in loss of cognitive flexibility creating addiction-like 
behavior (Gruber et al., 2010). In elegant studies by Kaliva and col-
leagues have established that cocaine and stimulant addiction are 
related to a hyperglutamatergic states due to alterations of the corti-
cal glutamate transporters (Reissner and Kalivas, 2010). Studies of 
both human cocaine and alcohol addicts have revealed dysfunc-
tional decision making on tasks involving delayed reward for more 
value and reversal learning tasks that probe cognitive flexibility and 
frontal lobe function (Bechara et al., 2002). Thus, frontal–corti-
cal hyperexcitability due to innate immune gene induction likely 
contributes to the neurobiology of addiction.

Frontal–cortical dysfunction is often investigated using reversal 
learning tasks. During reversal learning, expected outcomes are 
incorrect requiring flexible behavior in response to outcomes that 
do not match those predicted by the preceding cues (Stalnaker 

Figure 3 | Chronic ethanol self-administration induces depression-like 
behavior and inhibits hippocampal neurogenesis. C57BL/6J mice 
self-administered either ethanol (10% v/v) or water for 28 days. (A) 
Abstinence-induced increase in immobility (seconds) on the forced swim test 
provides an index of depression-like behavior. Abstinence from chronic ethanol 
consumption resulted in increased negative affect. (B) Ethanol self-
administration decreased PCNA, a marker of cell proliferation, in the 
neurogenic region of the hippocampal dentate gyrus. (C) Ethanol self-

administration decreased doublecortin expression, a marker of neurogenesis, 
in the dentate gyrus. Reduced progenitor cell proliferation and neurogenesis is 
associated with increased depression-like behavior. Furthermore, these 
studies are consistent with the research suggesting that decreased 
hippocampal neurogenesis is linked to depression. Finally, desipramine 
treatment, an anti-depressant, reversed both the reduced hippocampal 
neurogenesis and the depression-like behavior in abstinent mice (see 
Stevenson et al., 2009).

Figure 4 | Ventral hippocampus shows greater activation (pMAPK + IR) 
and neurotoxicity (Silver stain) following binge ethanol treatment. Coronal 
sections of rats exposed to a 4-day binge ethanol model are shown 
[approximately −5.80 mm from bregma, adapted from Crews et. al. (2006a; The 
position of the coronal histological sections are depicted in the sagittal diagram 
in the upper left corner. The histological coronal sections show both dorsal 
(upper) and ventral (lower) dentate gyrus of hippocampus)]. Left: Mitogen-
activated protein kinase (MAPK) is a family of kinases activated by 
phosphorylation. Phosphorylated MAPK (pMAPK) provides an index of kinase 
activation. Note the lower-ventral dentate gyrus, hippocampus, and entorhinal 
cortex (indicated by black arrows) contains more pMAPK + IR than the 
upper-dorsal sections consistent with greater activation of ventral hippocampus. 
Right: Silver stain identifies dying neurons (see Crews et. al., 2006a). Note that 
the ventral hippocampus contains many more silver stained neurons (black 
arrowheads) compared to the ventral hippocampus. Boxes on the right show 
higher magnification of silver stained dorsal and ventral hippocampus. These 
findings are consistent with ethanol causing greater emotional ventral 
hippocampus activation (pMAPK + IR) and cell death (silver stain).
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Figure 5 | The neurobiology of addiction. (A) Flow chart distinguishing the 
frontal–cortical and limbic changes associated with drug addiction. Both stress 
and drug abuse activate innate immune gene expression, which increases limbic 
activation and disrupts frontal–cortical function. (B) A simplified schematic of the 
frontal–cortical and limbic circuitry that contributes to addictive behavior. 
Depicted is a rat brain with internal structures highlighted and accompanying 
projections (as indicated by black arrows). The frontal–cortical areas include the 
medial prefrontal, anterior cingulate, and orbitofrontal cortices, and are involved 
in attention, goal setting, planning, and impulse control (Schoenbaum et al., 
2006; Schoenbaum and Shaham, 2008). The limbic circuitry, comprising the 
nucleus accumbens (NAcc), amygdala (AMG), hippocampus (HPC), and ventral 
tegmental area (VTA), is involved in emotion, learning, and memory. Acute drug 
abuse activates frontal–cortical attention mechanisms, prompting limbic 

learning. Similarly, innate immune gene induction in the brain leads to PFC 
hyperexcitability (Zou and Crews 2005; Crews et al., 2006a) that inactivates 
frontal–cortical regulation of limbic structures (Gruber et al., 2010). Innate 
immune gene induction in limbic regions increases negative affect and 
depression-like behaviors prompting further drug abuse and self-medication. The 
harmful consequences of prolonged alcohol, opiate and stimulant drug 
dependence result in diminished activation of frontal–cortical circuits leading to a 
loss of attention and poor decision combined with increasing urgency and 
negative affect motivating persistent drug taking behaviors. Decreased ventral 
hippocampal activation likely contributes to frontal hyperexcitability and loss of 
cognitive flexibility (Gruber et al., 2010). Thus, an inactivated PFC, loss of 
behavioral flexibility, and increasing limbic negative emotion characterizes the 
drug-addicted brain.
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We investigated adolescent brain processing of decisions under conditions of varying risk,
reward, and uncertainty. Adolescents (n = 31) preformed a Decision–Reward Uncertainty
task that separates decision uncertainty into behavioral and reward risk, while they were
scanned using functional magnetic resonance imaging. Behavioral risk trials involved uncer-
tainty about which action to perform to earn a fixed monetary reward. In contrast, during
reward risk the decision that might lead to a reward was known, but the likelihood of earning
a reward was probabilistically determined. Behavioral risk trials evoked greater activation
than the reward risk and no risk conditions in the anterior cingulate, medial frontal gyrus,
bilateral frontal poles, bilateral inferior parietal lobe, precuneus, bilateral superior-middle
frontal gyrus, inferior frontal gyrus, and insula. Our results were similar to those of young
adults using the same task (Huettel, 2006) except that adolescents did not show significant
activation in the posterior supramarginal gyrus during behavioral risk. During the behavioral
risk condition regardless of reward outcome, overall mean frontal pole activity showed a
positive correlation with age during the behavioral and reward risk conditions suggesting
a developmental difference of this region of interest. Additionally, reward response to the
Decision–Reward Uncertainty task in adolescents was similar to that seen in young adults
(Huettel, 2006). Our data did not show a correlation between age and mean ventral striatum
activity during the three conditions. While our results came from a healthy high functioning
non-maltreated sample of adolescents, this method can be used to address types of risks
and reward processing in children and adolescents with predisposing vulnerabilities and
add to the paucity of imaging studies of risk and reward processing during adolescence.

Keywords: risk, behavioral risk, decision making, reward, adolescence, prefrontal brain regions, reward response,

nucleus accumbens

INTRODUCTION
Adolescence represents a period of decision making that involves
increased risk taking. Risk taking is defined as engaging in behav-
iors that may be high in subjective desirability (i.e., associated
with high perceived reward) but which expose the individual
to potential injury or loss (Geier and Luna, 2009). Examples
of adolescent risk-taking include initiating use of alcohol and
other addictive drugs (resulting in addiction) or engaging in
unprotected sex (resulting in teenage pregnancies). The known
increases in adolescent risk behaviors are observed across cul-
tures (Spear, 2000) and associated with less mature prefrontal
inhibitory control circuits (Ernst et al., 2006). Adolescent risk tak-
ing is a major public health concern whose negative results can
lead to impaired maternal–infant interactions due to addictions
and/or teen parenting. However, some risk taking may be nor-
mative, in that it allows for exploration of adult roles and for
development of relevant coping skills (Siegel and Shaughnessy,
1995; Spear, 2000; Dahl, 2004; Kelley et al., 2004; Geier and Luna,

2009). Consequently, the neurobiological study of adolescent deci-
sion and reward processing using functional magnetic resonance
imaging (fMRI) is timely.

Brain imaging studies have demonstrated that adolescents
exhibit less activation in executive brain regions during decision
making in gambling tasks than adults, which suggests an imma-
turity of these regions during adolescence (Eshel et al., 2007;
Ernst and Mueller, 2008). In this investigation, we examined the
neurodevelopmental maturity of adolescents using a novel task
designed to challenge the dorsal lateral prefrontal executive con-
trol and ventral medial prefrontal reward circuits (Huettel, 2006).
This Decision–Reward Uncertainty task separates decisions into
behavioral risk and reward risk (Huettel, 2006). The Decision–
Reward Uncertainty Task represents an innovative approach to
understanding decision making and reward. While most decision-
making tasks used in addiction research combine decision making,
response, and reward evaluation in time, the Decision–Reward
Uncertainty Task was designed to examine decision making and
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reward circuits separately in one task (see Figure 1). Decision-
making circuits involve a set of brain structures: prefrontal cor-
tex; dorsolateral prefrontal cortex; parietal cortex; insular cortex;
and anterior and posterior cingulate (Paulus et al., 2001; Huet-
tel, 2006). Reward circuits involve a set of brain structures that
receive dopaminergic input from the midbrain and include the
ventral striatum (Vstr; which includes the nucleus accumbens),
and ventromedial prefrontal cortex (Schott et al., 2008).

The Decision–Reward Uncertainty task is an advance because
most previous research failed to differentiate decisions into risk
types (i.e., reward risk versus behavioral risk) and reward response
(Bolla et al., 2005; Huettel et al., 2005; Verdejo-Garcia et al., 2007)
Thus, in most studies, decision making (also called response selec-
tion) was contingent in time upon reward and not separated from
reward delivery (Xiangrui et al., 2010). Reward risk is defined
as certainty about behavior but uncertainty about possible out-
comes (i.e., reward presence). In other words, one knows what
actions to take for a reward but the probability of reward is not
certain. Reward risk activates reward circuits in the ventrome-
dial prefrontal cortex, striatum, and other subcortical components
of reward networks (Huettel, 2006). Behavioral risk is defined as
uncertainty about which decisions and actions should be taken
to earn a reward or achieve a desired goal. Under these condi-
tions, one does not know what actions to take for a reward. The
Decision–Reward Uncertainty Task examines three types of risk:
reward risk, behavioral risk, and no risk. In reward risk trials, the
action required to earn a reward is known, but the outcome of
each trial is probabilistic. In behavioral risk trials, there is limited

knowledge about which action to take (i.e., button to press), and
the participant chooses between two possible button presses, one
of which randomly determines a reward on that trial. The only
difference between these conditions is whether a subject knows
the correct action (reward risk) or not (behavioral risk). In other
words, in reward risk, the decision and action to take are certain
and in behavioral risk, the decision and action to take are uncer-
tain. The Decision–Reward Uncertainty Task includes a no risk or
certainty condition as a control, where the action required to earn
a reward is known and reward is certain.

While undergoing the Decision–Reward Uncertainty Task dur-
ing the behavioral risk condition, healthy young adults activated
executive-control circuits including the prefrontal, parietal, and
insular regions, within which no effect of reward risk was observed
(Huettel, 2006), Reward delivery, in comparison to no reward,
evoked increased activity in the ventromedial prefrontal cortex and
the Vstr which includes the nucleus accumbens (Huettel, 2006). In
healthy young adults undergoing this task, reward risk activated
nucleus accumbens and ventromedial prefrontal cortex suggesting
that distinct brain systems are recruited for the resolution of these
different forms of risk (Huettel, 2006).

However, the Decision–Reward Uncertainty Task results were
derived from samples of young-adult participants, and it is not
clear whether they generalize to adolescence, when the prefrontal
cortex is actively undergoing maturational changes. Indeed, the
dorsolateral prefrontal cortex completes its pruning of gray matter
only toward the end of adolescence (Gogtay et al., 2004). Conse-
quently, conclusions about decision processes derived from adult

FIGURE 1 | (A) Geometric shape cues, button press response(s), and
probabilities of reward for each risk condition. No risk cues (left button press
on right hand for a star, or right button press on right hand for a square)
signaled that the known behavioral response would be rewarded with 100%
certainty. Reward risk cues (right button press for a trapezoid, or left button
press for a circle) signaled that the known behavioral response would be
rewarded with 50% probability. However, the behavioral risk cue (a triangle)
signaled that the behavioral response was unknown; on each trial, either one
of the two possible responses would be guaranteed a reward (“$ or $$ (not
shown))” while the other would not. (B) Sequence of events used in each trial
of the reward uncertainty task. A shape cue marked the start of each trial.
After a fixed interval, a response prompt was presented. Participants were
asked to press one of two buttons using their right hand as soon as the
prompt appeared to make their choice. The outcome of each trial was

determined by both (a) a correct right or left button response and (b) a
probabilistically determined reward. Thus, each trial began with a shape cue
for 250 ms in the center of the screen that indicated the trial type. After a 3-s
delay, participants were prompted (i.e., “?”) for 1 s to indicate their choice
with a left or right button press with the second or third finger on the right
hand. After a jittered delay (1, 3, 5, or 7 s) where the fixation cross was
presented, the trial outcome (reward: “$” for no and reward risk, reward:
“$$”(not shown here) for behavioral risk, or no reward: “×”) was presented
for 1 s, and an updated tally of cumulative earnings was displayed in the lower
portion of the screen. A fixation cross was displayed in the center of the
screen during a jittered inter-trial interval (2, 4, 6, or 8 s). Participants
completed 150 trials on average, split evenly among six 6-min runs. Optimal
performance could yield up to an additional $25 (e.g., $0.15 per correct
response; for one dollar sign; $0.30 for two dollar signs).
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samples may not generalize well to adolescents. Given the differ-
ences in behavior and levels of brain maturation in adolescents
and adults, an important question for current research is whether
these differences are evident in both behavioral and reward risk,
and their brain circuitry regions of interest. To date, previous stud-
ies have not investigated how different types of risk are represented
in adolescent executive and reward networks. This is a poten-
tially important distinction, because it may have social and policy
implications. We hypothesize that in adolescents, behavioral risk
will activate executive-control circuits their associated functional
regions of interests while reward risk will activate reward circuits
and their associated functional regions of interest as suggested
in the Huettel (2006) study. However, in this study, we wished
to examine in adolescents the neural correlates of decision mak-
ing with respect to reward and behavioral risks. Furthermore, we
predict an association with executive control and reward circuits
regions of interest and age.

MATERIALS AND METHODS
PARTICIPANTS
Thirty-one healthy adolescents (mean age and SD: 15.5 ± 1.5 years;
age range: 12.3–17.7 years; 21 females, 10 males) participated in
a detailed clinical research assessment, and then engaged in the
Decision–Reward Uncertainty Task while undergoing fMRI on
another day. There were no gender or age differences (mean
age females 15.5 ± 1.6, mean age males 15.6 ± 1.2 years: F = 0.01,
df = 21, p = 0.94) in the control group. Healthy adolescent partici-
pants were recruited from the community by IRB approved adver-
tisements. Adolescents provided written assent and legal guardians
provided written informed consent before participation. Male
and females did not differ in handedness, IQ, or socioeconomic
status. All participants came from a range of socioeconomic
environments (middle to upper socioeconomic strata).

The clinical assessment portion of the study was undertaken at
the Healthy Childhood Brain Development Developmental Trau-
matology Research Program and included interviews of both ado-
lescents and their legal guardians using the Schedule for Affective
Disorders and Schizophrenia for School Aged Children Present
and Lifetime Version (KSADS-PL), which includes a compre-
hensive post-traumatic stress disorder interview (Kaufman et al.,
1997). This semi-structured interview was administered to care-
givers and adolescents. We also used archival records as additional
sources of information. The KSADS-PL was modified to include
additional information about: (1) life events, including traumatic
events from the Child and Adolescent Psychiatric Assessment
(Angold et al., 1995); and (2) disorders not present in the KSADS-
PL. Modifications also included: (3) an added structured scale to
quantify symptom frequency with a minimum score of 0 = no his-
tory of a symptom and maximum score of 10 = symptoms present
several times a day; and (4) algorithms to determine Axis I psychi-
atric disorders based on DSM-IV criteria. Disorders were assigned
a severity score of mild, moderate, or severe. This modified version
is available upon request. Interviewers were individually trained
to obtain over 90% agreement for the presence of any lifetime
major Axis I disorder with a board certified child and adolescent
psychiatrist and experienced child trauma interviewer (MDDB).
Discrepancies were resolved by reviewing archival information

(e.g., school records, birth, and pediatric medical records) or by
re-interviewing the child or caregiver. If diagnostic disagreements
were not resolved with this method, consensus diagnoses were
reached among a child psychiatrist (MDDB) and child psycholo-
gist (SRH). Subjects also underwent extensive neuropsychological
testing to verify that they were age-typical. This included a two-
subtest short-form of the Wechsler Intelligence Scale for Children-
III (WISC-III; Wechsler, 1991) comprised of Vocabulary and Block
Design, to generate an IQ score. Mean IQ was 113.1 ± 11.0 (IQ
range 90–132). Adolescents also received saliva and urine toxicol-
ogy screens to confirm the absence of alcohol, tobacco, or other
drug use on the day of interview and imaging data collection.
Participants with an Axis I diagnosis, who were not age-typical
on neuropsychological testing or had a positive alcohol or drug
screen, were excluded.

Exclusion criteria for subjects were: (1) current or lifetime his-
tory of DSM-IV Axis I psychiatric disorders including alcohol and
substance use disorders, (2) significant medical, neurological, or
psychiatric disorder, (3) history of head injury or loss of conscious-
ness, (4) pregnancy, (5) history of prenatal or birth confounds that
could have influenced brain maturation such as significant prena-
tal exposure to substances, severe birth complications, or birth
weight under 5 lb or severe postnatal compromise with neonatal
intensive care unit (NICU) stay; (6) morbid obesity or growth
failure, (7) full scale IQ lower than 90, (8) history of trauma or
child maltreatment, or (9) contraindications to safe participa-
tion in MRI research. The Institutional Review Board of the Duke
University Medical Center approved this study.

EXPERIMENTAL DESIGN
We used an experimental paradigm, the Decision–Reward Uncer-
tainty task, that we have used previously to examine neural
correlates of risky decision making in young-adult participants
(Huettel, 2006). Critically, the task was designed to temporally
isolate three phases of decision making: (1) choice selection, (2)
action execution, and (3) outcome or reward evaluation (Ernst
and Paulus, 2005; Rangel et al., 2008). Our analyses focus on the
initial choice selection and outcome evaluation phases of decision
making.

In this task, we manipulated two types of risk: Reward risk and
behavioral risk. In reward risk trials, the action required to earn
a reward was known to the participant, but the outcome of each
trial was probabilistic: if the correct button was pressed, there was
a 50% probability of a reward. In behavioral risk trials, the par-
ticipant chose between two possible button presses, one of which
(randomly determined) guaranteed a reward on that trial. Note
that the behavioral risk and reward risk conditions were matched
on probability and expected value, in that each contained a 50%
chance of receiving a constant-size reward. The only difference
between these conditions was in whether the participant knew
the correct action (reward risk) or not (behavioral risk). We also
included a no risk condition as a control. In the no risk condition,
the action required to earn a reward was known and the likelihood
of earning a reward was certain.

Each condition was represented by a visual cue (square, star, cir-
cle, trapezoid, or triangle) and mapped directly to a response [left
(second digit) or right (third digit) button press with right hand;
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see Figure 1A]. No risk cues (left button press on right hand for a
star, or right button press on right hand for a square) signaled that
the known behavioral response would be rewarded with 100%
certainty. Reward risk cues (right button press for a trapezoid,
or left button press for a circle) signaled that the known behav-
ioral response would be rewarded with 50% probability. However,
the behavioral risk cue (a triangle) signaled that the behavioral
response was unknown; on each trial, either one of the two possi-
ble responses would be guaranteed a reward while the other would
not. Each trial (Figure 1B) began with a shape cue for 250 ms in
the center of the screen that indicated the trial type. After a 3-s
delay, participants were prompted (i.e.,“?”) for 1 s to indicate their
choice with a left or right button press with the second or third
finger on their right hand. After a jittered delay (1, 3, 5, or 7 s)
where the fixation cross was presented, the trial outcome (reward:
“$” for no risk, and “$$” for behavioral risk or reward risk, or no
reward: “×”) was presented for 1 s, and an updated tally of cumu-
lative earnings was displayed in the lower portion of the screen.
A fixation cross was displayed in the center of the screen during a
jittered inter-trial interval (2, 4, 6, or 8 s). Participants completed
150 trials on average, split evenly among six 6-min runs. As a devel-
opmental adaptation for the younger adolescents, the duration of
each run was reduced to six 6-min runs for the adolescent group
from the 10 min used in the young-adult group (Huettel, 2006).
This adaptation greatly improved adolescent cooperation with the
task. Optimal performance could yield up to an additional $25
(e.g., $0.15 per correct response; for one dollar sign; $0.30 for two
dollar signs) above the regular compensation for participation.
Participants were trained on the task’s cue–response contingencies
in a prior behavioral testing session before scanning. To minimize
practice or learning effects, all subjects practice the task until they
showed that they had mastered the rules of the Decision–Reward
Uncertainty task.

The experiment was programmed in MATLAB (MathWorks1)
using the Psychophysics Toolbox (Brainard, 1997). Stimuli were
displayed on goggles at a video resolution of 800 × 600 pixels and
an apparent field of view of approximately 20˚. Responses were
collected on a four-button box, where only the first two buttons
were used.

IMAGE ACQUISITION
The fMRI data for our adolescent participants were acquired using
a 3.0-T General Electric (Waukesha, WI, USA) scanner. Whole-
brain images sensitive to blood-oxygenation-level-dependent
(BOLD) contrast were acquired using a high-throughput
T∗

2 -weighted spiral-in pulse sequence (TR = 2 s, TE = 28 ms, flip
angle = 90˚, 34 slices, voxel size: 3.75 mm × 3.75 mm × 3.8 mm).
Data were acquired in a series of six sessions, each comprising 180
volumes. We additionally acquired whole-brain high-resolution
images using a T1-weighted 3D spoiled gradient-recalled sequence
to aid in normalization and registration of the functional images.

fMRI DATA ANALYSIS
Functional images were analyzed using fMRI Expert Analysis Tool
(version 5.98, Analysis Group, FMRIB, Oxford, UK). These images

1http://www.mathworks.com

were corrected for slice acquisition time (interleaved ascending),
corrected for motion with MCFLIRT,normalized into the standard
Montreal Neurological Institute stereotaxic space (MNI, Mon-
treal, QC, Canada), and subjected to a high-pass filter (pass fre-
quency > 1/100 Hz). FSL’s Brain Extraction Tool (BET) was used
to exclude non-brain voxels from our analyses. Four volumes from
the start of each session were discarded to allow image intensity to
stabilize. First-level (i.e., within-run) regression analyses included
three regressors time-locked to the onset of the decision phase,
defined as first second from the onset of the stimulus, of each
trial type (behavioral risk, reward risk, and no risk), one nuisance
regressor for all responses, and one nuisance regressor for missed
responses. Second-level analyses collapsed across runs, within
each subject, using a fixed-effects model. Across-subjects com-
parisons used a random-effects model that included an additional
regressor for between-group comparisons. All reported results,
including figures and tables, show activation that survived a whole-
brain cluster family wise error (FWE) correction with a voxelwise
z-statistic threshold of 2.3 (p ≤ 0.01).

To examine the relationship between maturation and brain
region of interests (ROI), we used mean ROI BOLD activity of
brain regions which showed significant differences in our third
level analyses and correlated these with age using parametric sta-
tistics (Pearson’s correlations) and jmp 9.0.22 (2010 SAS Institute
Inc). Before Pearson’s correlations were applied, data was tested
for fit to the normal distribution using the Goodness of Fit Test
(i.e., Shapiro–Wilk W Test) in jmp.

RESULTS
BEHAVIORAL ANALYSIS
Only correct responses performed within a 1-s window after
the response prompt (e.g., “?”) was displayed were included in
the analyses. Mean response times were analyzed by condition:
no risk (Mean = 0.448, SD = 0.082 s), reward risk (Mean = 0.453,
SD = 0.082 s), and behavioral risk (Mean = 0.451, SD = 0.091 s).
Response times were submitted to a repeated measures analysis of
variance and showed no main effect of condition, F(2, 29) = 0.373,
p = 0.692.

REGIONS ACTIVATED BY BEHAVIORAL RISK IN ADOLESCENTS
To identify the brain regions that support decision making under
behavioral risk, we contrasted activation associated with decisions
in the behavioral risk (i.e., choice selection) condition with the
mean activation associated with decisions in the no risk and reward
risk conditions. In our adolescent sample this contrast elicited sig-
nificant activations in brain regions typically implicated in risky
decision making: anterior cingulate, medial frontal gyrus, bilat-
eral frontal poles and inferior parietal lobe, precuneus, bilateral
superior-middle frontal gyrus, inferior frontal gyrus (IFG), and
insula (Figure 2; Table 1 reports the peak voxels present using
the z-statistic threshold of 2.3). Within these significant cluster of
regions also included the dorsal lateral prefrontal cortex, anterior
insula, and lateral parietal regions. This pattern of activation repli-
cates the key results from the adult sample described by Huettel

2www.jmp.com
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FIGURE 2 | Whole-brain analysis of decisions involving behavioral risk

(BR) greater than reward risk (RR) and no risk (NR) conditions in

adolescents. Behavioral risk elicited patterned activation in the insula,
frontal poles (FP) and middle frontal gyrus, anterior cingulate (aCC), superior
frontal gyrus, medial prefrontal cortex, precuneus (pCun), and Inferior
Parietal Lobule. Within these significant cluster of regions also included the
dorsolateral prefrontal cortex (dlPFC), anterior insula (alns), and lateral
parietal regions (LPar).

(2006), indicating that adolescents activated the same decision-
making network as adults during decisions involving behavioral
risk. Mean percent signal change (SE) associated with the no risk
(NR), reward risk (RR), and behavioral risk (BR) conditions are
shown in Figure 3. Signal was extracted from two regions of
interest: (Figure 3A) anterior cingulate and (Figure 3B) frontal
pole.

REGIONS ACTIVATED BY OUTCOME EVALUATION
To distinguish the brain regions that responded to rewarding out-
comes from those activated during decisions involving risk, we
contrasted trials in both the reward risk and behavioral risk con-
ditions that led to a rewarding outcome with those trials that
led to no reward. When using z-statistic threshold = 2.3, this
contrast elicited large clusters of significant activations in three
brain regions; (1) the IFG, middle frontal gyrus, and its sublo-
bar areas; (2) the cingulate gyrus; and (3) the middle occipital
gyrus. These include subclusters typically implicated in decision
and reward processing: Vstr, which includes the nucleus accum-
bens and caudate, and putamen, and additionally activated the
global pallidus and IFG, middle frontal gyrus, posterior cingulate,
and large regions in the visual cortex. Because the peak activations
in these regions were so large, we manually identified the subclus-
ter in the Vstr and global pallidus. This is shown in Figure 4A and
Table 2.

To examine the evoked activation in response to reward, we
extracted the mean percent signal change in both rewarded and
unrewarded conditions using an anatomically defined ROI in the
Vstr which includes the nucleus accumbens (which was superim-
posed in green in Figure 4A). The nucleus accumbens was based
on the standard ROI for the nucleus accumbens subcortical region
as defined by the Harvard-Oxford atlas within FSL and is shown
in green. Mean percent signal change in response to rewarded
and unrewarded outcomes were calculated for each level of risk
(Figure 4B).

CORRELATIONS OF REGIONS OF INTEREST WITH AGE
During the behavioral risk condition regardless of reward out-
come, overall mean frontal pole BOLD activity showed a positive
Pearson’s correlation with age (F = 11.4, df = 29, p = 0.002). See
Figure 5A. Reward risk similarly showed a positive Pearson’s cor-
relation with age (F = 4.7, df = 29, p < 0.04). See Figure 5B. These
correlations suggest developmental differences during different
types of decision making in the frontal pole with increasing age. We
did not see significant correlations between age and mean anterior
cingulate or mean Vstr BOLD activity with age.

DISCUSSION
We investigated functional brain activity in high function-
ing healthy adolescents while they performed the experimental
Decision–Reward Uncertainty task (Huettel, 2006). We had two
primary goals: to evaluate whether adolescents recruited the same
decision-making network as young adults, and to examine whether
the form of risk modulated these networks. Our goal was also to
examine reward circuits and their regions of interest using the
same simple task. Furthermore, we wanted to examine the associ-
ation with executive control and reward circuits regions of interest
with maturation measures (e.g., age). Our analyses focused on
the decision making or choice selection and outcome evaluation
phases of decisions that involved behavioral risk (i.e., decision
making under uncertainty). Decision making during the task
elicited activation in executive-control regions typically implicated
in studies of adult decision making: frontal poles, anterior cin-
gulate, superior, middle and medial prefrontal gyrus, precuneus,
inferior parietal cortex, and insula (Huettel, 2006). Behavioral risk
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Table 1 | Cluster and subcluster activations for the decision phase: behavioral risk > (no risk + reward risk).

Brain regions Hemisphere Voxel size (mm3) Z MNI

x y z

Anterior cingulate, medial frontal gyrus R 8430 6.48 4 30 36

Cingulate gyrus L 6.23 −4 18 44

Middle frontal gyrus R 5.14 30 6 60

Middle frontal gyrus, frontal poles L 5.09 −42 28 32

Middle frontal gyrus, frontal poles L 5.01 −44 26 26

Middle frontal gyrus R 4.86 30 10 58

Inferior parietal lobe L 2020 5.41 −44 −64 44

Inferior parietal lobule L 5.12 −46 −42 50

Inferior parietal lobule L 5.07 −38 −58 46

Inferior parietal lobule L 5.02 −46 −44 54

Inferior parietal lobule L 5.01 −38 −60 54

Inferior parietal lobule L 4.97 −36 −50 46

Inferior parietal lobule R 1990 5.12 50 −56 46

Inferior parietal lobule R 5.05 46 −50 54

Inferior parietal lobule R 4.82 44 −54 48

Inferior parietal lobule R 4.7 44 −60 44

Inferior parietal lobule R 4.68 42 −48 46

Inferior parietal lobule R 3.79 42 −38 44

Precuneus L 1648 4.78 −10 −68 38

Precuneus R 4.75 2 −64 48

Precuneus L 4.7 −2 −62 48

Precuneus L 4.57 −8 −64 46

Precuneus R 3.47 14 −64 58

Superior to middle frontal gyrus L 624 3.67 −38 68 −4

Middle frontal gyrus L 3.59 −32 64 6

Middle frontal gyrus L 3.47 −38 60 0

Middle frontal gyrus L 3.45 −42 62 −4

Middle frontal gyrus L 3.42 −28 56 4

Middle frontal gyrus L 3.4 −30 56 8

Insula L 587 5.61 −32 18 2

Inferior frontal gyrus L 5 −30 22 −2

Inferior frontal gyrus R 515 5.56 34 20 −4

Superior to middle frontal gyrus R 486 3.44 30 62 −6

Middle frontal gyrus R 3.37 34 64 10

Superior frontal gyrus R 3.27 30 60 −2

Superior frontal gyrus R 3.25 32 64 2

Superior frontal gyrus R 3.15 28 58 4

Middle frontal gyrus R 2.9 38 58 −10

Shown for each cluster of significant activation (Z > 2.3) are the coordinates (mm3 within standard Montreal Neurological Institute stereotaxic space (MNI) space) of

the peak voxel within that cluster.

L, left, R, right.

trials, however, evoked greater activation than the other condi-
tions in the anterior cingulate, dorsal lateral prefrontal cortex,
frontal gyrus, frontal poles, inferior parietal lobe, precuneus, and
anterior insula. Our results were similar to those of young adults
using the same task (Huettel, 2006) except that adolescents did
not show significant activation in the posterior supramarginal
gyrus, a brain area involved in vocabulary and declarative mem-
ory (Lee et al., 2007), during behavioral risk. Our task does
involve working memory (Huettel, 2006), a process that matures

during adolescence. These findings show that choice selection dur-
ing decisions involving behavioral risk elicits a network of brain
regions including those that are involved in conflict monitoring
(anterior cingulate; Kerns et al., 2004), visual attention (occipito-
parietal cortex; Konrad et al., 2005), working memory and decision
making (dorsolateral prefrontal cortex; Kwon et al., 2002; Huettel
et al., 2005; Konrad et al., 2005), and interpreting the emotional
significance and the intensity of stimuli (insula; for review see
Ernst and Paulus, 2005).
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FIGURE 3 | Mean percent signal change (SE) associated with the no risk (NR), reward risk (RR), and behavioral risk (BR) conditions. Signal was
extracted from two regions of interest: (A) anterior cingulate and (B) frontal pole.

FIGURE 4 | (A) Whole-brain analysis of the outcome phase of the task for
rewarded greater than unrewarded trials in the reward risk (RR) and behavioral
risk (BR) conditions. Rewarded trials elicited greater activation in regions
typically implicated in reward processing, such as the ventral striatum (Vstr),
which includes the nucleus accumbens and caudate, and putamen, and
additionally activated the global pallidus and inferior frontal gyrus (IFG). The

nucleus accumbens was based on the standard ROI for the nucleus
accumbens subcortical region as defined by the Harvard-Oxford atlas within
FSL and is shown in green. (B) Mean percent signal change extracted from an
anatomically defined ROI in the Vstr. Mean percent signal change (SE) is
plotted for rewarded no risk (NR), reward risk (RR), and behavioral risk (BR)
outcomes, as well as unrewarded reward risk and behavioral risk outcomes.

In our results, reward versus no reward elicited significant
activations in brain regions typically implicated in decision and
reward processing (i.e., Vstr, inferior frontal, gyrus, anterior to
middle cingulate, posterior cingulate, and visual cortex). Simi-
lar research findings were seen in studies of reward processing
in primates (Apicella et al., 1991; Schultz et al., 2000; Roesch
and Olson, 2004) and adults (O’Doherty et al., 2001; Delgado
et al., 2003; Elliott et al., 2003). Reward response to the Decision–
Reward Uncertainty task was similar to that seen in young adults
using this task (Huettel, 2006). There are few imaging studies
of reward processing during adolescence. Those investigations
also implicate neurocircuitry similar to those reported during

reward response to the Decision–Reward Uncertainty task here,
in that differences in BOLD activity were seen in visual cor-
tex, Vstr, and anterior to middle cingulate during reward pro-
cessing in adolescents (Bjork et al., 2004, 2007; May et al.,
2004; Ernst and Paulus, 2005; Galvan et al., 2006; Eshel et al.,
2007).

However, the reward response processing during adolescence
is controversial, where some investigators believe the adolescent
reward processing circuitry is hyporesponsive to rewards com-
pared to those of adults (Spear, 2000), while others believe adoles-
cents’ reward circuits are hyperresponsive to rewards compared to
adults (Chambers et al., 2003; Ernst et al., 2006). In a hypoactive
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Table 2 | Peak activations for the outcome phase: peak activations for reward > no reward.

Brain regions Hemisphere Voxel size (mm3) Z MNI

x y z

Inferior/middle frontal gyrus/ventral striatum R 1594 4.06 46 6 30

Inferior frontal R 3.70 48 36 14

Inferior frontal R 3.63 50 4 24

Inferior frontal R 3.22 50 44 16

Middle frontal Middle 3.18 0 −32 42

Middle frontal Middle 3.18 0 −36 42

Middle frontal R 3.41 52 36 20

Ventral striatum*

Caudate nucleus L 2.97 −8 10 0

Caudate nucleus L 3.45 −12 12 2

Caudate nucleus R 3.08 9 17 −7

Putamen R 3.2 15 9 −8

Putamen L 2.85 −22 9 −3

Global pallidus R 3.23 24 8 −1

Global pallidus L 3.45 −24 9 −2

Insula R 3.78 40 2 18

Cingulate gyrus L 509 3.87 0 −36 34

Posterior cingulate L 3.73 0 −32 30

Posterior cingulate R 3.47 8 −40 40

Posterior cingulate R 3.11 12 −38 30

Precuneus R 5.01 32 −68 36

Precuneus R 4.87 28 −66 40

Visual cortex/middle occipital gyrus R 24993 5.07 32 −92 2

Inferior occipital gyrus R 5.05 24 −92 −4

Inferior occipital gyrus R 4.84 −24 −94 −8

Middle occipital gyrus L 5.01 −52 −58 −8

Shown is each cluster and subclusters of significant peak activations (Z > 2.3). The coordinates (mm3) are within standard Montreal Neurological Institute stereotaxic

space (MNI) of the peak voxel within that cluster.

L, left, R, right.

*The peak regions of activation in the subclusters of the right and left ventral striatum and global pallidus were manually identified.

FIGURE 5 | (A) During the behavioral risk condition, regardless of reward
outcome, overall mean frontal pole BOLD activity showed a positive
Pearson’s correlation with age (F = 11.4, df = 29, p = 0.002). (B) During the
Reward risk condition, regardless of reward outcome overall mean frontal

pole BOLD activity showed a positive Pearson’s correlation with age
(F = 4.7, df = 29, p < 0.04). These correlations suggest developmental
differences, during two different types of decision making, in the frontal
pole with increasing age.
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reward processing system, brain areas that process rewards are
not recruited as strongly as they are in adults. Our data did not
provide support for this theory in that during the no risk con-
dition, mean Vstr activity showed no positive correlation with
age in carefully screened and comprehensively assessed healthy
adolescents.

Decision making and reward processing in clinical populations
is vastly understudied. Although speculative, a developmentally
decreased sensitivity to executive function such as decision making
under conditions of uncertainty may, in vulnerable adolescent
populations, contribute to differences in reinforcement-related
learning that lead to adolescent onset alcohol and substance use
disorders (for review see Spear, 2000). For example, adult stud-
ies have also shown reduced activation in control and reward
processes in abstinent cannabis users (Martin-Santos et al., 2010).
Additionally, childhood adverse life events are associated with basal
ganglia hyporesponse during fMRI evaluation of reward (Dillon
et al., 2009; Mehta et al., 2010) which may further contribute to the
known risk for adolescent onset alcohol and substance use disor-
ders seen in victims of maltreatment (Anda et al., 1999; Kilpatrick
et al., 2000). Preclinical studies suggest stress in young animals
lowers dopamine D2 receptors in reward regions (Papp et al.,
1994; Morgan et al., 2002), making animals and humans more
vulnerable to addiction (De Bellis, 2001). One pediatric study,
however, showed that while undergoing The Wheel of Fortune
task, maltreated children with depression selected safe over risky
options more frequently in the high-risk condition than did con-
trol children (i.e., they avoided selecting a large reward paired with
a low chance of winning compared with maltreated children with-
out depression and non-maltreated controls; Guyer et al., 2006).
These limited data suggest that the effects of early familial adverse
experiences or familial vulnerability on development of decision
making and reward evaluation require further study as immatu-
rity in executive decision making or reward systems may lead to
substance use disorders and thus negatively influence the quality
of care an addicted parent is able to provide.

Adolescence is a period during which the constituents of cogni-
tion develop to enable adaptive goal-directed behavior (for review
see Ernst and Mueller, 2008). However, the emotional intensity
also associated with adolescence influences the response to rewards
that may contribute to increased risk-taking behaviors. Another
model of adolescent reward processing suggests that adolescents
demonstrate a heightened sensitivity to rewards and over active
reward system. This “triadic model” proposes three behavioral
control systems (approach, avoidance, and supervisory control
systems) that differ between adolescents and adults (for review
see Ernst et al., 2006). In other words, normative maturational
increases in dopamine neurotransmitter activity in the fronto-
striatal “motivational” system coupled with relatively lower levels
of inhibitory (e.g., serotoninergic) mechanisms in prefrontal sys-
tems contribute to increased reward sensitivity in adolescents
(Chambers et al., 2003) and the known increases in normative
adolescent risk behaviors (Dahl, 2004; Kelley et al., 2004). Thus
the hyper-responsivity reward processing theory suggests that an
overactive Vstr is unchecked by immature prefrontal inhibitory
mechanisms. In our study, the behavioral and reward risk condi-
tions regardless of reward outcome, showed a positive correlation

with age and overall mean frontal pole activity. During the reward
risk condition, mean frontal pole activity also showed a posi-
tive correlations with age. Our data suggest that the prefrontal
system is immature at younger ages regardless of type of risk
(behavioral or reward risk) and provide no direct support for
the hyper-responsivity reward processing theory. However, imma-
turity of prefrontal executive supervisory control systems alone
may account for dysregulation of reward processing during ado-
lescence. Its activity matures from childhood to adulthood in
parallel with increased capacity for adults to make healthy mature
decisions (Eshel et al., 2007).

The relationship between reduced frontal pole activation and
younger age during both the behavioral and reward risk conditions
may mean that less reinforced risky rewards signal the availability
of reinforcement in adolescents. As greater reward was associated
with greater risk in this task, a developmentally immature and
less active executive system could push adolescents toward greater
risk taking. Such an interpretation is consistent with findings from
Bjork et al. (2004) which showed adolescents have diminished stri-
atal activation when they are anticipating responding for gains,
but not upon receipt of reward. Thus, adolescents may experience
more risky uncertain intermittent reinforcers as more rewarding
compared to adults. The more salient the reward, the more likely
a prefrontal dopaminergic response will occur that is sufficient
to facilitate the formation of a conditioned association. Hence
immaturity in executive-control neuro-maturational systems may
put an adolescent at increased risk for substance use disorders
and other types of risk-taking behaviors such as suicide attempts
(Shaffer and Hicks, 1993; Costello et al., 2003). The data reported
here are more consistent with the theory of Geier and Luna (2009),
which states that adolescent risk taking may be best understood as
an imbalance between inhibitory control, working memory, and
reward systems that is biased toward short term goals (Geier and
Luna, 2009). However, while our data do suggest increased activ-
ity of the frontal pole with age during decision making, these data
do not suggest any association with age and Vstr during reward
evaluation.

Our data have several limitations. We studied only very healthy
high functioning adolescents. Therefore, our results may not be
generalizable to population-based samples. Due to our sample size,
we were unable to examine for gender differences. Additionally we
did not study adults using the same task parameters so we were
unable to directly compare healthy adolescent responses to behav-
ioral risk with those of adults. However, although, we did not do
physical examinations for pubertal stage, we were able to associate
a proxy measure of maturity (i.e., age) with a decision-making
brain ROI.

While our results came from a healthy high functioning non-
maltreated sample of adolescents, they point to the power of
using a simple task (i.e., Decision–Reward Uncertainty task) for
addressing types of risks and reward processing in children and
adolescents with predisposing vulnerabilities. Given that the abil-
ity to evaluate risk and reward is a maturational process, it is
important to examine the effects of early life stressors on these
abilities. Conditions associated with maladaptive decision mak-
ing and reward evaluation (e.g., substance use disorder) come
to the fore during adolescence. A better understanding of the
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developmental progression of decision and reward networks will
lead to more refined targets both for future research and for
interventions.

CONCLUSION
We investigated functional brain activity in high function-
ing healthy adolescents while they performed the experimental
Decision–Reward Uncertainty task (Huettel, 2006). Our analyses
focused on the decision making or choice selection and out-
come evaluation phases of decisions that involved behavioral
risk (i.e., decision making under uncertainty). Behavioral risk
trials evoked greater activation than the reward risk and no
risk conditions in the anterior cingulate, medial frontal gyrus,
dorsal lateral prefrontal cortex, bilateral frontal poles and infe-
rior parietal lobes, precuneus, bilateral superior-middle frontal
gyrus, IFG, and anterior insula. Our results were similar to
those of young adults using the same task during behavioral
risk (Huettel, 2006). During the behavioral and reward risk
conditions regardless of reward outcome, overall mean frontal
pole activity showed a positive correlation with age during the

behavioral and reward risk conditions suggesting a developmen-
tal immaturity of this ROI. Additionally, reward response to the
Decision–Reward Uncertainty task in adolescents was similar to
that seen in young adults (Huettel, 2006). While our results came
from a healthy high functioning non-maltreated sample of ado-
lescents, this method (i.e., Decision–Reward Uncertainty task) can
be used to address types of risks and reward processing in children
and adolescents with predisposing vulnerabilities and add to the
paucity of imaging studies of risk and reward processing during
adolescence.
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and maternal aggression (Zimmerberg 
and Gray, 1992; Johns et  al., 1994, 1998; 
Kinsley et al., 1994). These studies use dos-
ages and treatment regimes of cocaine that 
model, to some extent, drug use patterns 
and dosages reported in the dependent 
human user. Commonly used dosages in 
these studies result in peak plasma levels 
of approximately 200–900 ng/ml of cocaine 
(10–40 mg/kg injected), closely resembling 
plasma levels reported for the dependent 
human user, and associated with subjective 
reports of “feeling high” (Javaid et al., 1978; 
Smith et al., 1989).

Collectively, these studies in rats leave 
little doubt that plasma levels of cocaine 
above 200  ng/ml have profound negative 
effects on all aspects of maternal caregiv-
ing, resulting in the complete cessation of 
all pup-directed behaviors. Once cocaine 
leaves the blood, most of the components 
of maternal caregiving return (Zimmerberg 
and Gray, 1992; Johns et  al., 1994, 1998; 
Kinsley et  al., 1994). However, in females 
subjected to prolonged cocaine exposure 
during pregnancy, certain effects on post-
partum maternal behavioral can be found 
in the females long after their cocaine treat-
ment has ended. Additionally in offspring, 
transgenerational effects independent of 
their exposure to cocaine can be seen (Johns 
et al., 1994, 2005; McMurray et al., 2008).

The profound effects of these doses of 
cocaine on pup-caregiving by the postpar-
tum female rat underscores the importance 
of avoiding cocaine if maternal caregiving is 
to remain intact and to ensure that the nor-
mally large allocation of time and energy 
by the mother in caregiving continues. This 
leads us to the conclusion that it is crucial 
to understand the motivational processes at 
work during choices among stimuli by the 
postpartum female rats. Even for humans, 
this may have real world importance as par-
ents care for their offspring in a world full of 
other choices for their time and attention, 
including the choice of highly salient stimuli 
such as cocaine.

Both high and low doses of cocaine derail normal maternal 
caregiving – lessons from the laboratory rat

Joan I. Morrell*, Julia C. Basso and Mariana Pereira

Center for Molecular and Behavioral Neuroscience, Rutgers – The State University of New Jersey, Newark, NJ, USA
*Correspondence: jmorrell@andromeda.rutgers.edu

The grave consequences of cocaine 
dependency and addiction for the indi-
vidual are widely understood. In parents 
such conditions can have a particularly 
tragic impact since cocaine has great 
potential for impairing a parent’s ability to 
properly care for their children with life-
long consequences for both the children 
and parent. Understanding the impact of 
cocaine on human parental behavior is 
dauntingly complex as its abuse can co-
occur with abuse of other drugs and with 
a variety of biological and societal factors 
(Chasnoff, 1987, 1988; Oro and Dixon, 
1987; Frank et  al., 1988) that confound 
our understanding of the impact of the 
drug itself. Less considered in examining 
the impact of cocaine on human paren-
tal behavior is the fact that within the 
human population, the number of people 
who engage in occasional or recreational 
use of substances with abuse potential, 
including cocaine, is much larger than 
the number of people who are diagnosed 
clinically with substance dependency or 
addiction (Warner et al., 1995; SAMHSA, 
2001–2003; O’Brien and Anthony, 2005). 
Since this is the case for all age groups 
including women of reproductive age, we 
speculate that the population in which 
cocaine could affect the care of children 
is larger than the population of those who 
have progressed to the state of cocaine 
dependency and addiction.

Considering that human parenting 
behavior has both biological roots as well 
as cultural and learned features is helpful in 
addressing the complex issue of the impact 
of cocaine on parenting experimentally. 
Further, parental behavior has both out-
wardly visible caregiving activities apparent 
in the interaction of the parent with their 
offspring and the underlying processes of 
parental motivation, which begins anteced-
ent to caregiving and continues throughout 
parent–offspring interaction. The funda-
mental biological components of human 
parenting are generated by genetic and 

central nervous system processes very much 
in common with all mammals. These pro-
cesses normally lead all parents to allocate 
a substantial proportion of time and energy 
to caregiving for the young in a manner that 
is relevant for their species. In humans, this 
substantial allocation of parental resources 
occurs over prolonged periods of time and 
includes the influences of cultural and ‘‘sen-
tient’’ influences unique to humans that 
then presumably interact with the outcomes 
of these fundamental biological processes 
yielding human parental behavior.

Laboratory animal models of parental 
behavior provide a reductionist, mecha-
nistic, and ultimately controllable and 
simplified model that offers the possibil-
ity of uncovering the CNS processes of 
normal parental behavior, thus allowing 
determination of how cocaine may derail 
it. Animal models of parental behavior rely 
on the operational definition of parental 
behavior in a species-specific framework. 
The largest and most detailed literature on 
the biology underlying parental behavior 
has been generated using the laboratory rat 
model (Rosenblatt et al., 1979; Numan and 
Insel, 2003; Lonstein and Morrell, 2007). In 
rats, only the postpartum female cares for 
the pups, hence the term maternal behav-
ior. The rat model of maternal behavior is 
commonly used with the unstated work-
ing hypothesis that it has construct valid-
ity for general CNS processes that underlie 
normal maternal behavior in humans, 
just as the rat models of drug dependency 
are hypothesized to have such validity for 
human drug dependency (Epstein et  al., 
2006). Both models are commonly con-
sidered to have strong face validity for the 
human condition.

Many studies, including our earliest 
study (Vernotica et al., 1996), have exam-
ined the effects of cocaine on the caregiv-
ing aspects of maternal behavior in the 
rat, including pup retrieving, nursing, nest 
building, maternal pup-grooming, that 
consists of anogenital and corporal licking, 
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Our preclinical model focuses on the pro-
cesses of motivated choices during the ini-
tial or acute stages of cocaine exposure, an 
aspect of cocaine exposure that is generally 
less studied in behavioral examinations of 
the impact of cocaine in the rat. This initial 
sampling period may be important as cocaine 
dependency in humans can begin with “rec-
reational” or casual sampling which usually 
involves fewer and lower doses of cocaine 
than those of the dependent user, with a 
considerable temporal interval before the 
levels of use reach those found in depend-
ent human users (Gawin, 1991). Further, 
the demographic information suggests that 
many cocaine users engage in sampling or 
occasional use of cocaine and may continue 
to use the drug without progression to abuse 
levels. We speculate that among this consider-
able number of occasional users are parents.

Studies on the expression of maternal car-
egiving in rats are commonly thought to be 
examining motivated behavior as they look 
at the approach and sustained effort of the 
postpartum female in the pup-caregiving 
process. Hence we examine the influence 
of cocaine on the unconditioned responses 
of postpartum females with their pups, and 
consider that we are examining both moti-
vational and stimulus interaction aspects of 
the behavioral sequence. However, difficul-
ties arise in distinguishing motivational from 
motor processes when stimulus interaction 
is ongoing, making it challenging to study 
the neural substrate of motivation. This is 
particularly limiting in the case of interaction 
with the pup stimulus which occurs almost 
continuously once the female contacts a pup. 
Further complications emerge when mater-
nal caregiving is influenced by the ongoing 
impact of a pharmacological stimulus, i.e., 
when cocaine is in the blood.

One experimental approach that avoids 
these difficulties and allows separate exami-
nation of the stimulus approach phase of 
motivation versus the phase of motivated 
interaction with the stimulus is the condi-
tioned place preference (CPP) procedure 
(Berridge, 2004, 2007; Tzschentke, 2007). 
Thus in addition to our experiments on the 
influence of cocaine on the unconditioned 
responses of females to their pups, we 
originated a concurrent pup/cocaine-CPP 
choice task to explore the relative incentive 
salience of cocaine administration versus 
maternal interaction with pups in the post-
partum female (Mattson et al., 2001, 2003). 
We are examining the neural substrates at 

postpartum females (Seip et  al., 2008) 
demonstrated that the incentive salience of 
cocaine varies in a parabolic dose–response 
curve across a plasma level of 25–400 ng/
ml of cocaine (0.5–20 mg/kg, injected) with 
the peak of 80–90% of postpartum females 
developing a strong and lasting CPP for low 
plasma levels of 40–120  ng/ml (1–5  mg/
kg injected). Human users also report 
initial positive subjective responses with 
cocaine doses as low as 45–120 ng/ml. To 
be sure, these positive subjective responses 
strengthen as cocaine levels rise over 200 ng/
ml in the drug-experienced human subjects, 
and the stronger salience of higher doses 
may be influenced by their prior drug his-
tory (Kouri et  al., 2000; Mendelson et  al., 
2003; Collins et al., 2007). Nonetheless, the 
salience of the lower doses in humans and 
their significant salience in drug naïve rats 
suggest that such low doses may have sig-
nificance previously unnoted.

Examining the impact of these low doses 
of cocaine in independent groups, we found 
that a plasma level of 120  ng/ml cocaine 
(5  mg/kg injected) derailed all aspects of 
maternal behavior in a manner indistin-
guishable from the effects of doses in the 
400- to 850-ng/ml range of our earliest stud-
ies (Vernotica et al., 1996; Basso and Morrell, 
in preparation; Pereira and Morrell, in 
preparation; Figure 1C). The effects of even 
lower doses of cocaine, 15–40 ng/ml plasma 
level, however, were remarkably different in 
that there was no decrease in pup retrievals 
or nest building, but there was a remark-
able and statistically significant increase, 
appearing almost obsessive, in the number 
of anogenital and corporal licks directed at 
the pups (Figure 1C). This increase in lick-
ing is similar to that seen with lower doses 
of dopamine agonists (Pereira and Morrell, 
in preparation) and is considerably beyond 
the natural variation of licking in our con-
trols and even levels in “high-licking” females 
found among the natural distribution in nor-
mal postpartum females (Champagne et al., 
2003, 2004). Since naturally occurring varia-
tions in licking frequency have been reported 
to result in changes in the offspring via epi-
genetic processes (Weaver et al., 2004), we 
posit that these cocaine-induced increases in 
licking to remarkable levels never seen in the 
natural state should be considered as a form 
of derailment of maternal behavior, and 
therefore should be viewed with concern as 
to the potential changes these patterns might 
induce in the offspring.

work during this CPP choice task and have 
determined that subregions of the medial 
prefrontal cortex, the medial preoptic area, 
and the ventral tegmental area underlie the 
choice of pup- versus cocaine-conditioned 
incentives (Mattson and Morrell, 2005; Seip 
and Morrell, 2007; Pereira and Morrell, 
2010a,b). As our purpose here is to discuss 
some findings from our conjoint experi-
ments on the effects of cocaine on uncon-
ditioned aspects of maternal caregiving, the 
reader is referred to our primary papers and 
reviews of this CPP work (Pereira et  al., 
2008; Seip and Morrell, 2009; Pereira and 
Morrell, 2010a,b, in preparation).

Conjoint with our motivational analy-
sis using the CPP choice task, we examine 
the effect of cocaine on the expression of 
maternal behavior, i.e., the effect of cocaine 
on the unconditioned responses of the 
female to the pup, and measure blood lev-
els of cocaine in the postpartum female at 
behaviorally key time points. We have also 
used the CPP procedure in a more conven-
tional construction to determine the relative 
incentive salience of various cocaine doses 
compared to a more neutral stimulus, a 
saline injection. From these three data sets 
(Figures 1A–C), we have achieved an over-
view of the relationship of blood levels of 
cocaine, the incentive salience of these vari-
ous plasma levels of cocaine, and the impact 
of these levels on the expression of maternal 
caregiving behaviors. From these data, we 
have discovered new dangers in the realm 
of low doses of cocaine, which have high 
incentive salience and a surprising impact 
on maternal caregiving.

Postpartum female rats readily develop 
a CPP to cocaine after only two to four 
conditioning doses, suggesting that even 
in the acute initial exposures, cocaine has 
significant incentive salience during the 
postpartum period. Our first CPP studies 
used cocaine doses yielding plasma levels 
of cocaine in the 200- to 850-ng/ml range, 
levels also common for cocaine-dependent 
humans, which in rats eliminates all aspects 
of maternal caregiving (Vernotica et  al., 
1996; Vernotica and Morrell, 1998). While 
these doses undoubtedly established a CPP 
for cocaine, this effect was not as robust as we 
had expected, and so we began a systematic 
dose–response exploration of the cocaine 
CPP task. We discovered that we were using 
too high a dose of cocaine to find the most 
robust cocaine CPP. Our dose–response 
examination of cocaine-induced CPP in 
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if the expectation of the effect of cocaine on 
maternal behavior is simply that it grossly 
“turns off” all components resulting in 
wholesale neglect. We speculate that these 
low doses may have more of an impact than 
previously considered in humans.
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childcare could be an outcome of low doses. 
Given the high incentive salience of even the 
first exposures to these low doses of cocaine, 
as well as the disturbance in the normal pat-
tern of maternal caregiving that results, we 
suggest that for the human condition, even 
low sampling doses of cocaine are likely not 
compatible with good parental behavior. 
These low doses may possibly induce rela-
tively subtle excessive features which con-
stitute potentially important derailments 
from the norm, which may be overlooked 

Certainly, the particular component of 
maternal caregiving behavior derailed in 
this laboratory model of the effect of low 
doses of cocaine on maternal caregiving in 
the rat has no simple parallel in modern 
human child care when bathing children in 
water and using diapers is prevalent. While 
the particular behavioral components of 
human parental caregiving are likely distinct 
from those in our model, the data do suggest 
that perhaps the characteristic of excessive, 
possibly intrusive, features of some aspect of 

Figure 1 | This is a composite summary representation of published and 
emerging findings from multiple experiments in our laboratory. (A) Plasma 
levels of cocaine in independent groups of postpartum females in the acute phase 
of their drug exposure, 30 min after cocaine injection (Vernotica et al., 1996; 
Wansaw et al., 2005; Basso and Morrell, in preparation). (B) Individual preference 
for uniquely decorated chambers associated with cocaine in the postpartum 
female rat during the postconditioning test session in the absence of cocaine. The 
percentage of the postpartum females with a preference for the 

chamber‑associated with each of the cocaine doses is represented in the 
cocaine-associated response. Doses are listed in the legend with graphical order 
of doses remaining consistent across all chambers and preference categories. 
(Seip et al., 2008; Pereira and Morrell, 2010a). (C) This graph represents the impact 
of systematically varied cocaine doses on the four components of caregiving 
responses of postpartum females, anogenital-directed licking of pups, corporal-
directed licking of pups, retrieving of pups displaced from the maternal nest, and 
nest building (*P < 0.05) (Vernotica et al., 1996; Pereira and Morrell, in preparation).

53

http://www.frontiersin.org/
http://www.frontiersin.org/child_and_neurodevelopmental_psychiatry/archive


Frontiers in Psychiatry  |  Child and Neurodevelopmental Psychiatry	 	 May 2011  | Volume 2  |  Article 30  | 

Morrell et al.	 Cocaine derailment of maternal caregiving

and locomotor analyses. Psychopharmacology (Berl.) 
194, 309–319.

Seip, K. M., and Morrell, J. I. (2009). Transient inactiva-
tion of the ventral tegmental area selectively disrupts 
the expression of conditioned place preference for 
pup- but not cocaine-paired contexts. Behav. Neurosci. 
123, 1325–1338.

Seip, K. M., Pereira, M., Wansaw, M. P., Dziopa, E. I., 
Reiss, J. I., and Morrell, J. I. (2008). Incentive salience 
of cocaine is remarkably stable across postpartum 
in the lactating female rat: route of administration 
and dose manipulations using place preference. 
Psychopharmacology (Berl.) 199, 119–130.

Smith, R. F., Mathran, K. M., Kurkjian, M. F., and Kurtz, S. 
L. (1989). Alterations in offspring behavior induced by 
chronic prenatal cocaine dosing. Neurotoxicol. Teratol. 
11, 31–48.

Substance Abuse, and Mental Health Services Administration 
(SAMHSA) (2001–2003). Office of Applied Studies, 
National Survey on Drug Use and Health. Rockville MD: 
NHSDA Series H-13-15 DHHS Publication.

Tzschentke, T. M. (2007). Measuring reward with the con-
ditioned place preference paradigm (CPP): update of 
the last decade. Addict. Biol. 12, 227–462.

Vernotica, E., Lisciotto, C. A., Rosenblatt, J. S., and 
Morrell, J. I. (1996). Cocaine impairs maternal behav-
ior: a rodent model. Behav. Neurosci. 110, 315–323.

Vernotica, E. M., and Morrell, J. I. (1998). Plasma cocaine 
levels and locomotor activity after systemic injection 
in virgin and in lactating maternal female rats. Physiol. 
Behav. 64, 399–407.

Wansaw, M. P., Lin, S.-N., and Morrell, J. I. (2005). Plasma 
cocaine levels, metabolites, and locomotor activity 
after subcutaneous cocaine injection are stable across 
the postpartum period in rats. Pharmacol. Biochem. 
Behav. 82, 55–66.

Warner, L. A., Kessler, R. C., Hughers, M., and Anthony, J. 
C. (1995). Prevalence and correlates of drug use and 
dependence in the United States. Arch. Gen. Psychiatry 
52, 219–229.

Weaver, I. C. G., Cervoni, N., Champagne, F. A., D’ Alessio, 
A. C., Sharma, S., Seckl, J. R., Dymov, S., Szyf, M., 
and Meaney, M. (2004). Epigentic programming by 
maternal behavior. Nat. Neurosci. 7, 847–854.

Zimmerberg, B., and Gray, M. S. (1992). The effects of 
cocaine on maternal behavior in the rat. Physiol. 
Behav. 52, 379–384.

Received: 18 April 2011; accepted: 16 May 2011; published 
online: 30 May 2011.
Citation: Morrell JI, Basso JC and Pereira M (2011) 
Both high and low doses of cocaine derail normal mater-
nal caregiving – lessons from the laboratory rat. Front. 
Psychiatry 2:30. doi: 10.3389/fpsyt.2011.00030
This article was submitted to Frontiers in Child and 
Neurodevelopmental Psychiatry, a specialty of Frontiers 
in Psychiatry.
Copyright © 2011 Morrell, Basso and Pereira. This is an 
open-access article subject to a non-exclusive license between 
the authors and Frontiers Media SA, which permits use, 
distribution and reproduction in other forums, provided the 
original authors and source are credited and other Frontiers 
conditions are complied with.

maternal motivation and behavior,” in Behavioral 
Neurochemistry, Neuroendocrinology, and Molecular 
Neurobiology. Handbook of neurochemistry and 
molecular neurobiology (Series edited by Abel 
Lajtha), 3rd Edn, ed. J. Blaustein (New York, NY: 
Springer), 2–51.

Mattson, B. J., and Morrell, J. I. (2005). Preference for 
cocaine- versus pup-conditioned contexts differ-
entially engages neurons expressing either Fos or 
CART in lactating, maternal rodents. Neuroscience 
135, 315–328.

Mattson, B. J., Williams, S., Rosenblatt, J. S., and Morrell, 
J. I. (2001). Comparison of two positive reinforcing 
stimuli: pups and cocaine throughout the postpartum 
period. Behav. Neurosci. 115, 683–694.

Mattson, B. J., Williams, S., Rosenblatt, J. S., and Morrell, 
J. I. (2003). Preferences for cocaine- or pup-associated 
chambers differentiates otherwise behaviorally identi-
cal postpartum maternal rats. Psychopharmacology 
(Berl.) 167, 1–8.

McMurray, M. S., Joyner, P. W., Middleton, C. L., Jarrett, 
T. M., Elliott, D. L., Black, M. C., Hofler, V. E., Walker, 
C. H., and Johns, J. M. (2008). Intergenerational effects 
of cocaine on maternal aggressive behavior and brain 
oxytocin in rat dams. Stress 11, 398–410.

Mendelson, J. H., Sholar, M. B., Mutschler, N. H., Jaszyna-
Gasior, M., Goletiani, N. V., Siegel, A. J., and Mello, N. 
K. (2003). Effects of intravenous cocaine and ciga-
rette smoking on luteinizing hormone, testosterone, 
and prolactin in men. J. Pharmcol. Exp. Ther. 307, 
339–348.

Numan, M., and Insel, T. R. (2003). The Neurobiology of 
Parental Behavior. New York: Springer-Verlag.

O’Brien, M. S., and Anthony, J. C. (2005). Risk of becoming 
cocaine dependent: epidemiological estimates for the 
United States, 2000–2001. Neuropsychopharmacology 
30, 1006–1018.

Oro, A. S., and Dixon, S. D. (1987). Perinatal cocaine and 
methamphetamine exposure: maternal and neonatal 
correlates. J. Pediatr. 111, 571–578.

Pereira, M., and Morrell, J. I. (2010a). The medial preop-
tic area is necessary for maternally motivated choice 
of pup but not cocaine-associated environments in 
postpartum rats. Neuroscience 167, 216–231.

Pereira, M., and Morrell, J. I. (2010b). “Differential effects 
of discrete subarea-specific transient inactivation of 
the medial prefrontal cortex on the motivated choice 
of pup- versus cocaine-associated environments 
by early postpartum rats,” in Abstract, Society for 
Neuroscience, San Diego, CA.

Pereira, M., Seip, K., and Morrell, J. I. (2008). “Maternal 
motivation and its neural substrate across the post-
partum period,” in Neurobiology of the Parental Brain, 
ed. R. Bridges (Burlington, MA: Academic Press), 
39–60.

Rosenblatt, J. S., Siegel, H. I., and Mayer, A. D. (1979). 
Progress in the study of maternal behavior in the rat: 
hormonal, nonhormonal, sensory, and developmental 
aspects. Adv. Study Behav. 10, 225–311.

Seip, K. M., and Morrell, J. I. (2007). Increasing the 
incentive salience of cocaine challenges preference 
for pup- over cocaine-associated stimuli during early 
postpartum: dual-choice conditioned place preference 

References
Berridge, K. C. (2004). Motivation concepts in behavioral 

neuroscience. Physiol. Behav. 81, 179–209.
Berridge, K. C. (2007). The debate over dopamine’s 

role in reward: the case for incentive salience. 
Psychopharmacology (Berl.) 191, 391–431.

Champagne, F. A., Chretien, P., Stevenson, C. W., Zhang, 
T. Y., Gratton, A., and Meaney, M. J. (2004). Variations 
in nucleus accumbens dopamine associated with 
individual differences in maternal behavior in rat. J. 
Neurosci. 24, 4123–4113.

Champagne, F. A., Frances, D. D., Mar, A., and Meaney, 
M. J. (2003). Variations in maternal care in the rat as 
mediating influence for the effects of environment on 
development. Physiol. Behav. 79, 359–371.

Chasnoff, I. J. (1987). Perinatal effects of drugs of abuse. 
Fed. Proc. 46, 2446–2453.

Chasnoff, I. J. (1988). Drugs, Alcohol, Pregnancy, and 
Parenting. Boston: Kluwer Academic Publishers.

Collins, S. L., Evans, S. M., Foltin, R. W., and Haney, M. 
(2007). Intranasal cocaine in humans: effects of sex 
and menstrual cycle. Pharmacol. Biochem. Behav. 86, 
117–124.

Epstein, D. H., Preston, K. L., Stewart, J., and Shaham, Y. 
(2006). Toward a model of drug relapse: an assess-
ment of the validity of the reinstatement procedure. 
Psychopharmacology (Berl.) 189, 1–6.

Frank, D. A., Zuckerman, B. S., Amaro, H., Aboagye, K., 
Bauchner, H., Cabral, H., Fried, L., Hingson, R., Kayne, 
H., and Levenson, S. M. (1988). Cocaine use during preg-
nancy: prevalence and correlates. Pediatrics 82, 888–895.

Gawin, F. H. (1991). Cocaine addiction: psychology and 
neurophysiology. Science 251, 1580–1586.

Javaid, J. I., Fischman, M. W., Schuster, C. R., Dekirmenjian, 
H., and David, J. M. (1978). Cocaine plasma concen-
tration: relation to physiological and subjective effects 
in humans. Science 202, 227–228.

Johns, J. M., Elliott, D. L, Hofler, V.E., Joyner, P. W., 
McMurray, M. S., Jarrett, T. M., Haslup, A. M., 
Middleton, C. L., Elliott, J. C., and Walker, C. H. 
(2005). Cocaine treatment and prenatal environ-
ment interact to disrupt intergenerational maternal 
behavior in rats. Behav. Neurosci. 119, 1605–1618.

Johns, J. M, Nelson, C. J, Meter, K. E, Lubin, D. A, Couch, 
C. D, Ayers, A. A, and Walker, C. H. (1998). Dose-
dependent effects of multiple acute cocaine injections 
on maternal behavior and aggression in Sprague-
Dawley rats. Dev. Neurosci. 20, 525–532.

Johns, J. M., Noonan, L. R., Zimmerman, L. I., Li, L., and 
Pedersen, C. A. (1994). Effects of chronic and acute 
cocaine treatment on maternal behavior and aggres-
sion. Behav. Neurosci. 108, 107–112.

Kinsley, C. H., Turco, D., Bauer, A., Beverly, M., Wellman, 
J., and Graham, A. (1994). Cocaine alters the onset and 
maintenance of maternal behavior in the lactating rat. 
Pharmacol. Biochem. Behav. 47, 857–864.

Kouri, E. M., Martinez Raga, J., McNeil, J. F., and Lukas, 
S. E. (2000). Impact of family history of alcoholism 
on cocaine-induced subjective needs and pharma-
cokinetic profile. Psychopharmacology (Berl.) 152, 
268–274.

Lonstein, J. S., and Morrell , J. I . (2007). 
“Neuroendocrinology and neurochemistry of 

54

http://www.frontiersin.org/child_and_neurodevelopmental_psychiatry/
http://www.frontiersin.org/child_and_neurodevelopmental_psychiatry/archive


PSYCHIATRY
ORIGINAL RESEARCH ARTICLE

published: 01 July 2011
doi: 10.3389/fpsyt.2011.00040

Changes in maternal gene expression in olfactory circuits
in the immediate postpartum period
Sofija V. Canavan1, Linda C. Mayes2 and Helen B.Treloar 1*

1 Department of Neurosurgery, Yale University School of Medicine, New Haven, CT, USA
2 Child Study Center, Yale University School of Medicine, New Haven, CT, USA

Edited by:

Joan Irene Morrell, Rutgers, The State
University of New Jersey, USA

Reviewed by:

Stephen Gammie, University of
Wisconsin – Madison, USA
Lévy Frédéric, Institut National de la
Recherche Agronomique, France

*Correspondence:

Helen B. Treloar, Department of
Neurosurgery, Yale University School
of Medicine, P.O. Box 208082, 333
Cedar Street, New Haven, CT
06520-8082, USA.
e-mail: helen.treloar@yale.edu

Regulation of maternal behavior in the immediate postpartum period involves neural circuits
in reward and homeostasis systems responding to cues from the newborn. Our aim was
to assess one specific regulatory mechanism: the role that olfaction plays in the onset and
modulation of parenting behavior. We focused on changes in gene expression in olfactory
brain regions, examining nine genes found in previous knockout studies to be necessary for
maternal behavior. Using a quantitative PCR (qPCR)-based approach, we assessed changes
in gene expression in response to exposure to pups in 11 microdissected olfactory brain
regions. Over the first postpartum days, all nine genes were detected in all 11 regions (at
differing levels) and their expression changed in response to pup exposure. As a general
trend, five genes (Dbh, Esr1, FosB, Foxb1, and Oxtr ) were found to decrease their expres-
sion in most of the olfactory regions examined, while two genes (Mest and Prlr ) were
found to increase expression. Nos1 and Peg3 levels remained relatively stable except in
the accessory olfactory bulb (AOB), where greater than fourfold increases in expression
were observed.The largest magnitude expression changes in this study were found in the
AOB, which mediates a variety of olfactory cues that elicit stereotypic behaviors such as
mating and aggression as well as some non-pheromone odors. Previous analyses of null
mice for the nine genes assessed here have rarely examined olfactory function. Our data
suggest that there may be olfactory effects in these null mice which contribute to the
observed maternal behavioral phenotypes. Collectively, these data support the hypothesis
that olfactory processing is an important sensory regulator of maternal behavior.

Keywords: olfactory bulb, accessory olfactory bulb, olfactory tubercle, piriform cortex, entorhinal cortex, amygdala,

hippocampus

INTRODUCTION
Regulation of maternal behavior in the immediate postpartum
period involves neural circuits in reward and homeostasis systems
responding to newborn sensory cues from the somatosensory,
visual, auditory, and olfactory systems. Olfactory regulation of
maternal behavior is less well understood than other sensory
modalities, especially visual and auditory.

The few studies examining olfactory cues and early maternal
behavior have studied maternal sensitivity to olfactory cues as a
means of identifying key characteristics of their own offspring.
Mothers are reliably able to identify their own child’s odor (Porter
et al., 1983; Kaitz et al., 1987) with up to about 90% accuracy in
as little as 10 min after birth (Kaitz et al., 1987). New mothers
find baby-related odors have greater hedonic value (Fleming et al.,

Abbreviations: aHC, anterior hippocampus; aLA, anterior lateral amygdala; aMA,
anterior medial amygdala; AOB, accessory olfactory bulb; aPC, anterior piriform
cortex; Dbh, dopamine beta-hydroxylase; EC, entorhinal cortex; Esr1, estrogen
receptor 1; FosB, FBJ osteosarcoma oncogene B; Foxb1, forkhead box B1; Mest,
mesoderm-specific transcript; Nos1, nitric oxide synthase 1; OB, olfactory bulb;
OT, olfactory tubercle; Oxtr, oxytocin receptor; Peg3, paternally expressed 3; pHC,
posterior hippocampus; pLA, posterior lateral amygdala; pMA, posterior medial
amygdala; PPD0, postpartum day 0; PPD1, postpartum day 1; Prlr, prolactin receptor
9; V, virgin.

1993). Moreover, first-time mothers, with higher levels of circu-
lating cortisol, are better able to identify their own infant’s odor
(Fleming et al., 1997). Consistent with this small literature are
studies in animal models where many aspects of social behavior,
such as gender identification, control of mating and aggression
responses, and pup recognition are mediated by olfaction. We have
elected to perform our study in mice as rodents have been the
mainstay of biomedical research and the insights provided into
the workings of mammalian systems have proved to be applicable
to human biological systems (Shively and Clarkson, 2009).

In many animals a functioning olfactory system is cru-
cial for maternal behavior (Levy et al., 2004; Levy and Keller,
2009). For example, largely anosmic mice that lack the sec-
ond messenger adenylyl cyclase type 3 (AC3) have been shown
to have impaired maternal behavior as they fail to retrieve
pups, do not construct well-defined nests, and do not exhibit
maternal aggression (Wang and Storm, 2011). Likewise when
vomeronasal (VNO)-specific signal transduction cascade com-
ponents are mutated (e.g., mice that lack the TrpC2 channel)
deficits are observed in maternal behaviors such as aggression and
nest building, indicating that the VNO pathway is also involved
in their regulation (Kimchi et al., 2007; Hasen and Gammie,
2009, 2011).
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Many genes have been identified from mouse genetic studies
which are necessary for the expression of one or more aspects
of maternal behavior. Deletion of the following nine genes,
dopamine beta-hydroxylase (Dbh; Thomas and Palmiter, 1997),
prolactin receptor (Prlr ; Ormandy et al., 1997; Lucas et al., 1998),
nitric oxide synthase 1 (Nos1; Gammie and Nelson, 1999), oxy-
tocin receptor (Oxtr ; Takayanagi et al., 2005), estrogen recep-
tor alpha (Esr1; Ogawa et al., 1996, 1998), forkhead box B1
(Foxb1; Wehr et al., 1997), mesoderm-specific transcript (Mest ;
Lefebvre et al., 1998), paternally expressed gene 3 (Peg3; Li et al.,
1999), and FBJ murine osteosarcoma viral oncogene homolog
B (FosB; Brown et al., 1996) have a variety of effects on dif-
ferent aspects of maternal behavior, from nest building to lick-
ing and grooming. In the majority of these studies olfaction
was not evaluated, or if it was there were issues with exper-
imental design (e.g., odors were tested which were either not
behaviorally relevant or only activated one of the two olfac-
tory systems were assessed, mice were not tested during the
postpartum period; reviewed in Leckman and Herman, 2002).
Interestingly, each of these nine genes are expressed in olfac-
tory regions at ages when mice are sexually mature [postnatal
day 28 (P28) or P56; Allen Brain Atlas Resources (Internet).
Seattle, WA, USA: Allen Institute for Brain Science. ©2009. Avail-
able from: http://www.brain-map.org]. As maternal behavior has
long been known to depend upon detection of olfactory cues
from the pup (Noirot, 1969), we reasoned that aspects of the
observed maternal behavioral phenotypes in null mice may have
olfactory component.

As a first measure to test this hypothesis we took the approach
of determining whether gene expression changed in wild type
olfactory brain regions during the immediate postpartum period.
We took this approach because the information obtained would
allow one to design appropriate olfactory behavioral tests to test
null mice for olfactory deficits. Using a qPCR approach (which
provides a quantitative measure of a gene transcription), we com-
pared gene expression of the nine genes in maternal olfactory
brain regions at postpartum day 0 (PPD0) and postpartum day 1
(PPD1) relative to expression levels in virgin mice that had never
been exposed to pups. We found that, as a general trend, Dbh, Esr1,
Foxb1, FosB, and Oxtr decreased in expression in most regions
after exposure to pups, while Nos1, Mest, Peg3, and Prlr increased
in most regions during the postpartum period. Moreover, largest
changes were seen in the accessory olfactory pathway which is
known to mediate some olfactory cues (pheromones) which elicit
stereotypic behaviors, as well as some non-pheromone odors too.
Collectively these data support the hypothesis that olfactory cues
regulate maternal behavior during the postpartum period. More-
over, these data highlight the necessity of designing appropriate
olfactory behavioral tests which activate specific olfactory path-
ways and also performing these tests during the initial postpartum
period which we see these changes in gene expression.

MATERIALS AND METHODS
ANIMALS
Virgin (12 weeks old) CD-1 (Charles River) and dams with litters
on PPD0 and PPD1 were sacrificed with CO2 and brains dis-
sected (n = 3). Note, the nulliparous mice for each group were

purchased, shipped and housed together in the same room, and
tissue collected for all groups with 60 min. Specifically, control
mice were age matched, to nulliparous-females delivered pregnant
17 days which gave birth in our animal room. Also note dams
were not removed from litters until immediately before sacrifice,
to minimize stress response and possible changes in gene expres-
sion. Brains were dissected in ice-cold PBS and microdissected
regions (see below) were collected in tubes on dry ice. Animal
protocols were reviewed and approved by the Yale Animal Care
and Use Committee.

MICRODISSECTION AND RNA EXTRACTION
Eleven regions were microdissected for RNA extraction. These
olfactory brain regions were selected to encompass olfactory
processing centers in both the main and accessory path-
ways. From the main olfactory pathway we collected sam-
ples from the main olfactory bulb (MOB), olfactory tuber-
cle (OT), anterior piriform cortex (aPC), anterior and poste-
rior lateral amygdala (aLA; pLA), entorhinal cortex (EC), ante-
rior/dorsal hippocampus (aHC), and posterior/ventral hippocam-
pus (pHC). Samples collected from the accessory olfactory path-
way were from the accessory olfactory bulb (AOB) and ante-
rior and posterior medial amygdala (aMA; pMA). Figure 1
details the major components of the main (red) and accessory
(blue) olfactory pathways. Dissected regions are highlighted in
gray. Tertiary projections are indicated in purple and centrifu-
gal projections back into the OB and AOB are indicated in
green.

Brains were sliced into 1 mm thick slices using a Rodent Brain
Matrix (mouse 30 g coronal; Electro Microscopy Sciences, Hat-
field, PA, USA). Specific regions were manually dissected from
slices, with the aid of a mouse brain atlas and identifiable land-
marks. Samples were stored in Eppendorf tubes on dry ice. As
the majority of samples were small, and therefore yielded low
amounts of RNA, samples were pooled. This was unfortunate,
as it precluded statistical analyses and limited us to observ-
ing trends in gene expression. RNA was extracted using RNeasy
Lipid Tissue Mini Kit (Qiagen, Germantown, MD, USA) following
manufacturer’s instructions.

cDNA was produced in triplicate from each sample (to min-
imize error and ensure accurate replication of RNA pool) using
iScript cDNA Synthesis kit (Bio-Rad, Hercules, CA, USA) accord-
ing to the manufacturer’s instructions. Optimally 500 ng of total
RNA was transcribed, but in some small samples this was reduced
to 100–200 ng. For any given brain region, cDNA samples were
transcribed from equal amounts of RNA in all three samples (V,
PPD0, and PPD1) that were going to be compared to facilitate
downstream qPCR analyses.

QPCR PROTOCOL
Primers
We designed the following primers for qPCR using PerlPrimer
v1.1.19 software (Marshall, 2004). Primers (see Table 1) were
designed to span an intron–exon boundary (to exclude genomic
amplification) and to amplify a product between 100 and 150 bp.
Each primer pair amplified a single band when visualized on an
agarose gel.
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FIGURE 1 | Schematic of mouse olfactory circuits. Main olfactory pathway
is shown in red, accessory olfactory pathway in blue, back projections in
green, and intracortical projections in purple. Regions highlighted in gray were
analyzed in this study. Adapted in part from (Dulac and Wagner, 2006; Baum
and Kelliher, 2009; de Castro, 2009). Abbreviations: aLA, anterior lateral
amygdala; aMA, anterior medial amygdala; AOB, accessory olfactory bulb;
AON, anterior olfactory nucleus; AOT, accessory olfactory tract; BST, bed

nucleus of the stria terminalis; EC, entorhinal cortex; HC, hippocampus; HTH,
hypothalamus; LOT, lateral olfactory tract; MOB, main olfactory bulb; MOE,
main olfactory epithelium; nAOT, nucleus of the accessory olfactory tract;
nLOT, nucleus of the lateral olfactory tract; OT, olfactory tubercle; PC, the
piriform cortex; pLA, posterior lateral amygdala; pMA, posterior medial
amygdala; TH, thalamus; TT, tenia tecta; VMH, ventromedial hypothalamus;
VNE, vomeronasal epithelium.

Table 1 | Sequences of primers used for qPCR.

Gene Forward primer Reverse primer Amplicon

size (bp)

GAPDH gtatgtcgtggagtctactg gagttgtcatatttctcgtggt 149

Dbh gtaaacaggttcagcagtgag gtagtcatacagagccttgag 119

Esr1 acagacactttgatccacct gcctttgttactcatgtgcc 116

FosB cccgagaagagacacttaccc aagtcgatctgtcagctccc 115

Foxb1 actttaagattcgaccagtcctcc gtatgagtagggcggcttctg 115

Mest gcatcttctaccaagattctgtc gaaatcaagggcgatcactc 145

Nos1 gaacgaacagtctcccgcct tcttcaggtgcagggtgtcag 109

Oxtr ccgcacagtgaagatgacct agcatggcaatgatgaaggcag 134

Peg3 tctttctcttcctgtgatgtc tcttgtcctctttgagttcca 133

Prlr ttctttagcaagcagtacacttcc ggctctggttcaacaatgtaagtc 127

Quantitative PCR
Quantitative PCR was performed using iQ SYBR Green supermix
(Bio-Rad) in a 20 μl reaction volume, using 0.6 μl iScript cDNA
reaction and 500 nM of primers, following manufacturer’s instruc-
tions. Master mixes were made for each primer and cDNAs were
added independently. Using a Chromo4 Real-Time PCR machine
(Bio-Rad) run settings were according to recommended proto-
col. Briefly, an enzyme activation step for 10 min at 95˚C, then 45
cycles of 15 s denaturation step at 95˚C, 45 s annealing at 55˚C, and
30 s extension at 72˚C, and fluorescence data collection at the end
of the denaturation step. Melt-curve analysis followed each run
with ramping from 55 to 95˚C, with fluorescence data collection
in 0.5˚C increments. Each sample, comprising cDNA from three
animals, was run in triplicate.

DATA ANALYSIS
The quantity of PCR product was determined on a cycle-by-cycle
basis by monitoring the fluorescence values in each sample. Opti-
con Monitor 3.1.32 MJ software (Bio-Rad) normalized for back-
ground fluorescence and permitted setting a threshold at which
fluorescence data were analyzed. This threshold was chosen at a
level during the exponential phase where the reactions had entered
a constant rate of amplification. The same threshold, with a value
of 0.2, was used for all runs in this experiment. This yielded a
CT value for each sample, the cycle number at which the fluores-
cence reached threshold, and this was taken as a measure of the
abundance of cDNA target present. Standard curve analyses were
performed for each primer set to determine reaction efficiencies
over a range of cDNA concentrations.

Results were analyzed with the delta delta CT method (��CT)
which is a convenient way to analyze the relative changes in
gene expression from real-time quantitative PCR experiments
(Schmittgen and Livak, 2008). Briefly, CT data for each gene of
interest was normalized to CT values for the housekeeping gene
GAPDH. This yielded a �CT value, or the number of cycles
between GAPDH and the gene of interest. The �CT values of the
two experimental groups, PPD0 and PPD1, were than normalized
to the Virgin control sample, giving a ��CT value. This was con-
verted into expression fold change using the 2−��CT (Schmittgen
and Livak, 2008), with Virgin set to 1.0. Values under 1 therefore
indicate downregulation, while values above 1 indicate upregu-
lation. PCR efficiency was calculated from standard curves and
was accounted for when calculating ��CT. The values across the
three plates were then averaged, and variance measured. Graphs
were made using GraphPad Prism software.
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FIGURE 2 | Relative gene expression levels in virgin mice of the nine

genes of interest in the 11 olfactory brain regions. Gene expression was
normalized against housekeeping gene expression (Gapdh) to determine
the �CT value (i.e., PCR cycle at which gene was detected above
threshold). The earlier a gene is detected, the lower its �CT value and the
higher the level of expression. To graph this, we plot the −�CT value, for
easier interpretation: physically higher points on the graph represent higher
gene expression. Gene expression from all 11 gene regions examined were
plotted (−�CT ± SD) to compare expression between genes. All nine genes
were found in all 11 regions, although relative levels of expression differed.
Interestingly, only Prlr showed a largely dichotomy in expression between
regions, with seven the regions (pMA, aMA, pLA, aLA, aHC, pHC, and EC)
having significantly higher expression than the other four regions (OB, AOB,
aPC, and OT). All other genes generally had between two-fold and
eight-fold variation in expression between regions (i.e., �CT values within
two to four cycles).

RESULTS
Baseline gene expression for each of the nine genes studied was
established in virgin mice (age and weight matched at 12 weeks;
Figure 2). Surprisingly, apart from Prlr (Figure 2), individual
genes had fairly stable levels of expression between regions, as
indicated by similar �CT value. All data points are fairly close
except for the Prlr, which had two levels of expression: very low
expression in the OB, AOB, OT, and aPC (�CT values between
∼14 and 17) with the remaining regions having higher expres-
sion (�CT values between ∼8 and 11), an average 64-fold (26)
difference in expression. Note the error bars in Figure 2 show SD,
highlighting the minimal variability observed.

To examine changes in gene expression in the postpartum
period we elected to look at PPD0 to see if exposure to pups
elicited changes in gene expression in olfactory regions, as well as
at PPD1 to see if expression remained stable or showed further
changes after continued exposure to pups. To compare expression,
we normalized expression in the virgin animal to 1 and determined
whether expression in PPD0 and PPD1 regions differed from 1.
This approach did not allow us to compare expression between
genes, but there was no biological reason to assume expression
of one gene was linked to another, other than a common link to
maternal regulation. Moreover, because we had to pool samples
due to limited amounts of RNA, these data could not be statically
analyzed and hence we were limited to observing trends in gene
expression.

MAIN OLFACTORY PATHWAY
In most mammals, olfactory information is processed through
two distinct, parallel, yet non-overlapping pathways: the main
olfactory system, which processes information from small volatile
odorants, and the accessory olfactory system, which process infor-
mation from aqueous-soluble odorants that are actively pumped
in from the nasal cavity (Dulac and Wagner, 2006). In addition to
segregation of the primary inputs, the projections to the central
nervous system (CNS) are also segregated and the pathways only
converge after many synapses (Figure 1).

In the main olfactory system, the olfactory sensory neurons
synapse with mitral cells in the MOB. Mitral cells in turn project
to multiple regions of paleocortex, including the anterior olfac-
tory nucleus (AON), the OT, the piriform cortex (PC; consid-
ered to be the primary olfactory cortex), the lateral amygdala
(LA) and EC (Lledo et al., 2005). These connections are indi-
cated in Figure 1 in red. Information is further relayed to the
hippocampus as well as the thalamus, which in turn projects
to the orbitofrontal cortex. These intracortical connections are
indicated in purple in Figure 1. It is here that information is
integrated with both the accessory olfactory system and other
sensory systems.

At PPD0 and PPD1, few genes were observed to show greater
than two-fold changes in expression in the OB (Figure 3A). Dbh
and Foxb1 both showed approximately a two-fold decrease in
expression, while the Oxtr was found to have ∼1.5-fold decrease
in expression only at PPD1. Prlr showed approximately a two-
fold increase in expression while both Mest and Nos1 were found
to have ∼1.5-fold increase in expression. In the OT, however,
more genes were observed to change expression in the imme-
diate postpartum period (Figure 3B). Again, Dbh and Foxb1
both showed approximately a two-fold decrease in expression
at both PPD0 and PPD1. Oxtr was found to have a ∼2.5-
fold decrease in expression only at PPD0, while FosB had a
∼1.5-fold decrease in expression only at PPD1 followed by a nearly
two-fold decrease at PPD1. Prlr increased expression ∼1.5 to
2-fold and Mest increased expression ∼two-fold at PPD1. Changes
of larger magnitude were observed in the piriform cortex (aPC;
Figure 3C), with Prlr increasing expression ∼three-fold at both
PPD0 and PPD1 while Oxtr, FosB, Foxb1 decreased expression
∼ three-fold.

In the lateral amygdala (aLA and pLA; Figures 4A,B) similar
changes in expression were seen, with decreases in Dbh and Foxb1
continuing to be a common trend in all main olfactory system
areas. The pLA had the most pronounced decreases in expression
of these two genes observed in the main olfactory system, to levels
we would consider close to the “unexpressed” range (i.e., detected
more than 15 cycles after the detection of the housekeeping gene).
Mest was found to increase in both aLA and pLA at PPD1 by two-
fold. The Prlr was found to also increase expression two-fold in
the pLA at PPD1.

In EC, the last region we studied in the main olfactory system
(Figure 4C), in contrast to all the other studied areas, Dbh expres-
sion was not changed in the early postpartum period. Foxb1 was
downregulated as observed in the other regions. Both the Oxtr and
Prlr were found to decrease, which is surprising for Prlr as it was
already expressed at very low levels to start with (Figure 2). Mest
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FIGURE 3 | Changes in fold expression (determined by CT method) at

PPD0 and PPD1 in the (A) OB, (B) OT, and (C) aPC. Mean ± SD are plotted
on a log 2 scale, such that fold increases and decreases are represented
linearly.

was observed to increase ∼1.5-fold, similar to the increase seen in
the LA and OT.

Even though the LA and EC do not receive exclusive inner-
vations from the main olfactory system, the changes in gene
expression observed are consistent with changes observed in
the OB, OT, and aPC (i.e., decreases in Dbh, Foxb1, and
Oxtr). This suggests that system wide changes are maintained
along the pathway, and may underlie some aspects of maternal
behavior.

FIGURE 4 | Changes in fold expression (determined by CT method) at

PPD0 and PPD1 in the (A) aLA, (B) pLA, and (C) EC. Mean ± SD are
plotted on a log 2 scale, such that fold increases and decreases are
represented linearly.

ACCESSORY OLFACTORY SYSTEM
Sensory information detected in the VNO epithelium is processed
in the accessory olfactory system. VNO sensory neurons synapse
on AOB mitral cells, which project to four nuclei of the limbic
system: the bed nucleus of the stria terminalis (BST), the nucleus
of the accessory olfactory tract (nAOT), the aMA and the pMA
(Dulac and Wagner,2006). Projections from medial amygdala con-
nect to hypothalamus, where they converge in some hypothalamic
areas with main olfactory information.
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The most striking changes in gene expression observed were in
the AOB (Figure 5A) where seven genes exhibited moderate (i.e.,
greater than two-fold change in expression) or strong changes (i.e.,
greater than four-fold change in expression). Dbh and Foxb1 in
particular downregulate eight-fold, a dramatic change sustained
over both days. It is important to note that this downregulation
brings expression into the “unexpressed” range. Esr1 also down-
regulates strongly, to nearly one-fourth of baseline, on both days.
Interestingly, in the AOB, all three of these genes have high baseline
levels to begin with (Figure 2), relative to olfactory bulb and other
primarily olfactory structures.

Concurrently, Mest1, Nos1, Peg3, and Prlr upregulate more than
two-fold (Prlr increased ∼six-fold). As mentioned above, however,
initial Prlr levels were extremely low in AOB, so while a six-fold
increase in Prlr levels in the AOB may have some effect, it may not
be comparable to other, similarly large fold changes. FosB shows
a more modest change, with an ∼two-fold decrease in expression.
Therefore we show that in the AOB, a region known to be impor-
tant in mediating a variety of social odor cues, eight out of nine
of maternally relevant genes display large magnitude changes in
expression in the early postpartum period.

In both the aMA and pMA (Figures 5B,C) we saw smaller
effects than in the AOB; however, changes largely mirrored those
seen in the AOB. Dbh, FosB, and Foxb1 downregulated their expres-
sion while Mest and Prlr increased expression. In contrast to the
AOB, Esr1 showed a two-fold increase at PPD1 in the aMA.

HIPPOCAMPUS
The olfactory systems provide substantial and direct input to the
hippocampus (Staubli et al., 1995). EC densely innervates granule
cells in the dentate gyrus, as well as connecting to hippocam-
pal pyramidal cells in CA1 and CA3 (Staubli et al., 1995; Canto
et al., 2008). aHC was analyzed independently to pHC, as these
regions are known to regulate different information (Woollett and
Maguire, 2009).

We found the single largest gene expression change in the aHC
(Figure 6A). Prlr was observed to undergo a ∼16-fold increase in
expression at PPD1, after an initial decrease in expression at PPD0.
We did not observe changes in Prlr expression in pHC (Figure 6B),
suggesting that this is specific to the aHC. Dbh and FosB were
observed to decrease in both regions, while Mest was found to
increase on PPD1 in both regions. Foxb1 expression decreased only
in aHC at PPD0, again consistent with the functional dichotomy
of these regions.

DISCUSSION
Our results show that the expression of nine known genes regulat-
ing early maternal behavior is differentially modulated in olfactory
brain regions in the early postpartum period. Interestingly, we did
not see large changes in most genes between PPD0 and PPD1
indicating that increased exposure to pups did not elicit further
widespread changes in gene expression. We find the largest changes
in the AOB, the first component of the accessory system which
mediates a variety of olfactory cues including many known to
elicit stereotypic behaviors. Our data support the hypothesis that
behavioral phenotypes observed in mice which lack expression of
these genes may have an olfactory component. Moreover, our data

FIGURE 5 | Changes in fold expression (determined by CT method) at

PPD0 and PPD1 in the (A) AOB, (B) aMA, and (C) pMA. Mean ± SD are
plotted on a log 2 scale, such that fold increases and decreases are
represented linearly.

provide a basis to design appropriate olfactory behavioral tests
to assess olfaction in these null mice. This is important because
if a gene shows changes in expression in the accessory olfactory
system, it would be important to use an odor which is detected
in the VNO to assess olfactory function. To date many studies
have lacked this important information, and have concluded that
olfaction is “intact” after testing with one or two odorants which
may not reveal the existing deficit. Similarly, tests of olfactory
function have not been performed in this immediate postpartum
period which, given the dynamic changes in gene expression we
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FIGURE 6 | Changes in fold expression (determined by CT method) at

PPD0 and PPD1 in the (A) aHC and (B) pHC. Mean ± SD are plotted on a
log 2 scale, such that fold increases and decreases are represented linearly.

demonstrate, may also fail to reveal olfactory deficits. Collectively
our data demonstrate how variable and responsive gene expression
is during this period in the maternal olfactory brain, and highlight
the importance of testing olfactory function in maternal behav-
ioral paradigms in the immediate postpartum period (PPD0 and
PPD1).

Olfactory cues have well established roles in eliciting maternal
behaviors in rodents. In rodents, as in most mammals, mater-
nal behaviors emerge at or close to parturition. These behaviors
include nest building,nursing,pup retrieval, and aggression. Anos-
mic mice show impaired maternal behavior, with the majority of
females eating their progeny (Gandelman et al., 1971a,b; Vanden-
bergh, 1973; Seegal and Denenberg, 1974). Experience mitigates
these effects, as olfactory bulbectomy in multiparous mice does
not result in cannibalism (Seegal and Denenberg, 1974). Like-
wise, mice which lack AC3, a component of the olfactory signal
transduction cascade in the main OE, are largely anosmic and
have impaired maternal behavior, although they do not canni-
balize their young (Wang and Storm, 2011). In contrast, removal
of the VNO does not result in cannibalism (Lepri et al., 1985).
This apparent lack of dependence on VNO signaling for maternal
behavior may be a reflection, however, of recent evidence showing
that that some pheromones initially thought to be solely processed
by the VNO, are also detected in the MOE in mice (Mandiyan

et al., 2005; Liberles and Buck, 2006; Wang et al., 2006). While they
do not display cannibalism, mice with surgically removed VNOs
do display impaired maternal behavior, which is mirrored in mice
which lack Trp2C, a component of the signal transduction cascade
in VNO neurons (Kimchi et al., 2007).

In contrast to the studies above, which looked at the role of sen-
sory innervation in olfactory circuits, we were interested in seeing
whether known maternally regulated genes had effects in olfactory
cortical circuits. From expression databases (i.e., Alan Brain Atlas)
we knew that all nine genes were expressed in olfactory regions and
were present in a spatiotemporal window to be modulated in the
postpartum period. Our data (summarized in Figure 7) indicates
that these genes do undergo regulation of expression in the post-
partum period. We observed some general trends in the expression
changes: Five genes (Dbh, Esr1, Foxb1, FosB, and Oxtr) were found
to decrease their expression, while Mest and Prlr increased their
expression. Nos1 and Peg3 were largely stable across regions, apart
from a region-specific increase in the AOB.

In light of these findings, it is interesting to note that analyses
of most lines of null mice for these genes either did not include
an assessment of olfaction, or only checked to see if the mice
were anosmic (reviewed in (Leckman and Herman, 2002). The
exception was the analyses of Dbh−/− mice (Brennan et al., 1990;
Thomas and Palmiter, 1997) which also checked the accessory
olfactory system by assessing whether pregnancy block was intact.
In no case were salient maternal odors such as pup urine tested.
Wang and Storm (2011) used a pup/odor preference test to assess
olfaction in AC3−/− mice which would also be useful for testing
lines of null mice with maternal phenotypes. This test involves
placing pups (anesthetized to eliminate ultrasonic vocalizations)
in one opaque chamber and assessing how much time a dam
spends exploring/sniffing the empty vs. pup containing cham-
ber. Using this paradigm to test olfaction in null mice may more
accurately tease out the contribution that olfaction plays in the
observed phenotype.

The largest changes in gene expression we observed were in
the accessory olfactory system, specifically in the AOB and aMA.
In the main olfactory system the changes were predominantly
observed downstream from the OB, in the OT, aPC, and pLA.
The further downstream one gets, the less olfactory specific a
region becomes. There is sensory integration in the amygdala
from multiple sources, yet it is interesting to note how the changes
largely mirror changes upstream. For example, Dbh was observed
to decrease in all regions examined, apart from EC. Functionally
this would result in a decrease in epinephrine/norepinephrine syn-
thesized in these areas and most likely a concomitant increase in
dopamine. This argues for continuity in gene expression in olfac-
tory circuits and suggests that these changes may be behaviorally
relevant.

It is perhaps not surprising that we saw the largest magni-
tude changes in the accessory olfactory system. This pathway is
responsible for mediating many innate behaviors such as gender
recognition, mating behavior, and aggression, as well as female
estrus cycle (reviewed in (Dulac and Wagner, 2006). In addition
to pheromone sensing, this pathway can also processes a variety of
odors that are not pheromones (Trinh and Storm, 2003; Ben-Shaul
et al., 2010). This circuit, in contrast to the main olfactory pathway,
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FIGURE 7 | Summary diagram of trends in gene expression changes at

PPD0 and PPD1. Using mean fold expression, we plotted changes in
expression in a matrix of region vs. gene.This matrix highlights that the largest
magnitude changes (both increase and decrease in expression) were found in
the accessory olfactory pathway (i.e., AOB and aMA). It also highlights that

many genes tended to follow trends in expression in the immediate
postpartum period, generally showing either a decrease or an increase in
expression in most regions, rather than having variable changes. Note, genes
were determined to have no change in expression if the mean fell between
0.9 and 1.1 (i.e., observed changes were less than 10% of virgin controls).

bypasses cortical areas and directly projects to the limbic system.
This short synaptic distance from sensory input to effector targets
in the hypothalamus (see Figure 1) suggest that this pathway medi-
ates pre-programmed responses (Dulac and Wagner, 2006). The
large magnitude changes we detected in the immediate postpar-
tum period were relatively stable from PPD0 to PPD1 (Figure 7)
which supports the model of genetically pre-programmed mater-
nal behavioral responses rather than adaptive, experienced-based
responses proposed by Dulac and Wagner (2006).

In summary our data show that known maternally regulated
genes also have regulated gene expression in the olfactory system
during the immediate postpartum period. This pattern of regu-
lation appears to be synchronized across the main and accessory
olfactory circuits, with the largest magnitude changes seen in the

accessory pathway. Our data also highlight the importance of eval-
uating olfaction using salient odors in the immediate postpartum
period when assessing maternal behavior deficits.
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Objectives:This study examined the association between prenatal cocaine exposure and
children’s self-regulation at 3 years of child age. In addition to direct effects of prenatal
cocaine exposure on children’s self-regulation, we hypothesized there would be indirect
associations between cocaine exposure and self-regulation via higher maternal harsh-
ness and poor autonomic regulation in infancy. Methods: The sample consisted of 216
mother–infant dyads recruited at delivery from local area hospitals (116 cocaine-exposed,
100 non-exposed). Infant autonomic regulation was measured at 7 months of age during an
anger/frustration task, maternal harshness was coded from observations of mother–toddler
interactions at 2 years of age, and children’s self-regulation was measured at 3 years of age
using several laboratory paradigms. Results: Contrary to hypotheses, there were no direct
associations between maternal cocaine use during pregnancy and children’s self-regulation.
However, results from testing our conceptual model including the indirect effects via
maternal harshness or infant parasympathetic regulation indicated that this model fit the
data well, 2χ (23) = 34.36, p > 0.05, Comparative Fit Index = 0.95, RMSEA = 0.05. Cocaine
using mothers displayed higher intensity of harshness toward their toddlers during lab inter-
actions across a variety of tasks at 2 years of age (β = 0.23, p < 0.05), and higher intensity of
harshness at 2 years was predictive of lower self-regulation at 3 years (β= −0.36, p < 0.01).
Maternal cocaine use was also predictive of a non-adaptive increase in respiratory sinus
arrhythmia (RSA) from baseline to the negative affect task, but RSA change in infancy was
not predictive of self-regulation at 3 years. Conclusion: Results are supportive of animal
models indicating higher aggression among cocaine treated dams, and indicate that higher
maternal harshness among cocaine using mothers is predictive of child self-regulatory
outcomes in the preschool period.

Keywords: cocaine exposure, self-regulation, maternal harshness, autonomic regulation

INTRODUCTION
Maternal cocaine use remains a significant problem affecting large
numbers of mothers and their children (Savitz et al., 2002).
Increasingly, studies have indicated that prenatal exposure to
cocaine is associated with alterations in infant behavioral and
physiological regulation. Because cocaine crosses the fetal blood–
brain barrier, it has the potential to directly alter neurotransmitter
systems in the developing fetal brain. Cocaine is known to inhibit
the re-uptake of monoamines at the presynaptic junction, lead-
ing to higher concentrations of norepinephrine, serotonin, and
dopamine in the synaptic cleft and higher levels of activation in the
catecholaminergic systems (Gawin and Ellinwood, 1988; Nassogne
et al., 1998). Regions of the brain that are rich in monoamines
are the very centers involved in regulatory activities and reac-
tivity to stress (Tucker and Williamson, 1984; Robbins, 1997). A
number of human studies have consistently reported significant
associations between prenatal cocaine exposure and some aspects
of the regulatory system including both behavioral (Karmel and
Gardner, 1996; Bendersky and Lewis, 1998; Mayes et al., 1998)

and autonomic regulation (Silvestri et al., 1991; Bard et al., 2000;
Schuetze and Eiden, 2006; Schuetze et al., 2009b). Animal models
also indicate that prenatal cocaine alters offspring attention and
arousal regulation (Gendle et al., 2004), disrupts emotionality and
social behaviors in juvenile and adult offspring (Wood et al., 1994,
1995; Johns and Noonan, 1995; Johns et al., 1998a; Wood and
Spear, 1998; Overstreet et al., 2000), and increases sensitivity to
environmental stressors (Sobrian et al., 1990; Spear et al., 1998).
Taken together, both the human literature and studies using animal
models suggest that prenatal cocaine exposure has the potential to
significantly alter the regulatory system.

One physiological regulatory system that supports infant social
behaviors including later self-regulation is the parasympathetic
branch of the infant autonomic system. This system allows for
quick changes in metabolic inputs and outputs from the heart
and facilitates behaviors necessary for social exchanges. Two com-
monly used measures of parasympathetic regulation are vagal
tone or respiratory sinus arrhythmia (RSA), a measure of vari-
ability in heart rate that occurs at the frequency of respiration or
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vagal tone during rest, and vagal reactivity indexed by change in
RSA in response to challenge (Porges, 1991, 2007). In response
to challenge, the vagus acts as a brake to accelerate cardiac and
metabolic output and this may be indexed by a decrease in RSA
(Porges, 1996, 2007; Bornstein and Suess, 2000). Change in RSA
as a response to challenge reflects an ability to respond to rapidly
changing environmental inputs, i.e., changes in social signals that
underlie interpersonal interactions (Beauchaine, 2001) and the
initiation of coping strategies to manage affective and behavioral
arousal (Calkins, 1997). RSA change is associated with aspects of
self-regulation such as executive control (Marcovitch et al., 2010)
and externalizing behavior problems (Calkins et al., 2007), with
RSA decrease or vagal withdrawal indicating more adaptive reg-
ulatory functioning. Thus, RSA change in response to challenge
during infancy is likely to be a significant prospective predictor of
self-regulation in later years.

There is emerging evidence that prenatal cocaine exposure
may be associated with poor autonomic regulation. However, the
majority of these studies have been limited to the neonatal period.
For instance, studies have reported lower heart rates (Silvestri et al.,
1991), greater high-frequency power as a portion of total spectral
power indicating an increase in vagal activity (Mehta et al., 1993),
and greater overall heart rate variability (Regalado et al., 1996,
2001) in cocaine-exposed compared to non-cocaine-exposed
neonates. These studies suggest increased parasympathetic activ-
ity during rest among cocaine-exposed neonates. Beyond the
neonatal period, previous results from the current study sample
indicated that cocaine-exposed infants exhibited lower parasym-
pathetic regulation during sleep at 4–8 weeks of age (Schuetze and
Eiden, 2006), and an increase in RSA from rest to challenge instead
of the more adaptive decrease in RSA at 7 and 13 months of infant
age (Schuetze et al., 2009a,b). These altered RSA responses could
therefore indicate altered parasympathetic regulation and perhaps
be a predictor of altered self-regulation later in life.

As the child develops after birth, reactive forms of regula-
tion are increasingly supplemented by effortful forms of con-
trol or self-regulation through interactions with the caregiving
environment (Rothbart et al., 1990). Flavell (1977) described self-
regulation as the“one of the really central and significant cognitive-
developmental hallmarks of the early socialization period” (p. 64).
Although there are numerous definitions of self-regulation, a com-
mon theme is the process of modulating behavior and affect given
contextual demands (Posner and Rothbart, 2000). Although regu-
latory processes begin to develop in the prenatal period, regulation
evolves into a complex and relatively stable self-initiated process
by the preschool period (see Calkins and Fox, 2002; Campbell,
2002). Recently, two related but distinct aspects of self-regulation
in the preschool to early school age period have been delineated,
effortful control and internalized conduct. Effortful control has
been defined as the ability to suppress inappropriate behavior
and perform required or appropriate behavior in response to
environmental demands. Effortful control becomes increasingly
important beyond the second year of life, has considerable longi-
tudinal stability, and predicts externalizing behavior problems at
later age (Rothbart et al., 1994; Kochanska et al., 1997; Kochanska
and Knaack, 2003; Eisenberg et al., 2005a). Internalization of rules
of conduct has been defined as regulated or appropriate behavior

in response to contextual demands even in the absence of surveil-
lance (e.g., Kopp, 1982; Maccoby and Martin, 1983; Kochanska and
Aksan, 1995). The normative change from external monitoring of
child behavior to more self-regulated behavior even in the absence
of close supervision is the result of developing internalization of
rules of conduct.

A variety of factors may disrupt the development of self-
regulation. Primary among these is the quality of parenting or
caregiving. A number of parenting dimensions have been exam-
ined in the literature, and the pattern of results indicate that several
different aspects of parenting prospectively predict the develop-
ment of self-regulation (see Eisenberg et al., 2004; Calkins and
Hill, 2007, reviews). Intrusive, hostile, punitive, and/or directive
parenting styles have been uniformly associated with poor self-
regulation among children, while warm, supportive parenting has
been associated with more optimal self-regulation (see Eisenberg
et al., 2004). One aspect of parenting that may be particularly sig-
nificant among CE children is maternal hostility or harshness.
Cocaine using mothers are more disengaged and passive dur-
ing mother–infant interactions in the neonatal period (Gottwald
and Thurman, 1994); are less flexible and engaged during feed-
ing interactions (LaGasse et al., 2003); have lower responsiveness
and enthusiasm in later infancy (Burns et al., 1991, 1997); are less
emotionally engaged in the toddler period (Molitor et al., 2003);
use fewer positive reinforcements and more threats of physical dis-
cipline in the toddler/preschool period (Bauman and Dougherty,
1983); display more harshness or aggression during different labo-
ratory based interactions at 2 years of age (Eiden et al., 2011); and
are more hostile and intrusive in a structured teaching situation
at 3 years of age (Johnson et al., 2002). Higher maternal hostil-
ity or harshness toward the child has significant implications for
the development of children’s self-regulation (see Eisenberg et al.,
2004, review).

A number of studies on alterations in maternal behavior as
a function of cocaine use have used animal models. Treatment
with a constant moderate dose of cocaine throughout gestation
results in rat dams being less attentive to their pups. Behaviors
that are altered in cocaine treated dams compared to saline con-
trols are those important for the pups’ survival including: nursing,
licking, and touching pups, spending time with pups and prepar-
ing nests for them. These deficits in maternal care are especially
prevalent during the early postpartum period (Zimmerberg and
Gray, 1992; Johns et al., 1994, 1998a; Kinsley et al., 1994; Vernotica
et al., 1996), have been shown to disrupt maternal care following
both acute and chronic moderate cocaine doses (Vernotica et al.,
1996; Johns et al., 1998a; Nelson et al., 1998; Lubin et al., 2001),
and can also be found following direct administration of cocaine
to brain nuclei implicated in the regulation of maternal behavior
(Vernotica et al., 1999). Gestational cocaine treatment also results
in non-protective or overly aggressive behavior toward an intruder.
Even in the presence of a submissive home cage intruder, dams
exposed to cocaine, exhibited more non-adaptive and compul-
sive aggressive behavior than saline controls (Heyser et al., 1992;
Johns et al., 1994,1998b). Additionally, young adult mother rats
that were reared by cocaine treated mothers or were gestationally
exposed to cocaine, subsequently exhibited heightened aggression
toward non-threatening intruders with no correlated increase in
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pup contact or care. These findings indicated an intergenerational
effect in maternal aggressive behavior based on either, cocaine
exposure or postnatal environment (McMurray et al., 2008).

Results from a number of studies support the association
between maternal harshness and self-regulation. Mothers who dis-
play higher verbal or physical harshness toward their children use
these punitive methods to control behavior. Maternal use of power
oriented discipline characterized by high punitive or aggressive
control and low positive affect is universally detrimental to the
development of children’s self-regulation (Baumrind, 1971; Mac-
coby and Martin, 1983; Kochanska and Knaack, 2003). The asso-
ciation between maternal harshness during mother–child interac-
tions and children’s self-regulation may reflect modeling of poor
self-control, some aspect of temperamental risk transmission, or
a combination of both.

Thus, in addition to potential direct effects of prenatal cocaine
exposure on children’s self-regulation, there may be two indirect
pathways linking maternal cocaine use to children’s self-regulation,
one via the association of maternal cocaine use and higher mater-
nal harshness, and the other via poor parasympathetic regulation
in infancy. The purpose of this study was to examine a conceptual
model testing these indirect associations between maternal cocaine
use during pregnancy and children’s self-regulation at 3 years of
age. Given the association between maternal cocaine and other
substance use such as cigarettes and alcohol, the model tested
in this study included amount of cigaret and alcohol use dur-
ing pregnancy. Boys have been found to have lower self-regulation
compared to girls, and the direct and indirect associations between
maternal cocaine use and self-regulation may vary as a function of
child gender. Thus, we hypothesized that child gender may serve
as a moderator of these associations, such that the associations
between cocaine exposure and children’s self-regulation may be
stronger for boys compared to girls.

MATERIALS AND METHODS
PARTICIPANTS
The sample consisted of 216 mother–infant dyads participating
in an ongoing longitudinal study of prenatal cocaine exposure
(116 cocaine-exposed or CE, 100 not cocaine-exposed or NCE).
An outreach worker on the project staff recruited all participants
after delivery from two local area hospitals. Mothers ranged in
age from 18 to 42 years (M = 29.78; SD = 5.46). The majority of
mothers were African American (74%), were receiving Temporary
Assistance for Needy Families (71%) at the time of their first lab-
oratory visit (Years 2001–2004), and were single (60%). Of the
216 children, 106 (49%) were male. All families were recruited
from two hospitals serving a predominantly low-income popula-
tion and the two groups were matched on maternal education,
maternal race/ethnicity, and infant gender. The study received
approval from the children and youth institutional review board of
the University at Buffalo. Informed written consent was obtained
from all recruited participants. Participants were compensated for
their time in the form of gift certificates, checks, and infant toys at
each assessment, with the amount increasing over time. All infant
assessments (birth to 2 years) were conducted at age corrected for
prematurity.

Maternal and child assessments were conducted at 4–8 weeks,
7, 13, 24, and 36 months of child age. By 36 months of child age, 46
children in the cocaine group and 4 children in the control group
had been removed from parental care and placed in non-parental
care. All assessments were conducted with the primary caregiver
of the child at that time, although for ease of presentation the
terms mother and maternal are used throughout the manuscript
when referring to the primary caregiver. The primary caregiver
was identified as the adult who had legal guardianship of the child
and accompanied the child at all appointments.

PROCEDURE
All mothers were screened after delivery for initial eligibility and
matching criteria. Interested and eligible mothers were given
detailed information about the study and asked to sign consent
forms. About 2 weeks after delivery, mothers were contacted and
scheduled for their first laboratory visit, which took place at the
time that their infant was approximately 4–8 weeks old. All visits
consisted of a combination of maternal interviews, observations
of mother–infant interactions, and infant assessments. In the cir-
cumstance of a change in custody arrangements, the person who
had legal guardianship of the child was contacted and asked to par-
ticipate. Biological mothers were interviewed at the 4- to 8-week
assessment in addition to the foster mother in order to obtain
accurate information about prenatal substance use.

Once a family was recruited into the cocaine group, the clos-
est matching non-cocaine group family was recruited. However,
a significantly higher proportion of mothers in the non-cocaine
group declined participation or withdrew before formal enroll-
ment, resulting in a smaller number of families in the control
group. Of the 4,800 women screened at delivery, 340 were eligi-
ble for participation in either group. Of these 340 women, 35%
either declined participation or were not enrolled in the study
because they expressed initial interest but later withdrew, resulting
in a sample of 220 mother–infant dyads. Of these 220 mother–
infant dyads, 4 were excluded from analyses (two infants were
later diagnosed with fetal alcohol syndrome, one was later diag-
nosed with shaken baby syndrome, and one infant was severely
delayed), resulting in a final sample of 216 dyads. Mothers who
participated were more likely to be between 18 and 25 years of age
(p < 0.001), and were more likely to have a high school or below
high school education (p < 0.001), compared to those who were
eligible but not enrolled. Mothers who participated were also more
likely to be in the cocaine group (with a participation rate of 91%
among cocaine group eligibles) compared to those who were eligi-
ble but not enrolled. The majority of mothers in the cocaine group
who were eligible but not enrolled in the study had children who
were placed in non-maternal care. There were no other differences
on any demographic variables between those who participated
and those who were eligible but not enrolled or between moth-
ers in the cocaine group who participated compared to those who
did not.

ASSESSMENT OF GROWTH AND RISK STATUS
Three measures of growth were used in this study: birth weight
(gm), birth length (cm), and head circumference (cm). All
measurements were taken by obstetrical nurses in the delivery
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room and recorded in the infant’s medical chart. Research staff
recorded this information from the charts after recruiting the
mother–infant dyad. Medical chart review at the time of recruit-
ment also was used to complete the obstetrical complications scale
(OCS; Littman and Parmelee, 1978), a scale designed to assess the
number of perinatal risk factors experienced by the infant. Higher
numbers on this scale indicate lower obstetrical risk. Gestational
age was calculated by dates and extracted from medical records.

IDENTIFICATION OF SUBSTANCE USE
Cocaine status was determined by a combination of maternal
report, chart review, and maternal hair-analysis. Urine toxicolo-
gies were routinely conducted at the first prenatal visit on maternal
urine and/or at delivery (for those mothers who tested positive
prenatally, obtained prenatal care elsewhere, or did not receive any
prenatal care) on infant and maternal urine by participating hos-
pitals. Mothers were included in the cocaine group if self-reports
were positive, regardless of urine toxicology or hair-sample results.
Similarly, mothers who reported that they did not use cocaine but
had positive urine toxicology or hair-samples were included in
the cocaine group. Approximately 90% (n = 195) of infants and
mothers in the study had urine samples available for assay and
hair-samples were collected for all participants.

Urine toxicologies consisted of standard urine screening for
drug level or metabolites of cocaine, opiates, benzodiazepines, and
tetrahydrocannabinol. Urine was rated positive if the quantity of
drug or metabolite was >300 g/ml. Hair-samples were collected
from the mothers at the first laboratory visit and sent to the
Psychemedics Corporation for Radioimmunoanalyses (RIAH).
Hair-samples were screened for cocaine followed by a gas chro-
matography/mass spectrometry (GC/MS) confirmation for pos-
itive cocaine screens. Drugs and their metabolites are absorbed
into the hair and can be extracted and measured. As hair grows
at an average rate of 1/2 inch per month, it can record a pattern
of drug consumption related to the amount and frequency of use
(see Baumgartner et al., 1989). Thus, a 2-inch length of hair could
contain a record of approximately 4 months of use, and given ade-
quate hair length (i.e., about 4–5 inches), use per trimester may
be recorded. Drugs become detectable in hair about 3–4 days after
use, a time when cocaine is rendered undetectable by urinaly-
sis. RIAH is the most well-established hair-analysis technique and
has been replicated by independent laboratories across the world
(see Magura et al., 1992). GC/MS confirmations of RIAH have not
revealed any false positives because of testing errors (Magura et al.,
1992). Special washing techniques and data pertaining to kinetics
of washing were used to distinguish external contamination from
intentional use. These methods have been verified by independent
investigators to distinguish between passive and active exposure
(see Mieczkowski and Newel, 1997).

Approximately 55% of the mothers in the CE group had posi-
tive urine toxicologies at delivery, and 79% of the mothers in the
CE group had hair-samples that tested positive for cocaine during
pregnancy. There were 23 mothers in the cocaine group who did
not have a positive toxicology result on any biomarker of cocaine,
but all of these mothers admitted to having used cocaine in the
brief self-report screening instrument administered after deliv-
ery. Mothers in the comparison group reported not having used

any illicit substances other than marijuana. They also tested neg-
ative for cocaine or illicit substances other than marijuana based
on urine and hair-analysis results. Additional exclusionary crite-
ria for all mothers were (a) maternal age younger than 18 years,
(b) use of illicit substances other than cocaine or marijuana, and
(c) significant medical problems for the infant (e.g., genetic dis-
orders, major perinatal complications, baby in critical care for
over 48 h). Of the women screened at delivery, 126 acknowledged
using illicit substances other than cocaine or marijuana at the
screening interview and 149 infants had major medical problems.
Thus, a total of 275 women were excluded based on these two
criteria.

The timeline follow-back interview (TLFB; Sobell et al., 1986)
was used to assess maternal substance use during pregnancy and
postnatally. Participants were provided a calendar and asked to
identify events of personal interest (i.e., holidays, birthdays, vaca-
tions, etc.) as anchor points to aid recall. This method has been
established as a reliable and valid method of obtaining longitudi-
nal data on substance-use patterns, has good test–retest reliability,
and is highly correlated with other intensive self-report measures
(Brown et al., 1998). The TLFB yielded data about the average
number of days of cocaine use per week, average number of joints
smoked per week, average number of cigarettes smoked per week,
and average number of standard drinks per week during preg-
nancy. These variables were quite skewed and were transformed
using square root transformations before further analyses. Average
number of joints per week during pregnancy was not associated
with cocaine group status (see below), or with the mediators or
outcomes examined in this study. Thus, this variable was dropped
from model testing. Average number of cigarettes per week and
number of standard drinks per week during pregnancy were used
as predictors in model testing. Postnatal substance use was com-
puted by taking the average of number of days used cocaine,
number of cigarettes per week, number of standard drinks per
week, and number of joints per week from the 4- to 8-week, 7, 13,
24, and 36 month assessments.

INFANT AUTONOMIC REGULATION
At the 7-month assessment, the physiological assessment of reac-
tivity and regulation was recorded during a 3-min baseline period,
a 2-min puppet show, a 3-min inter-task interval and a frustration
task (2 min) by examiners blind to infant group status. Infants
were tested while seated in a high-chair. Recording of the physio-
logical data began once the infant was observed to be in a stable,
quiet, alert state. A resting state was induced by having the infant
watch a 3 min segment of a neutral videotape “Baby Einstein” (see
Calkins, 1997, for similar procedures for inducing rest). Although
this condition was not a true baseline because infant attention
was engaged, it served to keep the infant seated quietly without
eliciting affect, thereby minimizing movement artifact. All phys-
iological data were recorded continuously on-line directly into a
data acquisition computer.

A five-channel Bioamp (James Long Company, Caroga Lake,
NY, USA) recorded respiration and electrocardiograph (ECG)
data. Disposable electrodes were triangulated on the infant’s chest.
A respiration bellows was placed at the bottom of the ster-
num (xiphoid process) to measure inspiration and expiration.
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IBI Analysis software (James Long Company, Caroga Lake, NY,
USA) was used to process the HR data and to calculate RSA. HR
samples, which were collected every 10 ms, were used to calcu-
late mean HR per 1-s period. A level detector was triggered at the
peak of each R-wave. The interval between sequential R-waves was
calculated to the nearest millisecond. Data files of R-wave inter-
vals were later manually edited to remove incorrect detection of
the R-wave or movement artifacts. The software computes RSA
using respiration and interbeat interval (IBI) data as suggested by
Grossman (1983). The difference between maximum IBI during
expiration and the minimum IBI during inspiration was calcu-
lated. The difference, which is measured in seconds, is considered
to be a measure of RSA, and is measured twice for each respira-
tion cycle (once for each inspiration and once for each expiration).
The time for inspirations and expirations is assigned as the mid-
point for each. The time for each arrhythmia sample is assigned
as the midpoint between an inspiration time and an expiration
time. The software synchronizes with respiration and is, thus, rel-
atively insensitive to arrhythmia due to tonic shifts in heart rate,
thermoregulation, and baroreceptor.

Average RSA was calculated for the 3-min baseline period,
for the puppet show, and for each arm restraint trial. The arm
restraint paradigm is a widely used, well-validated measure of
anger/frustration used to assess infant regulation and reactivity
(Goldsmith and Rothbart, 1988; Stifter and Braungart, 1995). In
this episode, the child was allowed to play with an attractive toy
for 30 s, until the child was engaged with the toy. The caregiver
was asked to stand behind the child, place her hands on the child’s
forearms, move them to the child’s sides, and hold them there
for 30 s, while maintaining a neutral expression. After the first
trial, the caregiver was again asked to play with the child for
30 s followed by a second trial. The session was stopped at the
caregiver’s request or if the child reached a maximum distress
code, defined as the child reaching the highest intensity of nega-
tive affect of a full cry. This occurred for eight infants (five NCE
and three CE), who had RSA data set to missing. The child was
allowed to play with the toy at the end of the two trials. Because
there were no significant differences in RSA between the two tri-
als, we created mean RSA for the two arm restraint trials. To
assess autonomic regulation, we calculated a change score for RSA
from baseline to arm restraint. Negative scores indicate a decrease
in RSA and are reflective of more optimal parasympathetic
regulation.

MATERNAL HARSHNESS
Maternal harshness was coded during specific segments of the
24-month observational assessments. These included a 10-min
mother–child free play paradigm, a 10-min clean-up, 8-min struc-
tured play, 10-min eating a snack, and 5-min emotion regulation
paradigm. Following previous studies (Keenan and Shaw, 1994),
this allowed for coding of maternal and child harshness across
varying levels of stress, from none (e.g., during free play), to mod-
erate (clean-up), to higher levels of stress (emotion regulation
paradigm). For free play, mothers were asked to spend some time
with their children as they normally would at home in a room
with age appropriate toys. This was followed by the clean-up para-
digm. Mothers were asked to have their children clean-up the toys,

with the primary responsibility for toy clean-up being the child’s.
During snack, mother–child dyads were presented with a choice
of snacks and drinks and spent time eating, and looking at books
if they finished eating before 10 min. The structured play situation
consisted of a series of goal oriented tasks (e.g., puzzles, sorting,
etc.). Mothers were asked to have the child complete each task.
During the 5-min emotion regulation paradigm, mother–child
dyads were left in the room with no toys or activities to interest the
child. Mothers were asked to sit at a table and complete question-
naires. This situation is generally stressful for both mothers and
reflective of naturalistic situations where they may have competing
demands on their attention (Newby and Campbell, 1999).

Harshness was coded on the basis of codes developed in pre-
vious studies (Cummings et al., 1989; Keenan and Shaw, 1994).
This included physical harshness (hitting, kicking, biting, push-
ing) directed toward a person (e.g., to mother or examiner from
child, to child from mothers); physical harshness directed toward
an object (e.g., banging, throwing, pounding toys); verbal harsh-
ness that consists of cursing (use of obscene language or gestures);
and verbal harshness that consists of threats (words used to attack
a person or threats of harm). Event coding of each aggressive
episode was triggered by the mother or the child displaying any
of these behaviors. Each episode was coded for duration or length
of time that episode lasted, and the highest rating of harshness
during that episode ranging from 1 = none to 4 = highly aggres-
sive. An overall rating of intensity of maternal and intensity of
child harshness was also coded along a 4-point scale ranging
from 1 = no harshness to 4 = severely aggressive. Average inten-
sity of verbal harshness (average or cursing and threat) ranged
from 1 to 2 (M = 1.374, SD = 0.26). Average intensity of phys-
ical harshness ranged from 1 to 2.25 (M = 1.37, SD = 0.28).
Average duration of verbal or physical harshness was 69.21 s
(SD = 96.72). Approximately 21% of mothers displayed no verbal
harshness and 21% displayed no physical harshness. The intensity
of verbal or physical harshness considered individually was low.
Thus, the final variable for maternal harshness consisted of the
average intensity of overall harshness across the different types
of harshness, with higher scores indicating higher intensity of
harshness.

Two coders blind to group status rated mother and toddler
harshness. They were trained by the first author until inter-rater
reliability criterion was reached (agreement of 90% or above).
Subsequently inter-rater reliability was established on 20% of
the tapes. Inter-rater reliability on average intensity of maternal
harshness was high (intra-class correlation of 0.87).

CHILD SELF-REGULATION AT 36 MONTHS
The latent construct of self-regulation used in data analyses con-
sisted of three measured indicators, two effortful control measures
(snack delay and prize delay) and an observational measure of
internalization of rules of conduct. The effortful control tasks
were taken from a battery of tasks developed by Kochanska et al.
(1996b) and Kochanska and Knaack (2003). These measures have
been used extensively in developmental studies, have high inter-
nal consistency, and high construct and predictive validity (see
Kochanska et al., 1996a; Zimmerberg and Gray, 1992). In the first
task, snack delay, the child has to wait for the experimenter to ring
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a bell before retrieving an M and M from under a glass cup (four
trials: delays of 10, 20, 30, and 45 s). Halfway through the delay,
the experimenter lifts the bell but does not ring it. Coding ranged
from 0 (eats the snack before the bell is lifted) to 4 (waits for the
bell to ring before touching cup or snack). The mean score on all
four trials was used as the effortful control score on this task. In the
second task, prize delay, the child is asked to sit on a chair facing
away from the table where the experimenter is noisily wrapping
the gift. The child is asked not to peek. The experimenter leaves
the room for 2 min, asking the child not to touch the gift until she
returns. Coding involves a peeking score (on a three-point scale),
a latency to peek score, and latency to touch score. The scores were
standardized and the average of these three standard scores was
used as the composite measure for prize delay. Higher scores on
both composite measures indicated higher effortful control.

Observations of child internalization were conducted accord-
ing to the paradigm developed by Kochanska and her colleagues
(Kochanska and Aksan, 1995; Kochanska et al., 1996a). Mothers
were instructed to show the child a shelf with attractive objects
when they entered the observation room and to instruct the child
to not touch those objects. Mothers were told that they could repeat
this prohibition and/or take whatever actions they would normally
take to keep their child from touching these prohibited objects dur-
ing the hour-long session that followed (consisting of free play,
structured play, clean-up, reading, etc.). About an hour into the
observation session in the room with the prohibited objects, the
experimenter asked the mother to move to the front of the room.
A screen dividing the room in half was partially closed so that the
parent and the child were unable to see each other. The child was
asked to stay on the side of the divider containing the prohibited
objects and sort plastic cutlery while the experimenter interviewed
the mother on the other side of the room.

Children’s internalization of the maternal directive to not touch
the objects on the prohibited shelf was assessed during the 12-min
observational paradigm (Kochanska and Aksan, 1995). During the
first 3 min of the internalization paradigm, the child was left alone
with the cutlery task. At the end of this time, a female research
assistant unfamiliar to the child came in and played with the
prohibited objects with obvious enjoyment for 1 min and then
left the room. Prior to leaving, she wound up the music box,
started the music, and replaced it on the shelf. The child was left
with the cutlery sorting for the next 8 min. The child’s behavior
was coded for every 15 s interval according to the coding cri-
teria developed by Kochanska and Aksan (1995), consisting of
six-point rating scales with 0 = playing with prohibited objects in
a “wholehearted,” unrestrained manner to 6 = sorting cutlery. The
final composite score for internalization was computed by taking
the average rating across the intervals. Internalization was coded
by two independent coders blind to group status and inter-rater
reliability was computed for 15% of the sample. Inter-rater reli-
ability for internalization was high (Intra-class correlation coeffi-
cient of 0.99). Confirmatory factor analysis was conducted on the
three self-regulation measures: snack delay, prize delay, and inter-
nalization of rules. These three measures loaded on one factor
reflecting high self-regulation with factor loadings of 0.66, 0.44,
and 0.84 for snack delay, prize delay, and internalization of rules,
respectively.

DATA ANALYTIC STRATEGY
Group differences in demographics, perinatal risk characteris-
tics, maternal substance-use variables, and maternal and child
harshness were examined first using ANOVAs or MANOVAs in
order to provide descriptive data and guide selection of poten-
tial covariates. MANOVAs were used when multiple theoretically
associated constructs were the dependent measures in order to
control for high Type I error rate. MANOVAs were used to exam-
ine group by gender interaction on maternal and child harshness to
examine the hypothesis that child gender may moderate the asso-
ciation between cocaine exposure and harshness. Demographic
or perinatal risk variables that were associated with both the
predictors and outcomes at p < 0.10 were used as covariates in
subsequent analyses. Structural equations modeling (SEM) was
used to test the hypothesized model with infant autonomic reg-
ulation and maternal harshness as intervening variables between
maternal substance use and child behavior problems. SEM analy-
ses were conducted using Mplus, Version 5.2 software (Muthén
and Muthén, 1998–2004) using full-information maximum likeli-
hood estimation procedures (Arbuckle,1996). Indirect effects were
tested using the bias-corrected bootstrap method. This method has
been found to provide a more accurate balance between Type 1 and
Type 2 errors compared with other methods used to test indirect
effects (MacKinnon et al., 2004). Five hundred bootstrap samples
and the 95% bias-corrected confidence intervals (CIs) were used
to test significance of indirect effects.

MISSING DATA
As expected in any longitudinal study, there were some incomplete
data for some of the participants at one or more of the four assess-
ment points included in this study. Of the 216 mother–infant dyads
who completed the 4- to 8-week laboratory visit, 189 completed
the 7-month visit, and 177 completed the 24-month assessment,
and 165 completed the 36-month assessment. There were no sig-
nificant differences between families with complete vs. missing
data at 36 months on any demographic or substance-use variable.
As noted earlier, full-information maximum likelihood was used
to estimate model parameters.

RESULTS
DEMOGRAPHICS AND PERINATAL RISK
Results from MANOVA with the demographic variables as the
dependent measures and cocaine group status yielded a signifi-
cant multivariate effect of group status, F(4, 210) = 6.51, p < 0.01.
Results from univariate analyses indicated that control group
mothers were younger, had lower parity, and higher occupation
compared to those in the cocaine group (see Table 1). Cor-
relational analyses with these demographic variables and child
self-regulation indicated no significant associations. Thus, none
of the demographic variables were considered in model testing.

MANOVA with perinatal outcomes and obstetrical complica-
tions as the dependent measures yielded a significant multivari-
ate effect of group status, F(4, 210) = 12.43, p < 0.01. Univari-
ate analyses indicated that CE infants had lower gestational age,
birth weight, birth length, and cocaine using mothers had higher
scores on the OCS compared to those in the control group (see
Table 1). Eleven percentage of CE infants (ranged from 33 to
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Table 1 | Group differences in demographic variables, birth outcomes, and substance use.

Exposure group Non-cocaine Cocaine F value Partial η2

M SD M SD

DEMOGRAPHICS

BM age 27.77 5.60 30.82 6.11 14.57** 0.06

BM parity 3.22 1.70 4.15 2.39 10.75** 0.05

Years education 12.02 1.86 11.59 1.84 2.92 0.01

Maternal occupation 2.09 1.40 2.55 1.98 4.02* 0.02

BIRTH OUTCOMES

Gestational age (weeks) 39.34 1.24 38.59 1.85 11.97** 0.05

Birth weight (gms) 3328.84 504.41 2916.55 538.31 33.95** 0.14

Birth length (cm) 49.94 2.91 48.12 3.11 19.38** 0.08

Head circumference (cm) 33.60 1.39 33.07 2.10 4.61* 0.02

OCS 100.69 17.43 86.24 15.18 42.21** 0.17

PRENATAL SUBSTANCE USE

Cigarettes/week 12.77 25.75 36.99 43.32 24.16** 0.10

Drinks/week 0.19 0.82 3.92 11.47 10.63** 0.05

Joints/week 1.45 7.32 1.27 4.15 0.05 0.00

Days cocaine/week 0 0 0.94 1.58 35.42** 0.14

POSTNATAL SUBSTANCE USE

Cigarettes/week 22.75 37.66 45.29 48.51 13.38 0.06

Drinks/week 20.65 22.89 18.13 26.46 0.50 0.00

Joints/week 6.97 22.26 6.72 14.63 0.008 0.00

Days cocaine/week 0 0 0.25 0.84 7.00 0.03

Intensity of maternal aggression 1.63 1.09 2.09 1.34 5.90** 0.03

Baseline RSA 0.03 0.02 0.02 0.01 9.29** 0.06

RSA change −0.01 0.02 0.01 0.03 17.85** 0.11

EC: snack delay 0.02 1.02 −0.02 0.98 0.06 0.00

EC: prize delay −0.02 0.99 0.02 1.01 0.06 0.00

Internalization of rules 0.04 0.98 −0.03 1.02 0.23 0.002

*p < 0.05 **p < 0.01. BM, biological mother; OCS, obstetrical complications scale score, high scores are more optimal; EC, effortful control. Postnatal substance-use

data are the average of substance use across all postnatal time points from 1 to 36 months.

41 weeks) and 3% of the control group infants (ranged from 36 to
42 weeks) were preterm (<37 weeks gestational age). CE infants
were significantly more likely to have been preterm than con-
trol infants, Pearson chi-square = 7.76, p < 0.01. All testing was
conducted after age correction for prematurity. Infants ranged
from 1531 to 5072 grams at birth (M = 3142.01, SD = 567.33).
When these analyses were repeated after using gestational age as
covariate, the differences in birth weight and length remained
significant (p < 0.01). However, there were no significant asso-
ciations between any of the perinatal risk variables and the child
self-regulation variables. MANOVA with child sex as the inde-
pendent variable and the three self-regulation variables as the
dependent measures indicated a significant multivariate effect of
child gender, F(3, 161) = 3.53, p < 0.01. Univariate analyses indi-
cated that boys had lower scores on prize delay compared to girls
(M = −0.22 and 0.23, SD = 0.78 and 1.14), and on internalization
of maternal rules (M = 3.84 and 4.38, SD = 1.46 and 1.55). Thus,
child gender was included in model testing as a covariate in the
testing of the overall model, followed by multiple group analy-
ses to examine if there were gender differences in the pattern of
associations.

MATERNAL SUBSTANCE USE AND OTHER VARIABLES
Results from MANOVA with prenatal substance-use variables as
the dependent measures and group status as the independent
variable yielded a significant multivariate effect of group status,
F(4, 211) = 11.46, p < 0.001. As expected, mothers in the cocaine
group were heavier users of cigarettes, alcohol, and cocaine dur-
ing pregnancy (see Table 1). There was no group difference in
marijuana use. These results remained unchanged when the 50
foster care mothers were excluded from the analyses. MANOVA
with foster care status as the independent variable and the three
child self-regulation variables as the dependent variables indicated
a significant multivariate effect of foster care status on child self-
regulation, F(3, 161) = 2.78, p < 0.05. Univariate analyses indi-
cated that children in foster care had higher scores on prize delay
indicating higher effortful control on this measure (M = −0.10
and 0.48, SD = 0.91 and 1.26). There were no significant differ-
ences between biological care vs. foster care on maternal or child
aggression for the sample as a whole. However, foster care mothers
of cocaine-exposed children displayed lower intensity of harshness
(M = 1.45 vs. 2.28, SD = 1.37 and 1.26). Thus, foster care status
was used as a covariate in model testing.
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GROUP DIFFERENCES IN SELF-REGULATION, MATERNAL HARSHNESS,
AND RSA CHANGE
MANOVA with cocaine group status as the independent vari-
able and child self-regulation variables at 3 years as the dependent
variables indicated no significant multivariate effect of group sta-
tus on self-regulation. Because the majority of children in foster
care were in the cocaine group, CE children in foster care were
compared with CE children in maternal care and NCE children in
maternal care. Results from ANOVA indicated a significant effect
of cocaine and foster care status on prize delay, F(2, 162) = 5.82,
p < 0.01. Post hoc tests indicated that cocaine-exposed children
in foster care had higher effortful control scores on prize delay
(M = 0.55, SD = 1.28) compared to cocaine-exposed children in
maternal care (M = −0.24, SD = 0.74) or control group children
(M = −0.01, SD = 1.01). There were no group differences on
snack delay or internalization.

ANOVA with cocaine group status as the independent vari-
able and intensity of maternal harshness as the dependent variable
indicated a significant effect of cocaine group status. As indicated
in Table 1, cocaine using mothers displayed higher intensity of
harshness toward their children during interactions compared to
control group mothers. ANOVA with cocaine group status as the
independent variable and RSA variables at 7 months as the depen-
dent variables indicated a significant effect of group status, with
CE infants displaying lower baseline RSA and on average a non-
adaptive increase in RSA from baseline to negative affect task while
infants in the control group displayed an adaptive decrease in RSA
from baseline to negative affect task (see Table 1). These results
remained unchanged with other maternal substance-use variables
as covariates. There were no significant associations between these
variables and maternal postnatal alcohol, cigaret, marijuana, or
cocaine use. Baseline RSA was not associated with any other vari-
able in the model and results from model testing did not change
with or without baseline RSA. Thus, baseline RSA was not included
in the final model.

MODEL TESTING
Correlations among variables in the model are depicted in Table 2.
At the bivariate level, cocaine group status was associated with
higher maternal harshness and with an increase in RSA from

baseline to arm restraint, but not with any of the child self-
regulation measures. Intensity of maternal harshness was asso-
ciated with lower effortful control (prize delay and snack delay)
and with lower internalization of maternal rules.

The hypothesized model tested included maternal harshness
and infant autonomic regulation as potential mediators or inter-
vening variables between maternal substance use during preg-
nancy and child self-regulation. The model also included the
covariance between maternal harshness and infant RSA change.
Foster care status and child gender were used as covariates in the
model. Goodness of fit indices indicated that this hypothesized
model fit the data well (χ2(23) = 34.51, p = 0.06, comparative
fit index = 0.95, root mean square error of approximation = 0.05
(0.00, 0.08). This indirect effects model was contrasted with a
model that included a direct path from maternal cocaine use to
child self-regulation. Results indicated that the addition of this
direct path did not improve the fit of the model, �χ2(1) = 0.26,
p = NS. Thus, the final model displayed in Figure 1 did not include
this direct path. The structural paths indicated that mothers in
the cocaine group displayed higher harshness during interactions
with their 2 year olds, and higher maternal harshness toward the
child at 2 years was associated with lower child self-regulation at
3 years. Although prenatal cocaine exposure was associated with
poor autonomic regulation in infancy, autonomic regulation was
not associated with self-regulation at 3 years. Foster care mothers
displayed lower harshness toward their children.

Our model included hypotheses about several indirect effects.
The association between maternal cocaine use and child self-
regulation via higher maternal harshness was statistically sig-
nificant (B = −0.15, 95% CI: −0.285, −0.05), but the indi-
rect association via autonomic regulation during infancy was
non-significant.

MODERATION BY CHILD GENDER
We examined moderation by child gender using multiple group
analyses in SEM. We first examined fit indices for a fully uncon-
strained model for boys and girls and compared this unconstrained
model with a fully constrained model. These two nested mod-
els were not significantly different from each other, �χ2(11,

Table 2 | Correlations among variables included in model testing.

1 2 3 4 5 6 7 8 9

1. Foster care status (0 = none)

2. Cocaine group status (0 = control) 0.42

3. Average #cigs/week 0.22 0.32

4. Average #drinks/week 0.07 0.21 0.34

5. Intensity of maternal aggression −0.14 0.18 0.15 0.13

6. RSA change 0.17 0.24 0.07 0.03 0.17

7. Child gender 0.03 0.02 −0.08 −0.15 −0.25 −0.06

8. Snack delay 0.01 −0.02 0.02 0.01 −0.28 −0.05 0.04

9. Prize delay 0.23 0.02 0.02 −0.11 −0.26 0.00 0.22 0.27

10. Internalization of rules 0.06 −0.04 −0.02 −0.11 −0.32 −0.15 0.19 0.56 0.36

Correlations that are significant at p < 0.05 are in bold.
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FIGURE 1 | *p < 0.05; **p < 0.01.The indirect effects model (n = 216). The numbers represent standardized path coefficients. Non-significant paths included
in the model are in gray. The covariances between the exogenous variables are depicted inTable 2. The error terms for the measured indicators are not depicted
in the figure.

N = 216) = 7.57, p > 0.05. Thus, the pattern of associations
among variables did not vary for boys and girls.

DISCUSSION
The major purpose of this study was to test a conceptual model
examining potential direct and indirect associations between pre-
natal cocaine exposure and child self-regulation via maternal
harshness and infant autonomic regulation. Results were support-
ive of an indirect effects model, with maternal cocaine use predict-
ing higher maternal harshness during mother–toddler interactions
at 2 years of age. Higher maternal harshness in turn was associated
with lower child self-regulation at 3 years.

Contrary to expectations, results were not supportive of a direct
association between prenatal cocaine exposure and child self-
regulation. Few studies have examined aspects of self-regulation
such as effortful control and internalization of rules among CE
compared to demographically similar NCE preschoolers. Results
with regard to other aspects of self-regulation have been fairly
mixed. A number of studies have reported no direct associations
between CE and other aspects of self-regulation (Bennett et al.,
2002; Accornero et al., 2006; Warner et al., 2006; Sheinkopf et al.,
2007; Yumoto et al., 2008; Bagner et al., 2009; Chaplin et al.,
2009). However, others have reported poorer performance on an
inhibitory control task at 5 years of age (Bendersky et al., 2003),
poorer Stroop interference scores (Rose-Jacobs et al., 2009), and
more externalizing behavior problems (Bada et al., 2007; Richard-
son et al., 2009) for CE compared to NCE children. The studies
reporting no direct associations do however indicate that among
substance exposed samples, factors other than cocaine exposure
that are particularly prevalent in substance exposed samples may
predict aspects of self-regulation.

Thus, the second goal was to test a conceptual model hypothe-
sizing potential indirect effects between prenatal cocaine exposure
and child self-regulation via higher maternal harshness and poor

autonomic regulation in infancy. Results indicated that there was a
significant indirect association between cocaine exposure and self-
regulation via maternal harshness, but not via poor autonomic
regulation in infancy. Results are supportive of previous studies
indicating that harsh parental discipline is a significant predictor
of child behavior problems among CE children (Bennett et al.,
2002). The results are also similar to those obtained by Yumoto
et al. (2008) reporting that for behavioral outcomes such as aggres-
sion and delinquency, emotional responsiveness of the primary
caregiver and the emotional climate of the home were the most
important predictors. Results are also supportive of the larger lit-
erature on the association between harsh parenting and poor child
outcomes such as behavior problems, aggression, and emotion reg-
ulation (Chang et al., 2003; Callahan et al., 2011; Erath et al., 2011),
although several studies highlight associations moderated by child
reactivity (e.g., Erath et al., 2011) or neighborhood disadvantage
(e.g., Callahan et al., 2011). Potential moderators of these associa-
tions among cocaine-exposed children may be a fruitful direction
for further research. It is possible that the association between
cocaine exposure and child self-regulation via maternal harshness
is particularly salient for children with high temperamental risk.

In addition to human studies, animal models of cocaine
induced maternal neglect and aggression mirror these results. Ges-
tational cocaine treatment in rodents result in overtly aggressive
behavior toward an intruder (Heyser et al., 1992; Johns et al., 1994,
1998b). Moreover, subsequent disruption in maternal care and
increased aggression can be “transmitted” to next generation off-
spring either through prenatal exposure to cocaine or through the
rearing experience when reared by a cocaine treated dam (Johns
et al., 2005; McMurray et al., 2008).

The result that CE children in foster care had the highest effort-
ful control scores on snack delay is contrary to previous reports
that CE children in foster care were rated by their caregivers as
having the highest rates of behavior problems (Linares et al.,

www.frontiersin.org May 2011 | Volume 2 | Article 31 | 72

www.frontiersin.org
http://www.frontiersin.org/child_and_neurodevelopmental_psychiatry/archive


Eiden et al. Cocaine exposure and child self-regulation

2006). However, the results are similar to that reported by Brown
et al. (2004) indicating that CE children in foster care experi-
enced more optimal caregiving environments and were rated by
their caregivers as having fewer behavior problems at 2 years of age
compared to CE children by biological mothers. These mixed find-
ings may be a function of variables such as differences in quality of
foster care, kin vs. non-kin care, duration in foster care, or number
of foster care placements. We did not have sufficient sample size
of children in foster care to explore these differences systemati-
cally. It may be beneficial for future studies to examine these issues
using pooled samples across different studies of prenatal cocaine
exposure.

Cross fostering studies in rodents not only support that prenatal
cocaine exposure disrupts offspring behavioral development but
also sheds light on how vital the early rearing environment is to off-
spring behavioral development. Healthy non-drug exposed rodent
pups reared by gestational cocaine treated rodent dams show atyp-
ical patterns of maternal behavioral and aggression in adulthood
(Johns et al., 2005; McMurray et al., 2008), supporting the long last-
ing behavioral effects altered maternal care alone can have on off-
spring development. Recent data also indicates early problems in
infant physiological regulation in cocaine-exposed offspring which
may be related to maternal response. Taken together with the
results from the present study, this set of findings emphasize that
the association between maternal cocaine use and poor maternal
behavior has long-term implications for child development.

Unlike maternal harshness, autonomic regulation in infancy
was not predictive of self-regulation at preschool age. Although
studies examining associations between autonomic regulation and
the aspects of self-regulation measured in this study are few in
number, poor autonomic regulation has been associated with
other aspects of self-regulation such as executive control (Mez-
zacappa et al., 1998), behavior problems (Porges et al., 1996;
El-Sheikh, 2005), and executive function tasks (Marcovitch et al.,
2010). With a few exceptions (e.g., Porges et al., 1996), the major-
ity of these findings are based on cross-sectional designs. Thus,
the lack of association between autonomic and self-regulation in
this study may be a function of the timing of measurement, since
autonomic regulation was measured in early infancy, while self-
regulation was assessed at 3 years of age. Concurrent autonomic
measures or those closer in time to the preschool age may have
been more predictive of self-regulation. In one of the few studies
of autonomic regulation among CE children predicting adaptive
outcomes, Sheinkopf et al. (2007) reported that in the context of
high risk including prenatal exposure, children with consistently
lower RSA at 1 and 36 months during attention tasks exhibited
more adaptive behaviors at 36 months. In contrast, the results of
the current study were limited to autonomic regulation at one
point in time during infancy and we did not examine moderation
by infant autonomic regulation. Thus, it is possible that the asso-
ciation between cocaine exposure and self-regulation via maternal
behavior may be particularly robust among children at higher
physiological risk.

Contrary to expectations, gender did not moderate the associa-
tion between cocaine exposure and self-regulation or the pattern of
indirect associations via maternal harshness or autonomic regula-
tion. These results are not supportive of studies indicating that the

effects of prenatal cocaine exposure on aspects of self-regulation
were particularly salient for boys (e.g., Dennis et al., 2006). Pre-
vious studies reporting interactive associations between gender
and prenatal substance exposure variables have been with ele-
mentary school aged children (Delaney-Black et al., 2004; Bailey
et al., 2005), and using teacher reports of behavior problems. It
is possible that the demand of the school context leads to higher
variability in aspects of self-regulation such as child behavior prob-
lems. Similarly, postnatal substance use was not associated with
self-regulation or with parenting. One explanation for these results
may be that a large proportion of cocaine-exposed children were
placed in foster care, resulting in a smaller number of caregivers
who continued to use cocaine in the postnatal period.

The results from this study suggest several directions for future
research. With regard to animal models, together, the effects of pre-
natal drug exposure and a more neglectful rearing environment
result in the most negative effects on offspring social maternal
behavior as adults (Johns et al., 2007). Differential alterations in
juvenile offspring social behavior have also been observed follow-
ing manipulation of the rearing conditions of the CE offspring.
Being grouped vs. singly housed after weaning differentially alters
social investigation of an unfamiliar juvenile pup in CE offspring
(Estelles et al., 2005) as does being raised in an enriched environ-
ment (Neugebauer et al., 2004). Testing whether exposure to high
levels of maternal aggression disrupts the social behavior of CE rats
more than isolate housing or an impoverished environment could
further elucidate the salient factors in the rearing environment
that lead to deficits in the social behavior of CE offspring. Altered
early rearing environment has been shown to result in sex differ-
ences in juvenile and adult behavior with these differences being
greater in males than females (Li et al., 2008). However studies
exploring sex differences and offspring behavioral outcomes cor-
related to altered maternal care is sparse and an area of research
that needs more attention. In addition to potential sex differences,
the role of foster care status in predicting self-regulatory outcome
is an important area of inquiry in the human literature. Individual
studies are often hampered by restricted sample size for investi-
gating differences related to exposure status and foster care status.
Perhaps pooling data from several studies with similar measures
would lead to greater statistical power to investigate if foster care
status moderates the effect of prenatal exposure on self-regulation.

This study has several limitations. First, accurate assessment of
substance use both prenatally and postnatally is difficult. Pregnant
and postpartum women are often hesitant to divulge substance-
use information,particularly illicit substances such as cocaine. One
strength of this study is the use of multiple methods to ascertain
prenatal substance use which partially mitigated this limitation
even though the urine toxicology information was abstracted from
medical records. A second important caveat of this study is that
self-regulation was measured in the laboratory context and was
limited to two measures of effortful control and observations of
internalization. On the one hand, it is possible that the gener-
alizability of these laboratory based measures is limited to this
context. On the other hand, these are objective, observation based
measures of self-regulation and do not have the method biases
associated with maternal report measures of self-regulation. Fur-
ther, these aspects of self-regulation in the preschool period are
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associated with disruptive behaviors in later childhood in low risk
as well as high risk samples (e.g., Eisenberg et al., 2005b; Eiden
et al., 2007).

In spite of these limitations, the study fills an important gap
in the literature on maternal cocaine use in the examination of
effortful control and internalization. An additional strength is the
consideration of multiple mediators that included both maternal
behavior and infant autonomic regulation. The results highlight
the role of maternal harshness as a significant mediator of the asso-
ciation between maternal cocaine use and child self-regulation in
the preschool years.
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Background: Few systematic studies exist on the effects of chronic reuptake of
monoamine neurotransmitter systems during pregnancy on the regulation of maternal
behavior (MB), although many drugs act primarily through one or more of these sys-
tems. Previous studies examining fluoxetine and amfonelic acid treatment during gestation
on subsequent MB in rodents indicated significant alterations in postpartum maternal
care, aggression, and oxytocin levels. In this study, we extended our studies to include
chronic gestational treatment with desipramine or amitriptyline to examine differential
effects of reuptake inhibition of norepinephrine and combined noradrenergic and sero-
tonergic systems on MB, aggression, and oxytocin system changes. Methods: Pregnant
Sprague-Dawley rats were treated throughout gestation with saline or one of three doses
of either desipramine, which has a high affinity for the norepinephrine monoamine trans-
porter, or amitriptyline, an agent with high affinity for both the norepinephrine and serotonin
monoamine transporters. MB and postpartum aggression were assessed on postpartum
days 1 and 6 respectively. Oxytocin levels were measured in relevant brain regions on
postpartum day 7. Predictions were that amitriptyline would decrease MB and increase
aggression relative to desipramine, particularly at higher doses. Amygdaloidal oxytocin was
expected to decrease with increased aggression. Results: Amitriptyline and desipramine
differentially reduced MB, and at higher doses reduced aggressive behavior. Hippocampal
oxytocin levels were lower after treatment with either drug but were not correlated with
specific behavioral effects. These results, in combination with previous findings following
gestational treatment with other selective neurotransmitter reuptake inhibitors, highlight
the diverse effects of multiple monoamine systems thought to be involved in maternal
care.

Keywords: amitriptyline, desipramine, norepinephrine, serotonin, oxytocin, maternal behavior

INTRODUCTION
Given the prevalence of pregnant women who use drugs that
block neurotransmitter reuptake, such as antidepressants, anti-
anxiety medications, or antipsychotics as well as illegal drugs of
abuse (Ritz et al., 1990; Kessler et al., 1994; Cooper et al., 1996;
Thomas and Palmiter, 1997), it is surprising to find so little data
on the effects of alterations in various neurotransmitter systems on
maternal behavior (MB). Depression is among the most prevalent
acute and chronic mental health conditions reported by perina-
tal women (Gaynes et al., 2005) and has been estimated to occur
in 8–20% of women of childbearing age (Weissman et al., 1988;
Kessler et al., 1993; Ferro et al., 2000). One study in 2003 esti-
mated that approximately 13% of women take an antidepressant

at some point during their pregnancy (Cooper et al., 2007). Many
antidepressants commonly prescribed during pregnancy (Gold-
berg and Nissim, 1994) differentially act as reuptake inhibitors of
norepinephrine (NE), dopamine (DA), and/or serotonin (5-HT)
systems (Marek et al., 1988; Porrino et al., 1989; Kessler et al.,
1993; Schatzberg, 1998; Bennett et al., 2004; Grover et al., 2006).
Therefore, manipulation of neurotransmitter systems in a preclin-
ical model of MB is a potentially useful pharmacological tool to
explore their relative contribution to this behavior.

Preclinical models using neurotransmitter reuptake inhibitors
during various stages of pregnancy have reported disruptions
in MB (Gore, 2001; Johns et al., 2005a,b; Lerch-Haner et al.,
2008; Cummings et al., 2010; Strathearn and Mayes, 2010)

www.frontiersin.org June 2011 | Volume 2 | Article 34 | 77

http://dx.doi.org/10.3389/fpsyt.2011.00034
mailto:jjohns@med.unc.edu
www.frontiersin.org
http://www.frontiersin.org/child_and_neurodevelopmental_psychiatry/10.3389/fpsyt.2011.00034/abstract
http://www.frontiersin.org/people/elizabethcox/26927
http://www.frontiersin.org/people/thomasjarrett/28452
http://www.frontiersin.org/people/matthewmcmurray/31280
http://www.frontiersin.org/people/kevingreenhill/29689
http://www.frontiersin.org/people/sarahwilliams/29667
http://www.frontiersin.org/people/josephinejohns/21908
http://www.frontiersin.org/Psychiatry/
http://www.frontiersin.org/Psychiatry/editorialboard
http://www.frontiersin.org/Psychiatry/about
http://www.frontiersin.org/child_and_neurodevelopmental_psychiatry/archive


Cox et al. Desipramine/amitriptyline: rodent maternal behavior

postpartum maternal aggression (MA; Johns et al., 1994; Lonstein
and Gammie, 2002) and changes in oxytocin, a neuropeptide
known to play an important role in both human and rodent preg-
nancy, parturition, and subsequent MB (Johns et al., 1997, 2004;
Bosch et al., 2005; Feldman et al., 2007; Levine et al., 2007; Neu-
mann, 2008). To date, there is sparse information on the effects of
reuptake inhibition of NE or combined NE and 5-HT systems dur-
ing pregnancy on subsequent measures of MB. In general, central
NE depletion and changes in NE metabolism have been associated
with disruptions in the onset of MB in rats (Rosenberg et al., 1977;
Thomas and Palmiter, 1997). Additionally, studies have found that
mice lacking NE show impaired MB and that this impairment
can be reversed if NE is restored before parturition (Thomas and
Palmiter, 1997).

The 5-HT system has been associated with specific compo-
nents of MB in animal models, including promotion of lactation,
breastfeeding, and oxytocin secretion (Saydoff et al., 1991; Bagdy
et al., 1992; Bagdy and Kalogeras, 1993; Uvnas-Moberg et al., 1996;
Nissen et al., 1998), whereas reduced 5-HT levels are generally
associated with increased aggression (Miczek et al., 2007). Keer
and Stern (1999) found that following an intracerebral ventricular
infusion of a 5-HT antagonist, crouching behavior in rat dams
on postpartum day (PPD) 6 was not disturbed, but when injected
into the nucleus accumbens, crouching duration was increased.
Johns et al. (2005b) reported that gestational treatment with the
5-HT reuptake inhibitor fluoxetine resulted in strong trends for
decreased crouching in dams treated with the high dose compared
to controls, and that all doses of fluoxetine treatment increased
levels of licking and touching of pups. These same dams also had
an increased level of MA toward an intruder on PPD 6, indicating
a probable role for 5-HT in pup-directed MB and MA (Johns et al.,
2005b).

A single study has investigated the effects of 5-HT reup-
take inhibition given during the postpartum period on human
maternal–infant interactions. It found that in depressed women,
SSRIs can increase maternal gratification (the mother’s apprecia-
tion of motherhood), but did not improve maternal–infant inter-
actions at 8 weeks postpartum (Logsdon et al., 2009). Although
fluoxetine’s effect on child abuse in humans has not been examined
directly, it has been found to decrease general levels of impulsive
aggressive behaviors (Coccaro and Kavoussi, 1997; Coccaro et al.,
1997). Yet interestingly, the tricyclic antidepressant amitriptyline,
which acts in part by inhibiting 5-HT and NE but not DA reup-
take, has been found to increase levels of aggression (Soloff et al.,
1986a,b). While these studies were conducted in non-lactational
adults with psychiatric conditions, they suggest that the combined
reuptake of 5-HT and NE might interact to differentially alter
aggression than either 5-HT or NE alone. While NE has been pre-
viously associated with increased aggression in humans (Chichi-
nadze et al., 2010) and parallel findings of NE and aggression
in animal models have been shown in male rodents (Matsumoto
et al., 1995) it is important to note that the few studies that have
examined NE-induced alterations in females have shown little
association between aggression and NE (Scholtens et al., 1990;
Sorensen et al., 2005). This suggests that NE involvement in aggres-
sive behavior is sex specific. There are no published reports, to
our knowledge, on NE’s role in postpartum aggression. Therefore,

combined 5-HT/NE reuptake inhibition could behaviorally mani-
fest itself similarly to what we previously observed following 5-HT
alone. With regard to MB, studies suggest NE plays a role in the
onset of MB (Rosenberg et al., 1977), while 5-HT-induced changes
have been associated more often with active pup-induced MBs, i.e.,
licking, touching, and crouching over pups (Johns et al., 2005b).
Therefore, combined reuptake inhibition could result in greater
disruptions in MB than either alone. However, there are a very
limited number of studies that explore behavioral consequences
from drug exposure during pregnancy on subsequent MB. It is
currently unknown whether reuptake inhibition of the combined
5-HT and NE systems compared to either system individually
might differentially alter MB or MA.

Increased oxytocin levels in several brain regions [medial pre-
optic area (MPOA), ventral tegmental area (VTA), hippocampus,
and amygdala] at critical time points during pregnancy or in the
postpartum period have been shown to be extremely important in
rodent MB and may also play a role in MA. Alterations in the oxy-
tocin system (peptide levels, receptors, and peptide synthesis) in
these regions are correlated with abnormalities in MB and/or MA
(Ferris et al., 1992; Bosch et al., 2005; Febo et al., 2005; Neumann,
2009). Of interest to the work presented here, studies suggest that
decreased oxytocin levels in the amygdala (Lubin et al., 2003) and
the MPOA and VTA (Pedersen et al., 1994; Elliott et al., 2001; Johns
et al., 2004) are associated with increased postpartum aggression
and deficits in maternal care, respectively. 5-HT receptors have
been shown to regulate oxytocin neurons (Sawchenko et al., 1983)
and stimulate oxytocin release (Jorgensen et al., 2003), and admin-
istration of 5-HT antagonists blocks stress-induced increases in
oxytocin secretion (Jorgensen et al., 2002). NE is also an impor-
tant contributor to the release of oxytocin, speculated to be even
more important than 5-HT (Russell et al., 2003; Lipschitz et al.,
2004), and NE reuptake inhibitors have been shown to increase
hypothalamic oxytocin potency (Bealer and Flynn, 2003). Oxy-
tocin is reduced following gestational treatment with fluoxetine,
amfonelic acid, and the combination of both drugs (Johns et al.,
2005b). It is unknown if reuptake inhibition of NE, or of both NE
and 5-HT, will alter oxytocin at critical periods in the early post-
partum period, which could, if true, impact the early maternal
environment.

The present study seeks to extend previous findings to deter-
mine the effects of gestational treatment with the neurotransmitter
reuptake inhibitors amitriptyline (combined 5-HT and NE sys-
tems) and desipramine (NE system) on MB using a previously
established preclinical model (Johns et al., 2005b). We hypothe-
sized that gestational treatment with amitriptyline and to a lesser
degree desipramine alone would decrease MB resulting from the
additive effect of combined neurotransmitter reuptake. Addition-
ally, combined reuptake inhibition was expected to increase MA
relative to desipramine treatment alone. Associated increases in
aggression were predicted to correlate with decreased oxytocin lev-
els in the amygdala following aggression testing as oxytocin levels
have been shown to be inversely correlated with higher aggression
levels in this region in previous studies (Lubin et al., 2003). Alterna-
tively, a previous study using combined serotonin and dopamine
reuptake inhibitors during gestation resulted in lower levels of
oxytocin in the hippocampus associated with somewhat increased
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levels of MA on PPD 6, which implicates this region as one of
interest as well (Johns et al., 2005b). Given previous peptide level
findings, this study also examined oxytocin levels as opposed to
receptors as an initial level of comparison between groups.

MATERIALS AND METHODS
SUBJECTS
Virgin female Sprague-Dawley rats (200–230 g) were group-
housed in a temperature and humidity controlled room for a 7-day
habituation period prior to breeding. Females were then individu-
ally housed with a sexually active male until conception was noted
by the presence of a sperm plug. On the day a sperm plug was
discovered, designated as gestation day (GD) 0, the female was
removed from the breeding cage, randomly assigned to a treat-
ment group (see below), individually housed, and provided food
(Purina Rat Chow) and water ad libitum. Pregnant females were
maintained on a reversed 12:12 hour light cycle (lights out at 0900)
for 8 days, then transferred to a room with a regular 12:12 hour
light cycle (lights on at 0700) for the remainder of the experiment,
a procedure that generally results in dams delivering their litters
during daylight hours (Mayer and Rosenblatt, 1998).

CHOICE OF DRUGS
The drugs, amitriptyline and desipramine, were chosen specifically
for these studies based on our goals and the attributes of the drugs
at the highest doses utilized in this study and following consul-
tation with our pharmacology consultant (Dr. Brian McMillen).
With minimal literature available to facilitate even high dose selec-
tion (see remainder of this paragraph for review), medium and
low doses were chosen relative to high dose for a descending dose
response curve. Amitriptyline is a tertiary amine with preference
for both the 5-HT and NE transporters, with a half-life in the
rat of around 8–12 h. Review of available literature suggests that
doses of 10 mg/kg or less of amitriptyline ensure moderate inhi-
bition of both the 5-HT and NE transporters (Henderson and
McMillen, 1993). Amitriptyline’s inhibition of both 5-HT and
NE transporters are considered comparable in this experimen-
tal paradigm because amitriptyline has a similar binding affinity
for 5-HT and NE transporters in the adult rat (see Ki column of
Table 1), particularly at the likely cerebral spinal fluid concentra-
tions achieved following amitriptyline doses utilized in this study

(see CSF column of Table 1). Desipramine, a secondary amine
with the greatest known selectivity for the NE transporter, has a
half-life of about 8 h in the rat. Desipramine, when administered
to pregnant rats at doses as high as 10 mg/kg, had no overt effect
on dam gestational weight gain or number of pups born com-
pared to vehicle injected controls (Montero et al., 1990; Goldberg
and Nissim, 1994). Desipramine at the doses used in this study
(all less than 7.5 mg/kg) will have pharmacokinetic effects (see
Table 1 for details) of near total inhibition of the NE transporter
and mild to minimal inhibition of the 5-HT transporter (Gould
et al., 2006). In addition to their effects as monoamine reuptake
inhibitors, both amitriptyline and desipramine function as neu-
ronal sodium and potassium channel blockers when administered
in the μM concentration range (Nicholson et al., 2002). Cere-
bral spinal fluid concentrations of amitriptyline and desipramine
achieved in this experiment fall in the nM concentration range (see
Table 1), making blockade of sodium or potassium channels in
central nervous system unlikely. At the site of subcutaneous injec-
tion, both amitriptyline and desipramine would have been present
for short periods of time at μM concentrations. Thus, amitripty-
line and desipramine may have functioned as local anesthetics
for a period of hours post-injection. All local anesthetic effects
would have dissipated by the time of parturition and postpartum
behavior testing.

TREATMENT
The females were randomly assigned to one of seven treatment
groups, or as an untreated surrogate. Throughout gestation (GD
1–20), treatment groups received twice daily subcutaneous (SC)
injections (on alternating flanks) of either drug (amitriptyline or
desipramine) or 0.9% normal saline for controls in a 1-ml/kg vol-
ume at 9:00 AM, with all control and treatment dams receiving
normal saline at 4:00 PM (2 ml/kg total) to match previous treat-
ment regimens used to test MB and MA (Johns et al., 2005b).
Amitriptyline treated rats received either a low, medium, or high
dose SC injection (2.5, 5, or 10 mg/kg respectively) of amitripty-
line hydrochloride (Research Biomedicals Inc., Natick, MA, USA)
in a pH 10 solution (0.1 ml 1 N NaOH and 0.6 ml of 0.1 N HCl
in distilled water) at 9:00 AM. on one flank, followed by their
saline injection at 4:00 PM. Desipramine treated rats received
either a low, medium, or high dose (1.25, 2.5, or 5.0 mg/kg

Table 1 | Estimated cerebral spinal fluid concentration by drug dose and reported Ki for individual monoamine transporter proteins.

Drug Dose (mg/kg) Plasma (nM) Plasma protein binding (%) CSF (nM) Ki (nM)

5-HT NE DA

Amitriptyline 8 82 95 4.1 84 13.9 8600

15 371 95 18.55 84 13.9 8600

Desipramine 7.5 664 90 66.4 180 0.6 11000

Table reviewing available literature of studies using: chronic subcutaneous administration, adult rats, drugs of interest at comparable doses to those used in this study,

and reported plasma concentrations [8 mg/kg amitriptyline (Brodin et al., 1994), 15 mg/kg amitriptyline (Benmansour et al., 1999), and 7.5 mg/kg desipramine (Gould

et al., 2006)]. Reported cerebrospinal fluid (CSF) concentrations were calculated by multiplying reported drug plasma concentrations and reported plasma protein

binding percentages [amitriptyline (Schulz et al., 1985) and desipramine (Sallee and Pollock, 1990)]. Reported Ki values for serotonin (5-HT), norepinephrine (NE), and

dopamine (DA) transport proteins are for rat synaptosomes (Bolden-Watson and Richelson, 1993).
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respectively) of desipramine hydrochloride at 9:00 AM and saline
at 4:00 PM. Single rather than twice daily doses of amitripty-
line and desipramine were also given because of the long half-life
(Ghose, 1980) of these drugs and to match previous studies (Johns
et al., 2005b). Twice daily injections given on alternate flanks have
been shown to minimize skin trauma from injections, although we
saw no significant evidence of skin trauma with amitriptyline as
we have seen in previous studies using either cocaine or fluoxetine
treatment (Johns et al., 2005b).

Weight gain was recorded daily except for surrogate dams.
Surrogate dams received no treatment other than handling and
were weighed every 5 days. All treatment dams received eight age
matched male pups from a surrogate dam within 12 h of partu-
rition. All procedures were conducted under an approved pro-
tocol using federal and University Institutional Animal Care and
Use Committee guidelines for humane treatment of laboratory
subjects.

MATERNAL BEHAVIOR TESTING
Upon delivery of their last pup, designated as PPD 1, the dams
were brought in their home cage to a 10 × 12 ft. observation room.
Dam and pups were not brought to the test room until all pups
had delivered, been cleaned and all had milk bands showing they
had nursed. This treatment regimen has been used in a number of
past studies (Johns et al., 1994; Lonstein and Gammie, 2002) since
a primary interest of this work is in the onset of MB when oxytocin
is most relevant. Dams and their litters were brought to the test
chamber for habituation only after they have cleaned all pups and
pups have milk bands. Since dams had time to clean and feed their
pups before they were separated, an essential element for mater-
nal response, we do not feel pup separation on PPD 1 disrupted
MB. Pilot work showed when pups are removed immediately after
birth and mothers are not given time to clean or feed pups over-
all MB is reduced but this is not the case with this paradigm. The
home cage was placed into a 24 × 16 × 20 in. dimly lit testing cubi-
cle, designed to reduce environmental distractions during testing,
and the subject’s pups were removed. Gestational weight gain and
length, litter size and weight, and gender of pups were recorded.
Eight male surrogate pups born within 12 h of a test dam’s delivery
were placed in a warm cage above the test cubicles while the dam
to be tested habituated to the room for 30 min. After the habitua-
tion period, 10 pieces of nesting material (paper towel strips) were
placed at the rear of the cage and the eight male surrogate pups
were placed in the front of the cage. Surrogate pups were used to
control for any confounds of pup behavioral differences related to
prenatal drug exposure that might affect maternal care. Cross fos-
tering at this time point has been shown in a number of previous
studies in our laboratory to have no deleterious effects on mater-
nal acceptance of offspring, given that all mothers have nursed and
cleaned their own litters and pups are readily accepted and cared
for (Johns et al., 2005b). Untreated male surrogate pups were used
to eliminate the possible effects of differential pup treatment due
to gender preference, which has sometimes been reported (Hahn
and Lavooy, 2005), we have seen little evidence of this in past test-
ing with other drug treatment paradigms (Johns et al., 2005b).
MB was tested on PPD 1 both to compare to previous studies and
because we were most interested in the early onset of MB, which is

most dependent on oxytocin system related changes. Videotaping
with a VHS recorder with low light sensitivity began as soon as
the pups were placed into the cage and continued for 30 min. All
pups were observed for any physical danger from the dam during
testing. Typical MBs of interest in our lab, which have been previ-
ously described (Johns et al., 1994), focus primarily on activity and
pup-directed behavior displayed by the dam. These include: nest-
build (dam manipulates paper strips with her mouth or paws);
touch/sniff pups (dam touches pups with her front paws or nose);
retrieve pups (dam retrieves two, six or eight pups from the front
to the back of the cage); self-groom (dam grooms herself with her
tongue or paws); rest off/lie on (dam rests away from the pups
or lies flat on top of pups); crouch (dam stands over the pups
with her back arched in the nursing position with stiff straight legs
and head lowered); lick pups (dam licks the pups); rear/sniff (dam
rears and sniffs the cage or air); and other (any behavior other than
those designated above including locomotor activity). Following
MB testing, dams and their surrogate litters were returned to the
colony and monitored daily to assure pup health. This model used
to study rodent maternal neglect has been employed successfully in
previous studies following gestational drug treatment (Henderson
and McMillen, 1993).

POSTPARTUM AGGRESSION TESTING
On PPD 6, dams and their litters were brought in their home cage
to the behavioral observation room where pups and dams were
weighed. PPD 6 was chosen for the study of MA testing to match
previous studies which show that drug related changes have peak
effects on MA on this day (Johns et al., 2005b). Additionally, oxy-
tocin system changes in the amygdala are particularly associated
with behavioral increases in aggressive behavior by PPD 6. Dams
and litters were then returned to their home cages which were
then placed in the testing cubicle for a 5 min chamber habituation
period. Following the habituation period, a smaller male intruder
(175 g) was placed in the cage on the end opposite the dam and
her litter, and the session was videotaped for a 10-min period.
The sessions were closely observed for danger to the pups, male
intruder, or dam, and if harm appeared imminent then the session
was stopped and data from that session was excluded from the
statistical analysis. A new male was used for each test so that pre-
vious experience of the intruder would not affect their behavior.
Following testing, the male was removed from the cage, and the
dam and pups were returned to the colony room. The behaviors of
interest for postpartum aggression have been previously described
(Lubin et al., 2003), and include: push/box/kick (dam pushes or
kicks the intruder); MB (dam licks pups, retrieves, or crouches over
pups); rough groom (dam grooms intruder male roughly, usually
around head, neck, or back); self-groom (dam grooms herself);
lateral/front threat (dam threatens male while approaching lat-
erally, or face to face); fight attack (a quick lunge by the female
usually followed by rolling, biting, and fur pulling directed toward
the neck and back regions of the intruder); rear/sniff (dam rears
on hind legs and sniffs the top or sides of cage); nip/bite (dam
nips or bites male but not in a fight attack); chase male (female
chases intruder); aggressive posture (dam stands over a submissive
intruder with extended front paws pressing down on him); and
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other (any behavior other than those included in the categories
above).

BRAIN DISSECTION
On PPD 7, at approximately 9:00 AM, 1 day following postpar-
tum aggression testing, dams were killed by decapitation. The
brain was removed and the whole MPOA, hippocampus, amyg-
dala, and VTA were dissected on ice, weighed, and rapidly frozen
and stored at −80˚C for later oxytocin radioimmunoassay as
previously described (Johns et al., 1997). Brains were coronally
sectioned from the ventral side rostral to the optic chiasm, approx-
imately A7100 (Konig and Klippel, 1963), and just caudal to the
optic chiasm, approximately A5800 (Konig and Klippel, 1963), to
define the preoptic–anterior hypothalamic area. The MPOA was
dissected by making a horizontal cut ventral to the anterior com-
missure and vertical cuts inferior to the lines of lateral ventricles.
The brains were sectioned once again just caudal to the tuber
cinereum, approximately A3800 (Konig and Klippel, 1963), to
define the medial basal hypothalamus. The amygdala was removed
from these two sections. The VTA was dissected from the caudal
section by making dorso-ventral cuts medial to the optic tracts
with a dorsal cut at the ventral extent of the central gray and the
whole hippocampus was then removed from the caudal remainder
of the brain.

OXYTOCIN RADIOIMMUNOASSAY
Brain region tissues were homogenized in cold buffer (19 mM
monobasic sodium phosphate, 81 mM dibasic sodium phosphate,
0.05 M NaCl, 0.1% BSA, 0.1% Triton 100, 0.1% sodium azide, pH
7.4) and centrifuged at 3000 × g for 30 min. Oxytocin immunore-
active content was assayed in the supernatant according to a
protocol from Peninsula Labs (Belmont, CA, USA). Samples and
standards (1.0–128.0 pg) were incubated in duplicate for 16–24 h
at 4˚C with rabbit anti-oxytocin serum. They were then incubated
for 16–24 h at 4˚C with 125I-oxytocin after which time normal
rabbit serum and goat anti-rabbit IgG serum were added and incu-
bated 90 min at room temperature. The 125I-oxytocin bound to the
antibody complex was separated from free by a 30-min centrifu-
gation at 4˚C. The radioactivity in the pellet was measured using a
LKB CliniGamma counter, which calculates the picogram content
of oxytocin in each sample from the standard curve.

DATA ANALYSES
Taped sessions were scored by two independent observers blind to
treatment condition with inter-and intra-reliability set at 90% or
better concurrence for frequency and latency, and 80% or better
for duration of behaviors displayed by the dam. No sessions had
to be excluded for physical danger to the pups during testing for
MB or MA. A computer program calculated the frequency, dura-
tion, latency, and sequence of all relevant behaviors displayed by
the rat dams. If a particular behavior of interest was not exhib-
ited by a dam, she was assigned a frequency and duration of 0,
and the highest possible latency for the behavior (1800 s for MB,
and 600 s for MA). Weighted additive models for time to event
best fit the duration data analyzed from the MB dataset as well as
the oxytocin and gestational datasets. Log linear models for count
data fit the frequency data analyzed from the postpartum aggres-
sion dataset best. These models were used to examine within drug

group differences (high, medium, low dose) as well as between
drug group differences (amitriptyline, desipramine, saline) in all
datasets.

Considering the large number of observations made for MB
and postpartum aggression for each dam, general estimating
methods were used to obtain group estimates and standard errors.
Additionally p-values were adjusted for multiple comparisons via
the FDR method (Benjamini et al., 2001). Only measures we felt
most relevant to our specific hypotheses were chosen a priori,
for group comparison for both MB (duration of touch, crouch,
lick) and a composite measure of activity (combined categories of
other and rear/sniff) and for postpartum aggression (frequency of
threat, fight attack, and aggressive posture). Using the Pearson
product-moment correlation coefficient, there were no signifi-
cant direct correlations between oxytocin levels on PPD 7 and
aggression measures on PPD 6, thus comparisons of oxytocin lev-
els (picograms/mg) were made between all groups for all four
brain regions. Estimates of the means and standard errors under
the model are presented graphically for frequency and duration
data. Statistical significance was set at the p ≤ 0.05 level. Results
are significant unless otherwise stated and are presented in the
text under relevant subheadings and reported first within each
drug (amitriptyline-A, desipramine-D), at each treatment level
(high-H, medium-M, low-L), between drug treatment and control
treatment (saline) dam groups, and lastly between correspond-
ing drug treatment groups (for example, amitriptyline high dose
treatment vs. desipramine high dose treatment). Statistically sig-
nificant results directly relevant to hypotheses are described in
text, with details of all statistical comparisons and individual sig-
nificance levels contained in relevant figures and legends. Groups
are designated by abbreviations of their respective drug or control
(amitriptyline/desipramine/saline) groups, followed by letters (see
above) indicating dose level. For example, desipramine low dose
treatment dams would be labeled as DL.

RESULTS
GESTATION VARIABLES
Dam test numbers are noted in Table 2 with the exception of a
lower number of MB dams coded in the AH (7 total) and DM
(9 total) dam groups compared to those coded for postpartum
aggression testing, brain oxytocin level measurement, and gesta-
tional variables. This was the result of VHS tape failure during
recording or playback of MB testing sessions for these animals.
Though no MB data was available for those particular dams, they
all completed MB testing so their data were included for remaining
assessments of postpartum aggression, brain oxytocin levels, and
gestational variables.

Amitriptyline
There were no significant differences within or between amitripty-
line treatment and saline control groups on the measures of
gestation length, gestational weight gain, or birth litter size (see
Table 2). AL dams’ weight on gestational day 0 was significantly
higher than both AM dams [χ2

(1) = 6.85, p ≤ 0.01] and saline
control dams [χ2

(1) = 4.24, p ≤ 0.05]. AH birth litters weighed
less on PPD 1 than AL [χ2

(1) = 4.91, p ≤ 0.05], however average
individual AH pup weight did not differ (litter weight divided by
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Table 2 | Gestational variables.

Drug Number

tested

(# dams)

Gestational

length

(days)

Dam

weight

gain (g)

Litter

weight on

PPD 1 (g)

Average

birth

litter size

(# pups)

Average

PPD 1 pup

weight

(g/pup)

Surrogate litter

weight

PPD 1 (g)

Surrogate litter

weight gain

PPD 1–6 (g)

AH 11 * 21.0 ± 0.14 132.27 ± 5.51 78.82 ± 4.50 l 12.55 ± 0.80 6.31 ± 0.14 47.64 ± 2.08 M,S,d 41.45 ± 2.94 M,L,S,d

AM 7 21.0 ± 0.18 146.57 ± 6.92 81.43 ± 5.64 12.86 ± 1.00 6.32 ± 0.18 59.71 ± 2.60 l 60.43 ± 3.69

AL 9 21.0 ± 0.16 137.33 ± 6.10 93.67 ± 4.97 14.78 ± 0.88 6.37 ± 0.15 50.33 ± 2.30 s 53.67 ± 3.25

Saline 9 21.0 ± 0.15 147.11 ± 6.10 89.67 ± 4.97 14.11 ± 0.88 6.42 ± 0.15 58.11 ± 2.30 60.78 ± 3.25

DH 11 20.91 ± 0.14 142.45 ± 5.52 81.73 ± 4.50 14.00 ± 0.80 5.85 ± 0.14 S,a 57.18 ± 2.08 52.45 ± 2.94 a

DM 11 * 20.64 ± 0.14 130.27 ± 5.52 s 75.27 ± 4.50 s 13.09 ± 0.80 5.78 ± 0.14 S,a 56.73 ± 2.08 52.45 ± 2.94

DL 11 21.00 ± 0.14 140.00 ± 5.52 83.00 ± 4.50 13.91 ± 0.88 6.08 ± 0.14 53.45 ± 2.08 51.45 ± 2.94 s

Mean ± SEM of all gestational measures. Group means designated with an italicized lower case letters are statistically significant at p ≤ 0.05, italicized CAPITAL letters

are significant at the p ≤ 0.01. h, m, and l denotes a significant difference between high, medium, and low dose groups within a drug treatment group. An s denotes

significant differences between drug treatment group and saline control; a denotes statistical difference for a desipramine group from corresponding amitriptyline

treatment group; and a d for a amitriptyline group from corresponding desipramine treatment group. By corresponding treatment group authors mean that high,

medium, and low doses in the amitriptyline groups were compared to the same relative doses (i.e., high, medium, low) in the desipramine groups. AH, amitriptyline

high group (10 mg/kg); AM, amitriptyline medium (5 mg/kg); AL, amitriptyline low (2.5 mg/kg); DH, desipramine high (5 mg/kg); DM, desipramine medium (5 mg/kg);

DL, desipramine low (1.25 mg/kg); Saline (2 ml/kg). *The number of coded observations of MB was reduced in the DH and DM groups as stated in the Section

“Results.”

litter number) at this time, suggesting this is an effect of slight dif-
ferences in litter number (not significantly different) rather than
individual pup size. On PPD 1, AH surrogate litters weighed less
than surrogate litters of AM [χ2

(1) = 13.15, p ≤ 0.01] and saline
control litters [χ2

(1) = 11.45, p ≤ 0.01]. Surrogate litters of AH
dams gained significantly less over PPDs 1–6 than did those of
AM [χ2

(1) = 16.16, p ≤ 0.01], AL [χ2
(1) = 7.75, p ≤ 0.01] or saline

control litters [χ2
(1) = 19.40, p ≤ 0.01].

Desipramine
There were no significant differences within any desipramine
treated or between desipramine and saline dams on gestation
length, birth litter size, or PPD 1 surrogate litter weight. DM
dams gained less weight across gestation (GD 1–20) than did saline
dams [χ2

(1) = 4.19, p ≤ 0.05, see Table 2]. DL dams’ weight on GD
0 was significantly higher than both DH [χ2

(1) = 4.75, p ≤ 0.05]
and saline control [χ2

(1) = 8.78, p ≤ 0.01] dams. The average indi-
vidual pup weight of DH litters on PPD 1 was lower than saline
controls [χ2

(1) = 7.66, p ≤ 0.01]. DM litters had a lower litter birth
weight [χ2

(1) = 4.61, p ≤ 0.05] and individual pup birth weight
[χ2

(1) = 9.42, p ≤ 0.01] than did litters born to saline dams.

Amitriptyline vs. desipramine
As illustrated in Table 2, AH surrogate litters gained less weight
over PPDs 1–6, than did DH litters [χ2

(1) = 6.98, p ≤ 0.01].
AM dams weighed less on GD 0 than DM dams [χ2

(1) = 5.17,
p ≤ 0.05]. AH and AM birth litters had higher average individual
pup weights on PPD 1 than DH [χ2

(1) = 5.62, p ≤ 0.05] and DM
[χ2

(1) = 5.75, p ≤ 0.05] litters, respectively.

MATERNAL BEHAVIOR
Amitriptyline
There were significant within treatment dose effects with
amitriptyline groups and between amitriptyline and saline con-
trol groups on all measures of MB analyzed (see Figure 1). AH

dams crouched for a shorter duration than all other amitriptyline
dams AM [χ2

(1) = 17.69, p ≤ 0.01]; AL [χ2
(1) = 15.26, p ≤ 0.01]

or saline controls [χ2
(1) = 20.81, p ≤ 0.01]. Interestingly, the

AH dams touched pups more AM [χ2
(1) = 13.77, p ≤ 0.01];

AL [χ2
(1) = 12.89, p ≤ 0.01]; saline controls [χ2

(1) = 8.13,
p ≤ 0.01] and also licked them longer than other dams AM
[χ2

(1) = 17.14, p ≤ 0.01]; AL [χ2
(1) = 18.91, p ≤ 0.01]; saline con-

trols [χ2
(1) = 18.88, p ≤ 0.01]. Finally, AH dams were gener-

ally more active than other dams AM [χ2
(1) = 19.65, p ≤ 0.01];

AL [χ2
(1) = 11.45, p ≤ 0.01]; and saline controls [χ2

(1) = 24.63,
p ≤ 0.01], as shown in Figure 1.

Desipramine
DH [χ2

(1) = 3.94, p ≤ 0.05] and DM [χ2
(1) = 6.05, p ≤ 0.05] dams

crouched less than did saline treated dams, as shown in Figure 2.
The DM dams were more active [χ2

(1) = 4.60, p ≤ 0.05] than were
the saline controls. There were no other statistically significant
between group differences on MB measures in desipramine or
saline control dams.

Amitriptyline vs. desipramine
AH dams crouched over pups for a shorter duration [χ2

(1) = 8.47,
p ≤ 0.01] but touched [χ2

(1) = 7.77, p ≤ 0.01] and licked
[χ2

(1) = 19.53, p ≤ 0.01] pups longer than did the DH dams (see
Figure 3). AH dams were also more active [χ2

(1) = 19.95, p ≤ 0.01]
than were DH dams in general. Conversely, AM dams crouched
longer than did DM [χ2

(1) = 4.84, p ≤ 0.05] dams while DM
and DL dams touched pups longer than did AM [χ2

(1) = 5.31,
p ≤ 0.05] or AL [χ2

(1) = 5.49, p ≤ 0.05] dams.

POSTPARTUM AGGRESSION
Amitriptyline
As shown in Figure 4, AH dams attacked intruders less saline
controls [χ2

(1) = 5.26, p ≤ 0.05], had a higher frequency of aggres-
sive postures aggressive posture AL only [χ2

(1) = 5.63, p ≤ 0.05]
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FIGURE 1 | Mean ± SEM of all MB measures organized in four panels of

bar charts for all amitriptyline groups. Each panel is for a specific behavior
[(A) Crouch; (B) Activity; (C) Lick; (D) Touch]. All four panels measure duration
in seconds (s) on the Y axis and X axis includes categories for all amitriptyline

groups and saline controls. Gray bars denote amytriptyline groups [AH,
amitriptyline high (10 mg/kg); AM, amitriptyline medium (5 mg/kg); AL,
amitriptyline low (2.5 mg/kg)]. While bars denote saline control group [Saline =
normal saline (2 ml/kg)]. * p ≤ 0.05; **p ≤ 0.01.

FIGURE 2 | Mean ± SEM of all MB measures organized in four panels of

bar charts for all desipramine groups. Each panel is for a specific behavior
[(A) Crouch; (B) Activity; (C) Lick; (D) Touch]. All four panels measure duration
in seconds (s) on the Y axis and X axis includes categories for all desipramine

groups and saline controls. Black bars denote desipramine groups [DH,
desipramine high (5 mg/kg); DM, desipramine medium (2.5 mg/kg); DL,
desipramine low (1.25 mg/kg)]. While bars denote saline control group [Saline
= normal saline (2 ml/kg)]. * p ≤ 0.05; **p ≤ 0.01.
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FIGURE 3 | Mean ± SEM of all MB measures organized in four panels of

bar charts by behavior for all amitriptyline and desipramine groups.

Each panel is for a specific behavior [(A) Crouch; (B) Activity; (C) Lick;
(D) Touch]. All four panels measure duration in seconds (s) on the Y axis and
X axis includes categories for all amitriptyline groups in gray [AH,
amitriptyline high group (10 mg/kg); AM, amitriptyline medium (5 mg/kg); AL,
amitriptyline low (2.5 mg/kg)], all desipramine groups in black [DH,

desipramine high (5 mg/kg); DM, desipramine medium (5 mg/kg); DL,
desipramine low (1.25 mg/kg)] and saline control group in white
[Saline = normal saline (2 ml/kg)]. Comparisons between amitriptyline
and desipramine groups were only tested between the high, medium,
or low dose groups for each respective drug treatment group. All
significant AH–DH, AM–DM, and AL–DL comparisons are denoted
*p ≤ 0.05; **p ≤ 0.01.

and threatened intruders less than other dam groups all dams,
AM [χ2

(1) = 14.84, p ≤ 0.01]; AL [χ2
(1) = 50.16, p ≤ 0.01]; and

saline controls [χ2
(1) = 16.03, p ≤ 0.01]. AL dams threaten intrud-

ers more than AM [χ2
(1) = 6.29, p ≤ 0.05] or saline treated dams

[χ2
(1) = 9.48, p ≤ 0.05].

Desipramine
As shown in Figure 4, all desipramine dams threatened intrud-
ers less than saline treated dams DH [χ2

(1) = 40.36, p ≤ 0.01];
DM [χ2

(1) = 31.52, p ≤ 0.01]; and DL [χ2
(1) = 24.71, p ≤ 0.01].

DH treated dams also attacked intruders less DM [χ2
(1) = 11.18,

p ≤ 0.01]; saline controls [χ2
(1) = 16.47, p ≤ 0.01], and were less

likely to pin intruders with an aggressive posture than were
other dam groups DM [χ2

(1) = 4.13, p ≤ 0.05]; DL [χ2
(1) = 6.09,

p ≤ 0.05]; saline controls [χ2
(1) = 7.46, p ≤ 0.01]. DL dams

attacked intruders less often than did saline treated dams
[χ2

(1) = 6.33, p ≤ 0.05].

Amitriptyline vs. desipramine
All doses of amitriptyline significantly increased the fre-
quency of threat when compared to their corresponding high

[χ2
(1) = 5.56, p ≤ 0.05], medium [χ2

(1) = 28.36, p ≤ 0.01], or low
[χ2

(1) = 65.85, p ≤ 0.01] dose desipramine groups (see Figure 4).
AH dams had a higher frequency of aggressive postures compared
to DH dams [χ2

(1) = 17.58, p ≤ 0.01].

OXYTOCIN RADIOIMMUNOASSAY
Amitriptyline
AL dams had higher oxytocin levels in the MPOA than did saline
controls [χ2

(1) = 3.99, p ≤ 0.05]. AH [χ2
(1) = 30.20, p ≤ 0.01],

AM [χ2
(1) = 40.15, p ≤ 0.01], and AL [χ2

(1) = 46.83, p ≤ 0.01]
treated dams all had lower hippocampal levels of oxytocin (pg/mg)
compared to saline controls (see Figure 5).

Desipramine
As seen in Figure 5, there were no significant differences between
desipramine and saline control groups on levels of oxytocin in
the MPOA, amygdala, or the VTA. DH treated dams had sig-
nificantly lower levels of oxytocin (pg/mg) in the hippocampus
compared to saline controls [χ2

(1) = 31.43, p ≤ 0.01] and signif-
icantly increased hippocampal oxytocin levels compared to DM
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FIGURE 4 | Mean ± SEM of all postpartum aggression measures

organized in three panels of bar charts by behavior between (A) all

amitriptyline and saline, (B) all desipramine and saline, and (C) all

amitryptline and desipramine groups. All panels measure frequency
of behavior on the Y axis and X axis includes categories for all
amitriptyline groups in gray [AH, amitriptyline high group (10 mg/kg); AM,
amitriptyline medium (5 mg/kg); AL, amitriptyline low (2.5 mg/kg)], all

desipramine groups in black [DH, desipramine high (5 mg/kg); DM,
desipramine medium (5 mg/kg); DL, desipramine low (1.25 mg/kg)]) and saline
control group in white [Saline = normal saline (2 ml/kg)]. Comparisons
between amitriptyline and desipramine groups were only tested between the
high, medium, or low dose groups for each respective drug treatment group.
All significant AH–DH, AM–DM, and AL–DL comparisons are denoted
*p ≤ 0.05; **p ≤ 0.01.

dams [χ2
(1) = 7.06, p ≤ 0.01]. DM [χ2

(1) = 66.05, p ≤ 0.01] and
DL dams [χ2

(1) = 50.47, p ≤ 0.01] also had lower hippocampal
oxytocin levels than did saline treated dams.

Amitriptyline vs. desipramine
There were no significant differences between amitriptyline and
desipramine groups on oxytocin levels in any brain region tested.

DISCUSSION
We predicted that gestational desipramine treatment would have
less effect on MB compared to amitriptyline treatment based on
previous work with serotonergic reuptake inhibitors (Johns et al.,
2005b). Our present data supports this hypothesis as combined
5-HT/NE reuptake inhibition resulted in greater MB alterations
compared to NE reuptake inhibition alone. Chronic NE reup-
take inhibition by the medium and high doses of desipramine in
this study resulted in decreased crouching of dams compared to

saline treated controls, and desipramine treatment was generally
associated with lower levels of aggression. Results from this study
support previous findings indicating a role for NE in MB. Previ-
ous studies have suggested NE plays a role in pup retrieval and
disrupted nursing, as Thomas and Palmiter (1997) reported that
pups born to mice lacking NE did not exhibit visible milk bands.
However, the data ultimately indicated the deficits in pup feed-
ing resulted primarily from poor maternal retrieval, resulting in a
high percentage of pup litters not surviving (Thomas and Palmiter,
1997). In the present study, all dams retrieved pups with no dif-
ferences in the latency to retrieve (data not shown), suggesting
disruptions in crouching behavior in the desipramine treated dams
were not related to retrieval. Although DM dams were more active
than controls, the DH dams were not, so for this group at least
hyperactivity did not prevent crouching. Crouching, or assuming
the nursing posture, by dams is one of the most important dam
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FIGURE 5 | Mean ± SEM of all brain oxytocin measures organized in four

panels of bar charts by anatomical region for all amitriptyline and

desipramine groups. Each panel is for a specific anatomical region [(A)

MPOA; (B) Hippocampus; (C) VTA; (D) Amygdala). All four panels measure
picograms of oxytocin per milligram of brain tissue (pg/mg) on the Y axis and
X axis includes categories for all amitriptyline groups in gray [AH, amitriptyline
high group (10 mg/kg); AM, amitriptyline medium (5 mg/kg); AL, amitriptyline

low (2.5 mg/kg)], all desipramine groups in black [DH, desipramine high
(5 mg/kg); DM, desipramine medium (5 mg/kg); DL, desipramine low
(1.25 mg/kg)] and saline control group in white [Saline = normal saline
(2 ml/kg)]. Comparisons between amitriptyline and desipramine groups were
only tested between the high, medium, or low dose groups for each
respective drug treatment group. All significant AH–DH, AM–DM, and AL–DL
comparisons are denoted *p ≤ 0.05; **p ≤ 0.01.

behaviors in the early postpartum period for pup survival, as they
need to nurse often and starting soon after birth. Since untreated,
surrogate pups were fostered to dams, we assume that pup behav-
ior such as kneading and moving to stay under the ventrum was
adequate to stimulate dams to assume the posture, and that vari-
ability in pup response would be random. NE may affect milk
production by dams, and although we did not check specifically
for amount of milk in dams, it is possible they could have pro-
duced somewhat less milk and thus spent less time crouching. As
only the DL litters gained less weight from PPD 1–6 (see Table 2)
than controls and DL dams did not differ in crouching, this argues
against this interpretation. Given the evidence, we might surmise
that the desipramine treatment either directly or indirectly altered
this crouching behavior.

Previous studies have suggested NE may play a role in aggressive
behavior of male mice, with effects dependent on the treatment
and drug regimen (Matsumoto et al., 1991). Higher levels of NE
have been previously associated with increased aggression in adult
male human prisoners (Chichinadze et al., 2010), but few effects
have been reported with respect to females in rodent or human
models. In the present study, desipramine treatment decreased all
aggressive behaviors measured. This is interesting as we expected
no increases but did not predict significant decreases. Chronic
reuptake inhibition, which would have resulted in lower levels
of NE during the course of treatment, might have resulted in
decreased NE levels or noradrenergic receptor binding at the time
of MA testing (Bondi et al., 2007), or, alternatively, the withdrawal
from desipramine may have resulted in a rebound by PPD 6 testing.
Our findings support previous data suggesting NE can alter MA

under some regimens, with an emphasis now on lactating females.
Since we did not measure levels of NE or receptors on PPD 6, we
can only speculate as to which mechanisms might be responsible
for the observed behavioral effects.

While manipulations of 5-HT levels have been correlated
with MB changes, few investigators have studied this association
directly. Findings presented here suggest that combined NE and
5-HT reuptake inhibition has a greater impact on crouching com-
pared to gestational treatment with drugs which affect either NE
or 5-HT systems individually (Johns et al., 2005b). In addition, it
appears more likely that activity changes may have played a role in
amitriptyline related effects. Reduced crouching behavior is more
of a passive behavior whereas increased touching and licking of
pups seen in the high dose amitriptyline dams is more appetitive
and activity specific. In light of our previous findings (Johns et al.,
2005b) that chronic 5-HT reuptake inhibition (fluoxetine) alone
results in strong trends for decreased crouching and increased
levels of licking and touching of pups, we feel that amitripty-
line’s effects are very similar to fluoxetine, and somewhat different
from NE reuptake inhibition alone (crouching deficits only). It
seems through manipulation of the independent and combined
monoamine neurotransmitter systems in this and other stud-
ies (Johns et al., 2005b), that particular behaviors may be more
strongly related to specific effects of one particular monoamine
neurotransmitter rather than thecombination of effects from sev-
eral systems. However, it is important to note that behavioral
changes observed here with the highest dose of amitriptyline,
could also be related to altered DA reuptake. Although amitripty-
line is relatively selective for NE and 5-HT, Di Matteo et al. (2000)
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reported an increase in DA levels in the nucleus accumbens
following acute amitriptyline administration at the highest dose
(10 mg/kg) used here. Gestational treatment with a low dose of
a DA reuptake inhibitor also has been shown to reduce crouch-
ing, decrease latency to lick and increase pup licking and touching
(Johns et al., 2005b). Future studies could examine the impact of
drug dose on specific neurotransmitter system dynamics (levels,
binding) to aid in interpreting pharmacological findings.

Higher 5-HT levels have been correlated with lower levels
of aggression in numerous reports in rodent models, especially
male rodents (Olivier and Mos, 1992; Olivier et al., 1995; Holmes
et al., 2002; Miczek et al., 2007). Few reports are available for
female models, particularly lactating females employing single
reuptake inhibitors over gestation. Previously, we reported that
dams treated chronically with fluoxetine during gestation at a high
dose (8 mg/kg) resulted in dams that were less likely to nip/bite or
threaten an intruder, but more likely to attack and fight them for
a longer duration than controls (Johns et al., 2005b). This is inter-
esting in light of our present findings (contrary to our predictions)
that AH treated dams actually threatened and attacked intruders
less than other amitriptyline treated and control dams. Overall, all
amitriptyline treated dams threatened intruders more often com-
pared to all desipramine treated dams, suggesting that lower levels
of NE may play an inhibitory role in MA. In humans, amitripty-
line has generally been found to increase aggression (Soloff et al.,
1986a,b), suggesting again that the combined reuptake of 5-HT
and NE might interact to offset the effect of 5-HT inhibition
alone. Doses of amitriptyline and desipramine were selected to
ensure minimal DA reuptake inhibition and retained selectiv-
ity for 5-HT and NE transporters; these findings are somewhat
similar to the effects of combined DA and 5-HT reuptake inhibi-
tion during gestation in that the additive effect of a DA reuptake
inhibitor dampens the heightened aggression following fluoxetine
(Johns et al., 2005b). The doses used here do, however, have dif-
ferent pharmacokinetic effects on the monoamine transporters.
Future studies where doses of amitriptyline and desipramine are
selected to achieve different percent inhibition of 5-HT and NE
transporters may produce more pronounced behavioral and neu-
roendocrine effects, and aid in a clearer understanding of specific
neurotransmitter involvement in MBs.

We predicted oxytocin levels would be decreased in the
amygdala if they were associated with increased MA follow-
ing amitriptyline treatment. In light of low levels of aggression
observed in both treatment groups, it is not surprising that we
did not observe any oxytocin increases in the amygdala. It is
plausible that the aggression levels, specifically fighting, must be
significantly higher to find the related oxytocin changes we have
previously seen following treatment with drugs that alter multiple
reuptake inhibitor systems (Johns et al., 1994, 1998b). Decreased
drug-induced aggression has been associated with increased amyg-
daloid oxytocin (Johns et al., 1998a) in the postpartum period
after acute treatment (Johns et al., 1998a; Elliott et al., 2001) or
following gestational treatment with some doses of a DA reup-
take inhibitor (Johns et al., 1995). It may also be the case as
we and others have suggested, and this study may indicate, that
specific types of aggression may be differentially associated with
oxytocin level changes in different brain regions (Caldwell et al.,

1994; Bosch et al., 2005; Consiglio et al., 2005; McMurray et al.,
2008; Johns et al., 2010). Oxytocin levels were significantly lower
in the hippocampus following treatment with either drug com-
pared to saline controls, just as was the case in our earlier report
using selective serotonergic and dopaminergic reuptake inhibitors
(Johns et al., 2005b). The hippocampus has been more strongly
associated with MB (Kimble et al., 1967) than with MA specifi-
cally in lactating models. Reduced levels (Johns et al., 1997) and
receptors (Jarrett et al., 2006) for oxytocin in the early postpar-
tum environment have been reported following treatment with
cocaine, a non-selective monoaminergic reuptake inhibitor. The
hippocampus is well known for its role in integration spatiotem-
poral memories (Hasselmo et al., 2010) and the hippocampus
exhibits increased BOLD signal in response to pup suckling which
can be reduced by OT antagonists (Febo et al., 2005). The entorhi-
nal cortex, directly adjacent to the hippocampus, is involved in
social memory and also exhibits the positive BOLD response to
pup suckling (Febo et al., 2005). These results suggest a role for
hippocampal OT sensory response to pups, perhaps encoding spa-
tial memories of where the sensory stimulation occurred, although
this has yet to be tested. Oxytocin has previously been shown to
modulate neuroplasticity in the hippocampus, inducing long-term
potentiation in the hippocampus of postpartum mice (Tomizawa
et al., 2003) and long-term depression in male rats (Dubrovsky
et al., 2002). Hippocampal oxytocin has been associated with drug
dependence and tolerance (Sarnyai and Kovacs, 1994), and as such
may be playing a role in the present findings. Pervasive decreases in
hippocampal oxytocin with gestational administration of a wide
variety of monoaminergic agents, coupled with oxytocin’s known
role as a modulator of hippocampal synaptic strength and poten-
tial role in social recognition and perception (Cole and Young,
2009; Theodoridou et al., 2009), warrant future studies assessing
the role of monoaminergic reuptake inhibitors on hippocampal
neuroplasticity in the maternal brain.

The present study was not without limitations, including no
direct assessment of changes in NE, 5-HT, and DA levels or recep-
tors in brain regions of interest following drug treatment. Our
focus on the oxytocin system prevented these measurements of
monoamine system function in a single cohort of animals. The
use of only male surrogate pups results in a loss of generalizability
of the effects to a larger population, although previous studies have
shown drug-induced effects with mixed litters as well (Johns et al.,
2005a). The drugs chosen for this study were not the most selec-
tive available for the respective neurotransmitter systems, but in
some respects quite relevant considering treatment for serotonin
selective reuptake inhibitor refractory depression employs the use
of combined NE/5-HT neurotransmitter uptake inhibitors like
amitriptyline and desipramine. However, as observed here, par-
ticular dose pharmacokinetics need to be further explored, as low
and medium doses of amitriptyline had little effect on MB, and
drug dose-behavior relationship studies aimed atunderstanding
complex mechanisms driving behavioral changes could be of
clinical relevance.

While we did not assess changes in anxiety and stress in this par-
ticular study, both have been correlated with deficits in maternal
care (Smith et al., 2004; Bosch et al., 2007; Chen et al., 2010; Kessler
et al., 2011). To the extent that dams in this study may have been
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experiencing some effects of drug withdrawal at time of testing
(none were noted), it is important to acknowledge that this could
have had some effects on the behaviors measured here. We did
not detect any problems with lesions or distress following either
drug administration. While the AH dams did gain less gestational
weight they did not suffer notable sudden weight loss. Milk pro-
duction did not seem to be restricted in AH dams as all pups
nursed and had milk bands. These animals were more active and
perhaps there were some anorectic effects as were evident in a pre-
vious fluoxetine study at the high dose level (Johns et al., 2005b)
which could have had some effects on behaviors measured. It is
also important to remember that effects of drugs used as anti-
depressants in an animal model must be carefully interpreted, as
this model does not have an overt depressive-like phenotype (Pol-
lak et al., 2010), and as such, may not reflect the pharmacological
effects these compounds would have in depressed or drug abus-
ing human mothers. Future studies like this one using an animal
model of depression might prove interesting. In conclusion, given
the high rates women use legal and illicit monoamine reuptake

inhibitors, further exploration of these models could prove useful
for studying how the action of these drugs may alter the dynamics
of the mother–infant relationship. This study, in combination with
other previous reports, highlights the complexity and importance
of understanding the biological underpinnings of maternal care.
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Early childhood deprivation is associated with an increased risk of attachment disorders and
psychopathology. The neural consequences of exposure to stress early in life have used
two major rodent models to provide important tools for translational research. Although
both models have been termed maternal separation (MS), the paradigms differ in ways
that clearly shift the focus of stress between maternal and offspring units.The first model,
here called early deprivation (ED), isolates pups individually while the dam is left not alone,
but with a subset of littermates in the home nest (“stay-at-homes”). The other model,
here called MS, isolates the dam in a novel cage while the pups are separated together.
In this study, these two early stress models were directly compared for their effects on
social behaviors in male and female juvenile offspring. Although both models altered play
behavior compared to controls, patterns of prosocial behaviors versus submissive behav-
iors differed by model and sex. Additionally, there were main effects of sex, with female
ED subjects exhibited masculinizing effects of early stress during play sessions. Maternal
behavior upon reunion with the isolated subjects was significantly increased in the MS
condition compared to both ED and control conditions, which also differed but by a lesser
magnitude. “stay-at-homes” were tested since some laboratories use them for controls
rather than undisturbed litters; they displayed significantly different sex-dependent play
compared to undisturbed subjects. These results indicate that early stress effects vary by
paradigm of separation. We suggest that MS produces greater stress on the dam and
thus greater maternal mediation, while ED causes greater stress on the neonates, result-
ing in different behavioral sequela that warrant attention when using these models for
translational research.

Keywords: maternal separation, early deprivation, neonatal isolation, play behavior, maternal behavior, social

behavior, isolation, stress

INTRODUCTION
Early traumatic experiences produce long-term neural changes
that are implicated in the etiology of psychiatric disorders (Hofer,
1996; Sanchez et al., 2001; Teicher et al., 2002). Children who have
been the victims of physical or sexual abuse are at significantly
greater risk for mental illness in adulthood (Bifulco et al., 1991;
Brown and Anderson, 1991; Caspi et al., 2003). Social behavior
subsequent to early stress has been studied less frequently than psy-
chopathology. Children with histories of severe neglect have been
shown to have attachment disorders and altered social behavior
(O’Connor and Rutter, 2000; Zeanah, 2000; Zeanah et al., 2002).
For example, children who had spent at least 8 months in a Roman-
ian orphanage displayed significantly increased levels of indiscrim-
inate friendliness compared to non-adopted children or children
who had been institutionalized 4 months or less (Chisholm, 1998).

Animal models of child neglect have been developed to mimic
the experience of isolation stress in children and can be used to
study the molecular mechanisms of its long-term consequences
on social behavior. In rats, the neonatal pup is dependent upon
the mother for thermoregulation, nutrition, stimulation of uri-
nation and protection for the first 2 weeks of life (Sanchez et al.,

2001). Early separation from the dam has been demonstrated to
affect a myriad of physiological systems in the neonate, includ-
ing alterations in heart rate, circadian rhythms, and levels of
circulating hormones (Hofer, 1987; Stanton et al., 1988; Kuhn
et al., 1990; Stanton and Levine, 1990). Separation of pups is also
associated with amplified neural CRF gene expression, elevated
corticosterone, and neurosteroid levels (Francis et al., 1999; Kehoe
et al., 2000; Frisone et al., 2002). Later in life, these animals show
greater activation of the hypothalamic–pituitary–adrenal (HPA)
axis (Francis et al., 1999). Behavioral sequela from neonatal isola-
tion stress have also been well documented. For example, adult
rats that experienced separation as pups exhibit more anxiety,
less aggression, and less maternal behavior (Boccia and Pedersen,
2001), groom more (Zimmerberg et al., 1999), and display learn-
ing deficits (Lehmann et al., 1999; Frisone et al., 2002; Sandstrom
and Hart, 2005).

Maternal behavior upon reunion with separated pups has been
proposed to play a significant role in the moderation of neu-
roendocrine responses to stress, cognitive development, and social
learning. Offspring that received increased licking and grooming
(LG) from the dam during the first 10 days of life showed enhanced
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hippocampal development and spatial learning and memory (Liu
et al., 2000), and decreased HPA responses to stress (Liu et al.,
1997). Juvenile male rats receiving decreased dam LG displayed
more play fighting compared to increased LG offspring (Parent
and Meaney, 2008). Similarly, as adults, low LG males were more
aggressive and defensive during a resident intruder test (Menard
and Hakvoort, 2007). Pups reared with complete maternal depri-
vation showed impaired performance in social learning tasks (Levy
et al., 2003). In this study, pups were removed from the nest at PN4
and fed via a gastronomy tube. Maternal deprivation did not affect
adult performance on non-social learning tasks (water maze and
radial arm maze); however, performance was impaired on all three
social learning tasks. Animals reared artificially made no distinc-
tion between a familiar and non-familiar conspecific, and did not
develop a preference for food previously eaten by a familiar con-
specific, while animals reared with their mothers did. Artificially
reared females also responded less rapidly to pups than did females
reared with their mothers. These results imply that animals reared
in the absence of maternal care, even when provided with sim-
ulated forms of care, develop significant impairments in social
behavior as adults.

While an expanding body of literature examines the effects of
early isolation-induced stress in the rat, there is little uniformity
in the paradigms used to define this type of early stress between
laboratories or in the reported outcomes (Lehmann and Feldon,
2000). Manipulation procedures range from brief daily separa-
tion of pups (“early handling”), to periods of single or repeated
separations for 1–24 h [alternately called “early deprivation (ED),”
“neonatal social isolation”or“maternal separation (MS)”], to com-
plete separation with artificial rearing from birth to weaning. Pups
might be isolated or separated as a total litter. The age of the pups
and the number of days during which these procedures are car-
ried out also varies between laboratories. The body temperature
of separated pups in different paradigms may also vary and affect
outcome (Zimmerberg and Shartrand, 1992).

Thus the purpose of this study was not only to investigate the
effects of early social isolation-induced stress on subsequent social
behavior during adolescence in rats, but also to determine whether
the two major models of neglect would differ in outcome. We
used the isolation procedure of our own laboratory (“ED,” e.g.,
Pryce et al., 2003; Zimmerberg et al., 2003) and the most typi-
cal alternative procedure, “MS” (e.g., Francis et al., 1999). In the
ED model, pups are isolated individually while the dam is left
with some littermates in the home nest. In the (MS paradigm,
the dam is isolated in a novel environment while the pups remain
together in the home nest. In these two situations both the pups
and the dams are exposed to very different experiences during the
separation period. Not only are the pups subjected to two distinct
environments in ED versus MS, but the dams also have two distinct
environments.

Our behavioral measure, play fighting, also called rough-and-
tumble play, is the most common form of social behavior in
juvenile rodents, and involves non-antagonistic chasing, wrestling,
nipping, and hitting. While the behaviors of play fighting mimic
adult aggression, the participants in play fighting are almost never
seriously injured. Play is solicited by the area of attack; in play,
attacks involve an attempt to rub the snout into the nape of the

partner, while serious fighting involves biting and is targeted at
the lower flanks and dorsum or the face (Pellis and Pellis, 1998).
Attempted nape contacts are usually resisted by the recipient,
who will adopt defensive tactics to avoid the contact or coun-
terattack with its own attempt to contact the partner’s nape.
A common defensive tactic is the supine position. In response
to an attack, the defender rotates into the supine position and
uses its paws to hold off the attacker. When the attacking rat
attempts to contact the nape while the other is in the supine
position, it is called a pin. Other defensive tactics include evad-
ing the contact of the attacker by moving away, or lifting the front
paws off the ground while facing the attacker to meet the attack
head-on, called boxing. In rough-and-tumble play there are often
many role reversals as partners alternate between attacking and
defending.

Frequency of play bouts in rats is age-dependent, beginning at
about 18 days and reaching peak levels in the fifth week of life. Play
then declines as the animal approaches sexual maturity (Pellis and
Pellis, 1990). There are also sex differences in play, both in the fre-
quency and composition of play behavior. Males play more than
females, and not only initiate more playful contacts, but are also
more likely than females to respond to such playful contacts. When
females do respond, they are more likely to evade, while males are
more likely to turn supine. As play fighting consists of an attack
and a defense, male pairs play fight more than female pairs, and
mixed-pairs display an intermediate level of play (Pellis and Pellis,
1990). These differences have been attributed to an interaction of
sensory, motor, and motivational differences between sexes (Pellis
et al., 1997).

The two previous studies in rats examining the effects of early
separation stress on play behaviors have both used the MS para-
digm, with contradictory results. A 3-h daily MS paradigm during
the first 2 weeks of life found overall levels of playfulness were not
affected, but that responsiveness to playful contacts (with evasions
or partial rotations) was enhanced in males in a pattern that sug-
gested feminization (Arnold and Siviy, 2002). In a more recent
study that also examined the effect of the MS paradigm on juve-
nile play, but only in males, previously separated subjects displayed
more aggressive play (attacks, pulling, and biting) and less submis-
sive play (supine, evading) than controls (Veenema and Neumann,
2008).

In this experiment, the ED and MS models were directly com-
pared for their effects on play behavior in both male and female
juvenile subjects. Although each model consisted of daily separa-
tions of equal length for 2 weeks, starting and ending on the same
postnatal days for all subjects, we hypothesized that these two
manipulations might not result in identical behavioral sequela.
Since MS effects might be mediated by maternal stress, while ED
effects due to more direct effects of isolation, we hypothesized a
greater level of altered play level in ED compared to MS and control
subjects. If MS subjects did differ from controls, play disruption
might be seen in submissive measures since previous studies report
enhanced stress reactivity in HPA function with the MS paradigm.
In addition, we looked for behavioral differences in within-litter
non-isolated subjects since they are sometimes used as control sub-
jects in other laboratories rather than distinct undisturbed control
litters.
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MATERIALS AND METHODS
SUBJECTS
Subjects were bred in the Williams College animal facility from
female and male Long–Evans rats (Harlan Sprague-Dawley, Indi-
anapolis, IN, USA). All procedures were approved by the Williams
College Institutional Animal Care and Use Committee. After
detection of a vaginal plug, females were individually housed
in plastic cages in a separate nursery room maintained on a
12:12 light:dark schedule, at 22˚C, 55% humidity. Females were
inspected three times daily for births; the day that birth was
observed was designated as postnatal day (PN) 0. On the day
following their birth (PN1), litters were sexed, and culled to 12
if necessary, with 6 males and 6 females when possible. On PN2,
litters were randomly assigned to one of three conditions: ED, MS,
or Control. All litters experienced the same standard nursery care,
consisting of twice weekly bedding changes starting on PN3.

All subjects were ear-punched for identification on PN12, and
weaned and weighed at PN25, when the subjects were removed
from the nursery and rehoused in hanging cages in same-sex pairs.
On PN29, subjects were rehoused individually prior to testing to
produce robust play behavior (Thor and Holloway, 1984).

A total of 106 subjects were tested in Experiment 1, as follows:
ED: 16 males and 16 females, representing 8 distinct litters; MS:
18 males and 22 females, representing 11 distinct litters, and Con-
trols: 18 males and 16 females, representing 9 distinct litters. In
addition to the above subjects, 16 males and 16 females from the 8
ED litters who had remained with the dams while the ED subjects
were separated were also observed for play behavior (within-litter
non-isolated subjects, or “stay-at-homes”).

APPARATUS
Behavioral testing was conducted in a cylindrical glass cham-
ber (30 cm diameter × 30 cm high) housed within a sound-
attenuating box. A video camera was attached to the ceiling of
the box. The only lighting in the room was from a 60-W red light
bulb and the computer monitor.

NEONATAL PROCEDURES
Early deprivation
Daily from PN2 through PN14, at 1300 h, eight pups (four male
and four female) were removed from the home cage, leaving the
four “stay-at-home” pups with the dam during the separation
period. The home cage with the dam and “stay-at-home” pups
were placed back in the same position on a shelf in the nursery.
Subjects were placed individually in plastic cups (10.6 cm diame-
ter) and transported to an adjacent room. Cups were placed in a
heated, circulating water bath set at 34˚C to mimic vestibular and
thermal stimulation experienced in the nest. Rectal temperature
readings in prior experiments had assured that body temperatures
were normative at 34˚C (Zimmerberg et al., 2003). After 3 h, sub-
jects were returned to the home cage. Subjects were weighed on
the first and last days of isolation.

Maternal separation
Daily from PN2 through PN14, at 1300 h, the dam was removed
from the home nest and placed in a novel cage with fresh bed-
ding. The cage was placed in a new position on the top shelf in

the nursery room. The entire litter was transported in the home
cage, which was placed on a heating pad set at 32˚C in an adjacent
room. Rectal temperature readings in pilot studies had assured
that body temperatures were normative (34˚C). After 3 h of sep-
aration the home cage was returned to the nursery and the dam
returned to the nest. Subjects were weighed on the first and last
days of separation.

Controls
Control litters were left undisturbed with the exception of weigh-
ing and earpunching on days equivalent to the designated weighing
and earpunching days for the ED and MS groups.

BEHAVIORAL PROCEDURES
Maternal behavior observations
Dams were observed in the nursery 10 min after the pups were
returned to their home nest on the seventh day of the neona-
tal separation procedures for 1 min. For the Control condition,
observations were made at equivalent times. The observer noted
whether the dam has relocated the“nest,”whether the dam was still
licking pups, and whether the dam was passively nursing (supine).

Play behavior testing
Subjects were habituated to the play-testing chamber on PN31 by
placing them individually into the chamber for 30 min. On PN32,
two subjects (same-sex, same-litter cage-mates) were placed inside
the testing chamber. Subjects were placed in the play chamber for
6 min on PN32; no recordings were made on this first day. After the
play session, subjects were returned to their individual cages. Play
sessions continued in the same manner on PN33 and 34, 6 min
each day, but on these days behaviors were recorded. All testing
took place between 1000 and 1400 h.

Video recordings of each play session were scored for number of
occurrences and duration of eight different behaviors for each sub-
ject using computerized observation software (LabTimer). Behav-
iors scored were attacks, pins, supine postures, evasions, boxing
bouts, sniffing, submissions, and rearing. An attack was defined
as a contact of the snout to the nape or dorsum of the partner.
Supine occurrences were defined as when a subject rotated into
the supine position and used its paws to defend itself, while pin-
ning was defined as when a subject attempted to contact the nape
while his partner was in the supine position. Evasion was defined
as moving away from an attack without assuming the supine posi-
tion, and boxing was defined as lifting the front paws to counter
the partner’s attack. Sniffing included sniffing of any region of the
partner. Submission was defined as when an attacked subject made
no attempt to evade or assume the supine position, and remained
immobile during the attack.

Data analysis
Play data were analyzed by analysis of variance (ANOVA) with
postnatal treatment condition (ED, MS, and Control) and sex
as the independent variables, and day of testing as a repeated
measure. Within-litter “stay-at-home” subjects were compared to
subjects from Control litters in a separate ANOVA. Significant
main effects were further analyzed with Fisher’s LSD test, and
significant interactions further analyzed with Means Compari-
son Tests (p’s < 0.05 criteria). Categorical maternal behavior data
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were analyzed by the independent-samples Kruskal–Wallis tests
(p’s < 0.05 criteria).

RESULTS
BODY WEIGHT
Neonatal separation, whether ED or MS, had no significant effect
on body weight or rate of growth from PN2–14. Weight gain for
the ED, MS, and Control conditions were 21.9 ± 1.8, 23.7 ± 0.8
and 21.5 ± 0.5 g, respectively.

MATERNAL BEHAVIOR
There was a significant main effect of postnatal treatment condi-
tion on overall maternal behavior (p’s < 0.05). The MS condition
dams displayed significantly more maternal behavior overall than
the ED condition dams, which in turn displayed significantly more
overall maternal behavior than Control condition dams. All MS
dams relocated their “nests” while only 3 ED dams did so; Con-
trol dams never moved their nest. Postnatal treatment also had a
significant effect on the likelihood of dams to still be licking pups
at 10 min post-reunion, with 8/11 MS dams were still engaged in
licking compared to 3/8 ED dams and 0/9 Control dams. There
was a significant effect of postnatal treatment on the likelihood of
dams to take longer than 10 min post-reunion to lie supine (pas-
sive nursing). Only 3/11 of the MS dams were supine compared
to 5/8 of the ED dams and all nine of the Control dams 10 min
post-reunion.

PLAY BEHAVIOR: ED, MS, AND CONTROL GROUPS
The effects of postnatal treatment and sex on play behavior mea-
sures observed over 2 days of testing are seen in Table 1. The results
are also presented in Figure 1 as the percent change from control
so that the overall pattern of results can be seen.

There was a significant main effect of postnatal treatment on
the number of attacks, F (2, 200) = 3.341, p = 0.04. ED subjects

Table 1 | The effects of early deprivation and maternal separation on

mean number (+SEM) and mean total duration (seconds + SEM) of

play behavior measures in adolescent rats.

Behavior Early

deprivation

Maternal

separation

Control

Attacks 27.14 + 1.95* 24.51 + 1.65 21.21 + 1.56

Attack duration 45.47 + 4.17* 35.94 + 2.80 31.85 + 3.10

Boxing bouts 2.89 + 0.38** 1.43 + 0.20* 2.28 + 0.28

Boxing duration 3.51 + 0.46*,** 1.47 + 0.25*,** 2.43 + 0.40

Pins 8.58 + 0.85 9.59 + 0.85 8.41 + 0.88

Pinning duration 28.93 + 3.08 31.53 + 3.01 28.19 + 3.38

Evasions 18.72 + 1.71* 16.71 + 1.38* 11.56 + 1.09

Evasion duration 23.58 + 2.38*,** 18.35 + 1.71*,** 13.02 + 1.48

Supine postures 9.09 + 0.94 10.27 + 0.91 8.74 + 0.93

Supine duration 29.58 + 3.21 34.02 + 3.21 29.79 + 3.56

Submissions 4.84 + 0.91 3.90 + 0.77 5.5 + 1.00

Submissive duration 21.04 + 1.67 19.86 + 1.51 17.43 + 1.59

*Significantly different from control.

**ED and MS significantly different.

attacked significantly more than Control subjects, while MS sub-
jects did not differ from either ED or Control subjects. Sex also
had a significant main effect on the number of attacks, F (1,
200) = 3.996, p = 0.05, with males (25.80 + 1.45) attacking more
than females (22.50 + 1.35). Of subjects that performed at least
one attack [all except four subjects (1 ED, 2 MS, 1 Control)], post-
natal treatment had a significant main effect on the total duration
of attacks per play session, F (2, 196) = 5.276, p = 0.006. ED sub-
jects attacked significantly longer than MS and Control subjects,
which did not differ from each other. Postnatal treatment also
had a significant main effect on the duration of a single attack,
F (2, 196) = 4.573, p = 0.01. In this case, ED subjects attacked
significantly longer per attack (1.54 + 0.11) than Control sub-
jects (1.33 + 0.05). There were no differences between ED and
MS (1.42 + 0.07) or MS and Control subjects in the duration per
attack.

There was a significant main effect of postnatal treatment
condition on the number of boxing bouts, F (2, 200) = 6.691,
p = 0.002. ED and Control subjects both boxed significantly more
often than MS subjects, and there was no significant difference
between ED and Control subjects. There was also a significant
interaction of postnatal treatment and sex, F (2, 200) = 3.016,
p = 0.05 (see Figure 2A). ED females and Control females both
boxed significantly more than MS females. There was no differ-
ence between ED and Control females or between ED, MS, and
Control males. MS females also boxed significantly less than MS
males.

A similar pattern was seen in the total duration of boxing per
play session. There was a significant main effect of postnatal treat-
ment condition on the total boxing duration, F (2, 200) = 7.83,
p = 0.0005. ED subjects boxed longest, with significantly greater
duration than both MS and Control subjects. Control subjects
boxed significantly longer than MS subjects, which had the shortest
duration. An interaction of postnatal treatment and sex also signif-
icantly affected the boxing duration, F (2, 200) = 4.917, p = 0.008,
and revealed that the main effect seen was due to differences
in females only (see Figure 2B). ED females boxed significantly
longer than both Control and MS females, and Control females
boxed significantly longer than MS females. ED females also boxed
significantly longer than ED males, while MS females boxed for a
significantly shorter duration than MS males. Control males and
females did not differ.

Of the 148 subjects who engaged in at least one boxing bout,
there was a significant main effect of postnatal treatment on the
mean duration of a boxing bout, F (2, 136) = 3.779, p = 0.03. ED
subjects boxed significantly longer (1.35 + 0.20 s per bout) than
both Control and MS subjects (0.94 + 0.06 versus 0.97 + 0.05 s
per box, respectively); there was no significant difference between
Control and MS durations. There were twice as many MS subjects
who never boxed compared to ED and Controls, which had the
same number of non-boxing subjects. An interaction of postna-
tal treatment and sex also significantly affected the duration per
box, F (2, 136) = 3.104, p = 0.05. ED females boxed significantly
longer per box (1.61 ± 0.45 s) than both Control and MS females
(0.83 ± 0.09 and 0.83 ± 0.11 s, respectively). ED females also boxed
longer than ED males (1.07 + 0.15 s). ED males did no differ from
MS or Control males (1.09 ± 0.08 and 0.97 ± 0.09 s, respectively).
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FIGURE 1 | Percent change (+SEM) from Control for play and activity measures for rats with an early experience of maternal separation (MS) or early

deprivation (ED). *Significantly different from control. **Significantly different from MS.

Postnatal treatment condition had a significant main effect on
the number of evasions, F (2, 200) = 5.853, p = 0.003. ED subjects
and MS subjects both evaded significantly more often than Con-
trol subjects. There was also a significant main effect of postnatal
treatment on the total duration of evasions, F (2, 200) = 7.303,
p = 0.0009. ED subjects evaded significantly longer time than both
MS and Control Subjects. MS subjects also evaded significantly
longer than Control subjects.

Postnatal treatment condition had a significant main effect on
the number of rears, F (2, 200) = 3.406, p = 0.03. ED subjects
reared significantly more than Control subjects (31.78 + 1.34 com-
pared to 26.07 + 1.36 rears per session). There was no significant

difference between rears for MS (29.45 + 1.27) and Control sub-
jects or MS and ED subjects. An interaction of postnatal treatment
and sex also significantly affected the number of rears, F (2,
200) = 3.165,p = 0.04 (see Figure 3). ED males reared significantly
more than MS males and also more than Control males. There were
no differences in rearing in females. Postnatal treatment condition
did not affect rearing duration.

The numbers of pins or pinning duration, supine events or
duration, submission events or duration, or sniff events or dura-
tion were unaffected by postnatal condition. The day of testing was
also not a significant factor in any analyses and data are presented
as mean of the 2 days of testing.
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FIGURE 2 | (A) Total number of boxing bouts + SEM and (B) duration of boxing bouts in seconds + SEM in male (M/M) and female (F/F) pairs in one of three
postnatal treatment condition: maternal separation (MS), early deprivation (ED), or control. *Significantly different from all other groups.

FIGURE 3 | Activity (total number of rears + SEM) in male (M/M) and

female (F/F) pairs in one of three postnatal treatment condition:

maternal separation (MS), early deprivation (ED), or control.

*Significantly different from other male conditions.

PLAY BEHAVIOR: CONTROL VERSUS STAY-AT-HOME SUBJECTS
There was a consistent pattern of significant interactions between
Sex and the type of control group (within-litter Stay-at-home sub-
jects) versus distinct litters (Controls) in play behavior measures,
as seen in Table 2. Control males and females did not differ in most
measures, Stay-at-home males demonstrated decreased play com-
pared to Control males and Stay-at-home females demonstrated
increased play compared to Control females.

Table 2 | Comparison of within-litter (“stay-at-home”) and distinct

control subjects on mean number (+SEM) and mean total duration

(seconds + SEM) of play behavior measures in male and female

adolescent rats.

Behavior Within-litter Distinct litter

Male Female Male Female

Attacks* 10.1 ± 1.9 17.8 ± 4.2 22.6 ± 2.0 18.6 ± 2.4

Attack duration* 16.9 ± 2.9 43.9 ± 7.5 36.7 ± 4.3 21.7 ± 3.2

Boxing bouts 2.2 ± 0.5 2.0 ± 0.5 2.1 ± 0.3 2.5 ± 0.5

Boxing duration 3.6 ± 1.3 2.8 ± 0.7 2.6 ± 0.5 2.2 ± 0.5

Pins* 2.8 ± 1.0 10.8 ± 2.1 8.6 ± 1.0 8.0 ± 1.6

Pinning duration 13.7 ± 5.3 29.6 ± 5.8 28.5 ± 3.9 27.5 ± 6.4

Evasions* 4.4 ± 1.2 21.9 ± 3.3 11.2 ± 1.3 12.2 ± 1.9

Evasion duration* 6.2 ± 1.9 25.8 ± 4.4 13.5 ± 1.8 12.2 ± 2.5

Supine postures* 3.2 ± 1.1 12.2 ± 2.4 8.9 ± 1.1 8.4 ± 1.7

Supine duration 15.0 ± 5.7 30.1 ± 6.0 30.5 ± 4.3 28.5 ± 6.5

Submissions 3.7 ± 0.8 3.3 ± 1.2 6.8 ± 1.4 3.1 ± 0.9

Submissive duration 5.5 ± 1.5 5.4 ± 2.1 18.8 ± 1.9 14.9 ± 2.6

*Significant interaction between condition and sex.

An interaction of postnatal treatment condition and sex
significantly affected the number of attacks performed, F (1,
92) = 14.743, p = 0.0002. Control males attacked significantly
more than Stay-at-home males, while Control females attacked
significantly less than Stay-at-home females. Also, Stay-at-home
females attacked significantly more than Stay-at-home males,
while there was no difference between female and male Controls.
There was also a significant main effect of sex on attacks, F (1,
92) = 5.798, p = 0.02, with females performing more attacks than
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males. There was also a significant interaction of condition and
sex on total attack duration, F (1, 92) = 15.635, p = 0.0002, fol-
lowing the same pattern as number of attacks. Of subjects that
performed at least one attack, there was a significant main effect
of postnatal treatment condition on the mean duration of a sin-
gle attack, F (1, 86) = 14.037, p = 0.0003; Stay-at-home subjects
(1.65 + 0.07) attacked longer per individual attack than Control
subjects (1.35 + 0.05).

An interaction of postnatal treatment condition and sex also
significantly affected evasions, F (1, 92) = 16.279, p = 0.0001. This
interaction followed the same pattern as the interactions seen
in attacks: Control males evaded significantly more than Stay-
at-home males, while Control females evaded significantly less
than Stay-at-home females. Also, Stay-at-home females evaded
significantly more than Stay-at-home males. There was no dif-
ference between Control males and females. An interaction of
postnatal treatment condition and sex significantly affected total
duration of evasions performed, F (1, 92) = 14.232, p = 0.0003.
Evasions performed by Control males were significantly longer
than evasions performed by Stay-at-home males, while evasions
performed by Control females were significantly shorter than
evasions performed by Stay-at-home females.

The number of pins was also significantly affected by post-
natal treatment condition and sex, F (1, 92) = 7.44, p = 0.008.
Stay-at-home males pinned significantly less than Control males,
and Stay-at-home females pinned significantly more than Stay-at-
home males,while Control males and females, and Control females
and Stay-at-home females did not differ. Total pinning durations
did not differ by group condition.

A main effect of sex on mean number of supine occurrences
was seen, F (1, 92) = 6.414, p = 0.01. Females were supine sig-
nificantly more times than males during a play session with a
mean of 9.93 + 1.42 supine events per session, while males were
supine only 7.38 + 0.92 times on average per session. However,
an interaction of postnatal treatment condition and sex revealed
that this main effect was due to an effect in Stay-at-home sub-
jects and not Controls, F (1, 92) = 7.985, p = 0.006. Following the
previously established pattern, Stay-at-home females were supine
significantly more than Stay-at-home males. Control males were
also supine significantly more than Stay-at-home males, and there
was no difference between Control and Stay-at-home females or
Control males and Control females.

There was a significant main effect of postnatal treatment con-
dition on the mean number of rears, F (1, 69) = 4.103, p = 0.05.
Stay-at-home subjects (31.63 + 1.91) reared more than Control
subjects (26.07 + 1.37). There was no significant effect of postna-
tal treatment condition on mean total duration of rearing per play
session. Group comparisons also did not affect rearing duration,
supine duration, submission events or submission duration, or
sniff events or sniffing duration.

The only significant effect of day of testing was an interaction
with postnatal treatment condition on the mean total duration
of boxing per play session, F (1, 92) = 5.092, p = 0.03. On PN33,
Stay-at-home subjects boxed for a significantly longer period than
Control subjects, while on PN34 there was no difference between
the two treatment conditions.

DISCUSSION
Neonatal stress induced by isolation significantly affected play
behavior, but these effects varied with the paradigm of isolation.
ED subjects demonstrated increased levels of play compared to
controls in attacking (both number, total duration and duration
per attack), boxing (total duration), and evasions (both number
and total duration). ED subjects were not more likely to be supine
or submissive. In contrast, MS subjects differed from Controls
and ED subjects primarily by engaging in many fewer boxing
bouts and less total duration boxing. MS subjects also evaded
play interactions more frequently and for a longer duration than
Controls.

Differences in the maternal care given upon reunion may
account for the differences seen in play behavior. Both the ED
and MS procedures altered maternal behavior, but there was a sig-
nificantly greater effect on the dam in the MS compared to the
ED condition. MS dams demonstrated increased nest rebuilding
and reorganizing behaviors, relocation of pups, and were more
likely to remain active rather than settling into a supine nurs-
ing position after 10 min. ED dams also demonstrated elevated
maternal behaviors compared to Control dams, suggesting that
this paradigm creates a level of stress that is intermediate com-
pared to separation from the entire litter and home nest and the
undisturbed condition. In a previous study, using the ED para-
digm, dams were observed to lick and groom previously isolated
pups a longer time than littermates that had remained in the
nest with the dam (Zimmerberg et al., 2003). The MS procedure
also alters maternal behavior upon reunion, as dams spent more
time LG pups separated briefly (15 min) than dams whose pups
were not separated (Liu et al., 1997). Boccia and Pedersen (2001)
also reported that daily brief (15 min) and long (3 h) separations
altered maternal behaviors such as licking, grooming, nursing, and
nest-building. Thus, the role of maternal care and variations of the
quality of care upon reunion with pups is clearly important in the
consideration of separation as a model of early stress.

Our hypothesis stated that differential levels of stress in the
dams and pups created by the two paradigms would cause alter-
ations in play differences seen, and the play data are consistent
with this hypothesis; the MS model caused the greatest change
in maternal behavior of dams upon reunion, while pups demon-
strated less alteration in play behaviors than ED pups. Conversely,
ED dams displayed less dramatic alterations in maternal behavior,
while ED pups displayed more dramatic alterations in play. Attack-
ing (including number of attacks, total duration of attacks, and
mean duration per attack) and boxing (also including events, total
duration, and mean duration per box), which represent prosocial
or aggressive behaviors were significantly increased in ED sub-
jects, but the antisocial or submissive behavior of evasion was also
increased. This is not surprising, as every prosocial initiation of
play performed by one subject must elicit a response behavior of
some sort. Therefore, in a pair where one subject performs more
prosocial behaviors, these will be matched by equivalent levels of
reciprocating submissive behaviors.

The increased level of boxing demonstrated by ED subjects can
be interpreted as elevated aggression. In the case of boxing, both
subjects assume aggressive roles and each refuses to “back down”
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into a submissive role. For this reason, an increase in aggressive
boxing does not necessarily create a reciprocal increase in sub-
missive behavior. ED subjects therefore demonstrate a dispropor-
tionate increase in aggressive compared to submissive behaviors,
although both are significantly elevated from Control and MS.
Increased boxing behavior can also be interpreted as an impaired
readiness or ability to recognize social cues and respond appropri-
ately. Boxing is a much rarer occurrence in play fighting compared
to attack-evade or pin-supine interactions. In most play fight-
ing situations, an attack is either met by an evasion or a supine
response, which then leads to a continued attack of the evading
partner or a pin. Boxing can be viewed as an attack that fails to
elicit the more common submissive responses, and the respond-
ing partner that reciprocates as failing to interpret the social
interaction normally, resulting in a less common, “dysfunctional”
interaction.

Early deprivation subjects also displayed increased rearing, sug-
gesting that elevated levels of play could be due to a general increase
in activity or arousal. Since ED also causes increased grooming in
adults (Zimmerberg et al., 1999), rearing in ED juveniles might be
a reflection of changes in affective behaviors which could have an
impact on social behavior. General activity is somewhat increased
by the ED experience, but play activity is increased proportion-
ately more, reducing the likelihood that general activity changes
were responsible for the much greater increases seen in play in ED
subjects compared to controls.

Female ED subjects displayed the most boxing (seen in number,
total duration and mean duration per box measures) compared to
Control females, and even sometimes exceeded levels displayed by
ED males. One possible explanation is that upon reunion with
the dam, the increased maternal care in response to separation
elevated the average amount of licking received per female to lev-
els closer to those of males, causing a masculinizing effect (Birke
and Sadler, 1987). As demonstrated previously in this lab, dams
can distinguish between separated and non-separated littermates
and increased maternal behavior in response to the separated pup
(Zimmerberg et al., 2003).

One specific region of the brain that has been implicated in
social behavior is the amygdala. Amygdala lesions on PN7 disrupt
social behavior in rats later in life while lesions on PN21 have
no effect (Wolterink et al., 2001). Rats lesioned on PN7 demon-
strated decreased play on PN28, while hippocampal damage on
PN7 did not affect play. Amygdala-lesioned rats also demonstrated
decreased social exploration and approaching or following behav-
iors when lesioned on PN7, but not PN21. These results suggest
that the amygdala plays a critical role in social and play behavior in
juvenile rats, and that there is a critical period of development that
occurs early in life. As our results demonstrated increased levels in
play, the opposite of that seen after amygdala lesions, it may imply
that early separation increases amygdala function or activity.

Previous studies examining the effects of early separation or
social isolation have also noted subsequent differences in social
behaviors. Arnold and Siviy examined the effects of a 3-h daily
separation from PN2–14, using the MS paradigm as described in
the current study. They reported that overall levels of playfulness
were not affected, but that responsiveness to playful contacts (with
evasions or partial rotations) was affected in males. Separated

males demonstrated a decrease in evasions as testing progressed
over 3 days, while Control males showed no change in evasions.
This is consistent with our own results of increased evasions in
both MS and ED males compared to controls. It is likely that
Siviy and Arnold found fewer differences in play compared to the
current study as a function of the separation model used; in the
current study, MS differences were indeed more subtle than those
of ED. Another possible factor is that in this study, play was mea-
sured by the number of contacts to the nape and the responses to
those contacts. Therefore, prosocial play behaviors were not dis-
tinguished as attacks, pins, or boxes as in the current study, and
responses were only characterized as rotations and evasions and
supine occurrences were not measured. It is possible that effects
seen in the current study on these unrecorded behaviors were
masked by their method of play measurement. An additional fac-
tor to consider is that the study Arnold and Siviy used pregnant
dams that were transported to the lab while pregnant, introducing
the possibility of prenatal stress which could also contribute to
differences in subsequent pup behavior seen between their own
subjects and those in our study, in which the dams were never
removed from lab. Veenema and Neumann (2008) reported that
MS in males increased aggressive play (attacks, pulling, and bit-
ing) and decreased submissive play (supine, evading) compared to
controls. There were a number of differences in our procedures,
including earlier weaning, group housing after weaning, fewer days
of isolation to induce play, and whether the playmate was a litter-
mate. These differences also point to the value in standardizing
procedures across laboratories.

Within-litter disturbed controls, here called “stay-at-home”
subjects, which remained at home with the dam while ED litter-
mates were separated each day, were also found to have significant
differences in play compared to Controls from undisturbed litters.
In the measures of attacks, evasions, pins, boxing, supine occur-
rences and rearing, Stay-at-home subjects differed from Control
subjects. The sex-dependent pattern of results suggests a masculin-
ization of play behaviors in females measures and a feminization
in males. If these “stay-at-home” subjects received more maternal
attention during their time alone with the dam, it further supports
the hypothesis that levels of maternal care are essential in the devel-
opment of later play behaviors. Stay-at-home females may have
received more anogenital licking (AGL) than they would have in
the larger litter. Typically, dams spend more time licking males
than females, and this AGL contributes to masculine development
(Birke and Sadler, 1987; Moore and Power, 1992). These results
also suggests that Stay-at-home subjects should not be considered
equivalent to Control subjects for statistical purposes.

CONCLUSION
Using a validated animal model of early neglect is critical for
determining molecular mechanisms that underlie alterations in
juvenile social behavior. The impact of early neglect on later
social and stress-response behaviors, as demonstrated in studies
such as Chisholm (1998) and Gunnar et al. (2001) on adoptees
from Romanian orphanages, reinforces the need for animal exper-
imentation that can determine molecular epigenetic mechanisms
of these adverse effects to support new translational treatments
of behavioral disorders. Three years following adoption from
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orphanages, Romanian children displayed a higher proportion of
insecure social attachments and displayed significantly more indis-
criminately friendly behavior toward new adults. Similarly, the
current study demonstrated altered social behaviors in juvenile rats
who had experienced two different paradigms of early neglect, but
these effects varied with the paradigm. ED subjects demonstrated
increased levels of play of all types, while MS subjects differed only

primarily by engaging in less boxing and more evading. Using the
ED model might maximize the behavioral outcome by stressing the
stressed individual while minimizing, although certainly not elim-
inating, effects that are maternally mediated. Further research on
early separation and subsequent effects on social behavior would
benefit from careful attention to the model of early stress and the
role of maternal care.
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The success of research in the field of maternal–infant health, or in any scientific field, relies
on the adoption of best practices for data and knowledge management. Prior work by our
group and others has identified evidence-based solutions to many of the data management
challenges that exist, including cost–effective practices for ensuring high-quality data entry
and proper construction and maintenance of data standards and ontologies. Quality assur-
ance practices for data entry and processing are necessary to ensure that data are not
denigrated during processing, but the use of these practices has not been widely adopted
in the fields of psychology and biology. Furthermore, collaborative research is becoming
more common. Collaborative research often involves multiple laboratories, different scien-
tific disciplines, numerous data sources, large data sets, and data sets from public and
commercial sources. These factors present new challenges for data and knowledge man-
agement. Data security and privacy concerns are increased as data may be accessed by
investigators affiliated with different institutions. Collaborative groups must address the
challenges associated with federating data access between the data-collecting sites and a
centralized data management site. The merging of ontologies between different data sets
can become formidable, especially in fields with evolving ontologies.The increased use of
automated data acquisition can yield more data, but it can also increase the risk of intro-
ducing error or systematic biases into data. In addition, the integration of data collected
from different assay types often requires the development of new tools to analyze the data.
All of these challenges act to increase the costs and time spent on data management for
a given project, and they increase the likelihood of decreasing the quality of the data. In
this paper, we review these issues and discuss theoretical and practical approaches for
addressing these issues.

Keywords: data management, collaborative research, data entry, data integration

THE DATA MANAGEMENT CHALLENGE FOR COLLABORATIVE
RESEARCH
As highlighted in a recent field guide by the National Institutes of
Health (NIH), entitled “Collaboration and Team Science: A Field
Guide” (Bennett et al., 2010), and as noted in recent publications
(Wuchty et al., 2007; Stokols et al., 2008), the NIH and the scien-
tific community have shifted their focus over the past 10 years from
research projects conducted by individual investigators or labora-
tories to research collaborations among teams of investigators and
laboratories. This shift in focus is evident in NIH actions such
as the 2006 formation of the Clinical and Translational Science
Awards Consortium1, which is designed to promote translational
research among investigative teams, the 2006 revision of the NIH
Tenure Review Committee, which added “team science” to review
criteria, and the 2007 creation of grants involving multiple Prin-
cipal Investigators. While collaborative research is not new, the
NIH focus on translational research has promoted “consortium-
oriented” collaborative research in which multiple, independent
research laboratories share funding to support research on a broad

1http://www.ctsaweb.org/

scientific question of relevance to, and requiring the expertise of,
each laboratory. We are involved in two such research collabo-
rations designed to delineate the impact of drug use on health
behaviors and to define the mechanisms responsible for these
effects. The data management practices for the first collaboration
involving the Frank Porter Graham Institute at UNC has previ-
ously been presented as a case study (Burchinal and Neebe, 2006).
Our collaborative research projects rely on the synthesis of data
generated from multiple sources, such as functional and structural
neurobiological assays, behavioral tests, genetic analyses, infant
vocalizations, and immunological assays. While consortiums like
ours have the potential to yield insight into significant scientific
problems, they also present significant challenges in the synthesis
of different research methodologies and data types. In this paper,
we look specifically at the data management challenges faced by
research collaborations, we examine the complexities involved in the
integration of data across research sites, and we review practices and
technologies that we have found to be effective for data management
and integration in collaborative research.

Figure 1 provides a high-level generalization of the data man-
agement challenges faced by multi-site research collaborations.
Importantly, multi-site collaborations include a data coordinating
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FIGURE 1 | Schematic of data exchange in a multi-site research

collaboration. In a multi-site research collaboration, data coining from and
to individual laboratories and scientific cores (e.g., metabolomic,
proteomics, imaging cores) must be managed and integrated along with
the annotation describing the data.

site that manages all project data and serves as a focal point for
the integration of data for data exploration and analysis. The
data coordinating site is often an administrative core in large
consortiums or an individual laboratory in small collaborations.
In multi-site research collaborations, different laboratories gen-
erate data through their own specialized research activities, and
these laboratories are often involved in more than one research
collaboration. Laboratories generally develop, over many years,
individualized standard operating procedures for the production,
description, and analysis of data generated from that labora-
tory. The standard operating procedures are typically tailored to
each laboratory’s research expertise and include methodological
approaches for data production and dissemination, annotation
capture, and quality assurance procedures. The ability of labora-
tories to alter their standard operating procedures for different
research collaborations is limited because of the resultant disrup-
tion in laboratory activities and loss of time (and hence, money).
In addition, different laboratories often adopt data-usage policies
that may be institution-specific and that may vary from the policies
established for the collaboration.

Thus, a key challenge for the collaboration in general and for
the data coordinating site more specifically is to ensure that data
management practices throughout the collaboration are adequate
for data integration and analysis despite the inability of the data
coordinating site to change individual laboratory practices. Data
management practices also must remain adequate throughout the
natural evolution of the research collaboration as new findings
lead to adjustments in the research process. The increased size of
data set due to new technologies, such as next-generation genetic
sequencers, present both logistical and security issues due to the
large size of individual data files and the need to co-locate data files
with adequate computational capabilities and data storage facili-
ties to allow for processing and analysis of the data. An additional
key challenge is that the synthesis of data entails the integration
of numerous data types, and a single laboratory typically does not
have direct experience with the many data types that arise in multi-
site research collaborations. For instance, in our collaboration on
the effect of disruptions in the mother–infant bond as a result of

maternal drug use, data types include fluorescence measurements
in specific brain regions derived from immunohistochemistry,
measurements derived from functional magnetic resonance imag-
ing (fMRI) in specific brain regions, sound vocalizations from
infants, and behavioral responses of mothers to the infant vocal-
izations. By developing the linkages between such diverse data sets,
the data coordinating site can enable investigators to more readily
retrieve, visualize, and compare results for selected experimental
conditions across all measurement types.

IDENTIFYING BEST PRACTICES FOR DATA MANAGEMENT
High-quality data management practices focus on reducing the
amount of error introduced during the multiple stages of the data
lifecycle, including data collection, cleaning, scoring, processing,
storage, archiving, and analysis, re-analysis, or secondary analysis.
The need for quality practices is paramount to good research. For
example, we have detected data management-related error rates
of 5–10% when data are entered only once and error rates of over
10% when research assistants score and enter developmental test
data in projects that depended on their laboratory for data collec-
tion and scoring before turning to our data center for data entry
and processing. In our study, the implementation of high-quality
practices within the data coordinating site dramatically reduced
error rates from all sources to less than 1% (Burchinal and Neebe,
2006). The NIH now acknowledges the need for high standards for
data management and requires data-sharing plans for all projects
and professional data management for large projects (Coulehan
and Wells, 2005). We review key points regarding evidence-based
practices that we have found to be cost-efficient and associated
with a reduction in errors in multi-site research collaborations.

IDENTIFICATION (ID) SYSTEM
A consistent and comprehensive ID system must be formulated
that uniquely identifies each study subject (e.g., human subject,
animal subject, or biospecimen). This entails the creation of a
unique ID for each subject in each study site at multiple time
points for longitudinal studies and for each treatment group for
clinical trials or other studies involving treatment or intervention
groups. The ID numbers should provide unique identification
across nested factors such as time, family members, clinics, or
treatment groups. Along with the ID number, a list of important
information on the study subjects such as gender or birth date
should be established – these data are often stored as the master file.
The master file provides annotation for the study subjects, allow-
ing the data coordinating site to validate data entry by different
data collectors and for data collected over time.

VARIABLE SYSTEM
A well-described system for naming and annotating variables that
are used across experiments is necessary to establish; this includes
the creation of conventions for naming variables and the establish-
ment of checks for inconsistencies and errors related to variable
values. Variable names should be unique across all datasets. When
practical, systematic variables names can include information
about the variables themselves such as the protocols that were
used to capture the variable. Annotation should be associated
with each variable and should provide details about the measure-
ment captured by the variable, the valid values for the variable,
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the type of variable (e.g., binary, ordinal), and the methodology
used to capture the measurement. The systematic nomenclature
and annotation of variables reduce errors by clearly documenting
each variable and facilitating the transfer of best data management
practices to new members of the research team.

Several challenges exist in the development of a variable system
for use in a multi-site collaboration. In a previous collaboration
focused on tissue and cell engineering, we found that the inclu-
sion of a staff member with training in both biology and ontologies
was invaluable in reducing errors. During the course of that study,
we also were able to categorize the issues that arose over a 5-
year span, which we present below. (Note that the word “term” is
used interchangeably to mean either “variable name” or “variable
value.”)

1. Use of vague terms: terms such as “Dex” or “PepMix10” are
inexact, are difficult to map between labs, and lose meaning
over time.

2. Use of synonyms: the use of synonyms such as “niacinamide”
and “vitamin B” leads to failures in the integration of data.

3. Use of similar terms: terms such as“VEGF”and“VEGF-D”refer
to different entities, but are similar enough that researchers
often mistakenly use one term instead of the other. This prob-
lem, as well as the following one, is one that is readily handled by
a staff member with expertise in both biology and ontologies.

4. Use of homonyms: oftentimes, different scientific subfields use
the same term but with different meanings. For example, the
term “CD34” could mean a gene, a cell surface protein, an anti-
body, or a type of immune cell, depending on the laboratory’s
scientific focus.

5. Complex constraints on variable values: valid values for vari-
ables are often based on evolving standards. In this case, the
implementation of quality assurance checks to ensure that the
values are consistent with standards becomes difficult and often
requires the removal of the quality assurance checks, which
could introduce error. An example is the use of list boxes on a
graphical user interface that holds valid values for a variable.

6. Failure to use standard keywords: the use of non-standard
terms (when standard terms exists) leads to problems with data
integration when merging data sets.

7. Incorrect use of variables: we identified in several cases in which
researchers would use a variable to record information if track-
ing of the information was important to the researcher, but the
desired variable was not part of the overall study or the variable
system.

8. Failure to provide variable values: researchers who aren’t
trained in the need for variable values typically do not provide
such values.

DATA PROVENANCE AND MANAGEMENT THROUGH STRUCTURED
DATA STORAGE
The data system must enable the reproducibility of the results
of all analyses of the data, i.e., the data system must provide for
the provenance of the results. In practice, provenance is hard to
achieve and is costly (Rajendra and Frew, 2005; Yogesh et al., 2006).
To address this issue, we suggest the use of a file-based directory
structure as this facilitates provenance, is easy to establish, and is

cost-efficient to maintain. We suggest separate subdirectories for
projects, programs, datasets, and documentation. For our study
on the development of language, for example, we had a direc-
tory labeled “Langstudy” with subdirectories for analysis and data
management. Within the analysis subdirectory, we included sepa-
rate sub-subdirectories for analyses specific to a given presentation
or manuscript. The analysis sub-subdirectories contained all sur-
vey programs, memorandums, and other forms of documentation
related to analysis. Within the data management subdirectory, we
included sub-subdirectories for each data collection effort. Within
both the analysis and the data management subdirectories, we
included sub-subdirectories for survey programs, data, documen-
tation, and print. The program sub-subdirectory contained all
computer programs used to enter, score, and update the data sets.
The data sub-subdirectory contained all data files. The documen-
tation sub-subdirectory contained all communication with the
project staff regarding data collected for each study instrument,
lists of errors in the data, and instructions on how to correct
those errors. The print sub-subdirectory contains copies of the
output from all software programs used to process the data. The
use of file-based directories ensures that all data files can be traced
accurately from data collection through data analysis to published
manuscript or presentation. Requirements such as data backup
and security can be addressed with existing file-based tools. For
instance, access to data can be controlled with Unix-based access
control lists or Windows Group Policies.

QUALITY ASSURANCE
While specific quality assurance practices will vary depending on
the details of how the data are captured and processed, quality
assurance practices should be put in place to validate data correct-
ness, i.e., to ensure that all data values are within the appropriate
ranges, that IDs are present, and that duplicate IDs do not exist.
Quality assurance practices also should be in place to ensure that
the transfer and integration of data within the data management
system are reliable, correct, and efficient. It is important to docu-
ment all quality assurance practices. The implementation of sound
quality assurance practices can be quite complex, and fully real-
ized quality assurance approaches such as those practiced using
the approaches set forth by six sigma (Stamatis, 2004) or Good
Manufacturing Practices/Good Laboratory Practices (Carson and
Dent, 2007) are typically beyond the resources of NIH-funded col-
laborative research. However, several simple, inexpensive quality
assurance practices can be effective. For example, the use of a sec-
ond person to double-check all scoring of assessment tools and all
data entry greatly improves data quality. Similarly, when new com-
puter programs are created to automate data processing, a software
code review by a second person (or the development team) can
aid in identifying quality concerns with the software. All devel-
oped software should include software unit tests that demonstrate
that the software performs correctly across expected use cases. In
addition, quality risk reviews with team members can ensure that
problems with data collection and processing are identified early
on. These reviews can be structured as brain-storming exercises
using a “Cause-and-Effect” diagram (Ishikawa and Loftus, 1990)
to capture first the effects of any concerns (e.g., incorrect values
in a survey item), to identify the possible causes of any concerns
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(e.g., errors in data capture software), and to assess the likely risk
that each cause is present (e.g., low if software has been validated
in other studies). The advantages of this approach are that it is
easy to perform and the documentation of risk allows for the
prioritization of concerns.

TRACKING
A tracking system should be established that allows the project
team to follow the progress (or lack thereof) of data collection
across project activities. The typical tracking system involves a
computerized“to do” list of data processing tasks that are checked-
off as they are completed. The tracking system should also record
the presence of data quality issues and the actions that were taken
to address each issue. Open source and commercial project and
ticket tracking systems can be used for tracking if the development
of a customized solution is not feasible. An example is the Con-
fluence/Jira tools that are often used for tracking software projects
and can be customized for quality tracking.

REVISION CONTROL OF DATA
During data collection, we recommend the creation of a series of
permanent data sets and the use of version numbers to keep track
of revisions. The first permanent data set is created when the data
are generated. Subsequent permanent data sets are created when
new data are added or changes are made to the data in the original
data set, and the new data sets are assigned names that indicate that
they are revisions of the previous data set. This stage involves the
processing of data for correctness, and the master file and variable
naming system can aid in this task. For longitudinal studies, for
instance, the master file may contain detailed demographic data
on subjects, and those data should match the demographic data
captured in follow-up studies. All failures and warnings indica-
tive of a mismatch of the data should be tracked, and remediation
should be taken to address the issue. The project’s tracking system
should capture what changes were made as part of the remediation
effort, the team member who made the changes, the date when the
changes were made, and the reason why the changes were neces-
sary. Proper tracking of the details related to any changes in the
data set provides an explanation for why the data in a revised data
set differ from those the original data set. With each revision of the
data set, a new version is created and named, and older versions are
maintained for reference. Finally, a log can be maintained by the
project team that documents all changes and decisions regarding
the data.

ANALYSIS CONCERNS
Permanent data sets for specific analyses should be created only
when data are completely entered, cleaned, and frozen. It is often
tempting to create an “analysis” data set to begin analyzing the
results and to include all of the data – typically from multiple data
sets – in one analysis data set. While an analysis data set may make
it easier to run an analysis program, a concern is that the project
team might make corrections to the data or add new data to the
data sets without updating the analysis data set. The creation of
analysis data sets can therefore result in the analysis of data that do
not include all possible subjects or do not reflect corrections. We
recommend an alternative approach in which a single program is

used to represent all manipulations needed to create the analyzed
data; this program is then run each time an analysis is conducted.
The use of a single program to extract data, recode data, and delete
ineligible cases has several advantages over the use of an analysis
data set. First, any updates to the data sets will be maintained
in all analyses because the program is run using the most recent
version of the data set. Second, this approach will provide com-
plete documentation about all of the decisions made regarding
which subjects were included in the analyses, how the variables
were re-coded, and which summary variables were created.

DOCUMENTATION
The creation of comprehensive documentation for a project is
one of the most valuable roles that professional data management
provides for a research team. As noted in NIH and FDA guide-
lines (U. S. Food and Drug Administration, 2003; Coulehan and
Wells, 2005), professional data management should result in data
that can be traced from collection through analysis in a man-
ner in which all changes to the data and all decisions regarding
the data are apparent. We have been able to achieve data prove-
nance through rigorous documentation and the structured storage
approach discussed above. Documentation should be created to
describe each step of the research process, and the documentation
should be available in both electronic and paper forms. Decisions
regarding the management of data sets should be documented
electronically, both within the data sets and within separate files
maintained within the database. All variables should be labeled
in each data set in a systematic manner that conveys information
about each variable, even after data sets are merged. Codebooks or
annotation forms should be created to describe each study, to map
variable names onto the data that were collected, and to docu-
ment decisions made during data-keying and processing. We have
found that these codebooks are invaluable for providing quick
access to data collection forms and information about the instru-
ment, and they also facilitate the publication process. In addition
to our electronic documentation and codebooks, we include a
notebook or set of notebooks for each project, which includes the
research proposal, all versions of the data collection instruments,
scoring instructions, a codebook for each instrument or data set,
and paper copies of all communications, including error reports
and remediation efforts.

IDENTIFYING APPROACHES FOR CROSS-COLLABORATION
DATA INTEGRATION AND SHARING
The practical matter of integrating data from multiple laboratories
may seem trivial at first consideration, but in practice, integration
presents many challenges. The research practices adopted by a col-
laborative team can affect the quality of the data, the efficiency
at which the collaboration operates, and the ability to enforce
policies. For example, content management systems (CMS) are
often used to facilitate the uploading of data from laboratories,
but CMS typically do not have good capabilities for handling data
provenance in instances, for example, when a laboratory uploads
a new version of a data set. On a practical level, when the logistics
of a research project are poorly coordinated, the likelihood that
a laboratory continues to actively participate in a project declines
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as investigators become frustrated and focus their time on other
projects.

The approach often taken for the coordination and integration
of data is to pick a familiar, but not necessarily an ideal, technol-
ogy for data management and to refine it as needed. For instance,
many collaborations use an existing, web-based CMS such as MS
SharePoint or Joomla! because information technology (IT) spe-
cialists are often familiar with such tools. We advocate for an
engineered approach in which each laboratory’s needs for data
sharing and integration are ascertained and used to determine the
technical approaches. Table 1 lists the various factors that should
be considered in gathering technological requirements.

After the project team has carefully reviewed the factors listed
above, the team will be in a position to identify the best tech-
nical approaches to take to share and integrate data across the
collaborative team. We broadly classify the technical approaches
below.

SHARED SPACE
Perhaps the simplest approach is the use of a shared storage area
that is accessible by all members of the collaborative team. This
space can be a shared network folder on a file system, an ftp site,
a DropBox folder2, or even documents stored in Google Docs3.
This approach has the benefit of convenience for collaborators and
low maintenance costs. This approach has disadvantages, however,
in that it lacks good mechanisms for enforcing policy and secu-
rity concerns. This approach also provides limited support for the
actual integration of data sets or the automation of processes such
as quality assurance checks; often, this type of support is provided
through custom software or scripts.

CONTENT MANAGEMENT SYSTEMS
A CMS such as Microsoft SharePoint4, Joomla!5, or Drupal6 can be
configured easily by IT staff with minimal IT experience, especially
if one uses virtual appliances with the system pre-installed. The
CMS typically offer convenient and familiar interfaces for labora-
tories, particularly those with limited experience in collaborative
research. In general, the CMS are easy to customize, and junior IT
staff can usually customize a CMS; however, the customizations
can be unwieldy to maintain over time.

DIGITAL ARCHIVE
Digital archive systems such as the open source DSpace7 from MIT
are aimed at building collections of digital media. As such, these
systems often provide for many collaborative needs, including data
organization, data federation, metadata support, data provenance,
and data security. While digital archive software can be used for
research collaborations, support for the detection and tracking of
quality assurance issues and for the automated processing of sci-
entific data must be accomplished by an IT specialist with strong

2http://www.dropbox.com/
3http://docs. (google).com
4http://sharepoint.microsoft.com
5http://www.joomla.org/
6http://drupal.org/
7http://www.dspace.org/

programming skills. While configuring and maintaining the sys-
tem are not difficult, they require more time with a digital archive
system than with a shared space or a CMS.

VERTICAL DATA MANAGEMENT SYSTEMS
A number of vertical data management systems, including open
source versions, have been developed, and these are aimed at spe-
cific types of scientific data. For instance, the MIDAS (Kitware8)
and Xnat9 systems were developed for the management of neural
imaging data, whereas the MADAM system (TM410) was devel-
oped for the management of microarray data. The advantages of
these systems are that they are optimized for dealing with spe-
cific types of data, they can provide data visualization and analysis
capabilities, they use structured storage of the data (which facil-
itates queries), and they include quality checks on the data. The
big disadvantage of these systems in collaborative research is that
the data management core must set-up and run multiple software
systems, each with different approaches for handling issues related
to security, provenance, and metadata. Also, these systems rarely
facilitate the federation of data.

LIBRARY INFORMATION MANAGEMENT SYSTEMS
Library information management systems (LIMS) provide both
centralized and federated approaches to manage a broad range of
laboratory data such as biospecimen tracking and reagent training
within a single system. Commercially available LIMS include very
powerful capabilities for a range of applications, including data
integration, quality assurance tracking, data provenance, automa-
tion of workflows, and electronic notebooks. These systems are
very expensive, however, and they take time to customize, often
requiring consultations or contractual agreements with the ven-
dor. Unfortunately, there are very few open source LIMS, and the
ones that exist provide very few of the benefits that the commercial
versions do and are difficult to customize.

FEDERATED SYSTEMS
Federated data systems allow for the integration of data that are
located on different computer resources that are geographically
separated, without moving the data to a centralized location.
The open source Teiid system11 from the JBoss Community is
an exemplar of this type of technology. The Teiid system provides
feature-rich, cross-site, query, and security mechanisms with a rich
graphical user interface for designing virtual databases that pull
data from remote sites on-demand and for designing administra-
tive consoles for the management of the system. The system can
be extended by software developers to automate processes and to
provide useful add-ons such as integration into a CMS. The Teiid
system comes with multiple adaptors to read from databases, flat
files, MS Excel spreadsheets, and others. Effective use of a federated
system requires an IT specialist with programming experience. A
disadvantage of federated systems is that federation requires that
laboratories provide a mechanism to access the data on their sys-
tems, or they need to submit their data to an accessible location,

8http://www.kitware.com/products/midas.html
9http://www.xnat.org/
10http://www.irods.org/
11http://www.tm4.org/madam.html
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Table 1 | Factors to consider when developing the technical approach.

Factors Description

Personnel skills and resources Identify the IT staff and technical skills already in place at the receiving and distribution sites, and determine

if they are qualified to handle the planned approaches. In particular, consider if there are personnel available

with the appropriate skill sets required for all tasks.

Data retrieval/publishing mechanisms Identify the in-place (or planned) mechanisms for data access that will be used for distributing and retrieving

data from laboratories and other data sources.

Data issues Consider the types of data that are being transferred, the formats that the data will have, and the

transformations of the data that will be required.

Integration requirements Consider how the data will be integrated and where the integration will take place. For example, will the data

be integrated “on-demand” by users at their sites, or will they be pre-computed? Will laboratories need full

access to integrated data or subsets of data? What software will be used with the integrated data, and where

will that software reside? Should integrated data be treated as data managed by best practices, with auditing

and/or changes in the data?

Scale Consider the computational and storage requirements for the integrated data and for use of the data. If these

requirements are great, can the laboratories handle the requirement, or will they require additional disk space

or computational support?

Policies Consider the policies regarding access, sharing, and movement of the data for integration. Also, consider the

policies regarding the integrated data. What privacy and security mechanisms need to be put in place? Does

the integration of data change regulatory requirements? Are there differences in Institutional Review Board

policies between institutions?

Provenance Consider the requirements for tracking the integration of data and the use of the integrated data. What result

sets must be reproducible?

and some laboratories are hesitant to provide this or otherwise
incapable.

DISTRIBUTED DATA SYSTEMS
Distributed data systems share some capabilities with federated
systems; however, we distinguish them here by goal (and this
is an arguable distinction), in that federated systems are geared
toward a single, integrated view of distributed data (e.g., a vir-
tual database), whereas distributed systems are aimed at providing
common access to distributed data (e.g., a distributed file system
with data management capabilities built-in). A distributed sys-
tem, like the iRODS data grid12, provides a unified approach to
access data at different locations and in different storage formats,
including flat files or relational databases, with a distributed rule-
engine that allows the administrator to enforce data management
policies, including security, automation, and replication, across
the collaborative team. Distributed systems have the advantage
of providing centralized control while allowing data to remain
distributed. These approaches, however, typically require an IT
specialist with strong programming skills.

HYBRID SYSTEMS
Hybrid combinations of the approaches mentioned above are
worth consideration. For example, a federated system such as Teiid
that integrates data from vertical data management systems such
as MIDAS or MADAM can provide both vertical-oriented capabil-
ities with federation across data types and laboratories. Likewise,
a CMS on top of a datagrid such as iRODS (see text footnote 12)

12http://www.jboss.org/teiid

provides both familiar web-based tools with a robust system for
policy management. A disadvantage of hybrid systems is that there
is a myriad of possibilities that can be confusing to sort out; how-
ever, the choice of technology can be facilitated by determining
which of the above factors is important and how each factor can
be addressed.

ADDRESSING USAGE POLICIES, PRIVACY, AND SECURITY
In general, the management of data security and confidential-
ity issues are well known in the research community and are
not addressed in detail here. In a collaborative research environ-
ment, however, one has to deal with the added complexity that the
data coordinating center is responsible for enforcing usage poli-
cies and security and privacy concerns related to data originating
from multiple laboratories. Depending on the collaboration, this
responsibility may become quite complex. For instance, we have
been involved in collaborations in which data received from one
laboratory required deletion of the data by the data coordinating
center after 7 days and data received from another laboratory could
only be handled by IT staff that met certain background checks. In
isolation, such policies are not hard to deal with; with multiple lab-
oratories with changing and conflicting policies, a well-managed
process must be in place to ensure that policies are followed. On
the basis of our experience, we believe that this is best achieved
when the ability to enforce policies is embedded within the data
management technology.

iRODS (see text footnote 12)is an example of a best-of-breed
technology in this regard. iRODS allows for separate policies to
be implemented as rules and for rules to be applied separately to
any data resource within the data system. iRODS also includes
a rules engine that automates the execution of policy-governing
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rules that may have been generated from different groups, thereby
allowing laboratories and coordinating sites to generate rules inde-
pendently. A key point is that iRODS has the ability to execute
multiple applied rules, even when those rules have conflicting
impacts.

A second issue that we address has only recently received atten-
tion within the IT community; this is the concept of “data leakage.”
Data-leakage refers to the inappropriate transfer of sensitive data
out of a managed-data system. Commercial security vendors such
as Symantec,McAfee,and Trend Micro have been developing suites
of data-leakage protection technologies that audit and trap data
that are moved inappropriately from one computer to another,
whether this is done by file copy, email, IM chats, or other means.
These technologies are still maturing and are often costly; how-
ever, a data coordinating center should consider this technology as
part of its overall assessment of risk versus resource allocation. The
Renaissance Computing Institute, in collaboration with the North
Carolina Translational and Clinical Sciences Institute, has devel-
oped the concept of a “Secure Research Workspace” (Owens et al.,
2011) as a solution to the data-leakage problem. In the Secure
Research Workspace, a combination of computer virtualization
and data-leakage technologies are used to provide researchers with
an on-demand work environment with provisioned data that can-
not be transferred outside of the managed environment, but that
allows the researcher to import needed tools and export analysis
results as needed.

APPLICATION OF INTEGRATED DATA
The integration of different types of data such as fMRI, sound
recordings, and genomic data offers the potential for scientific dis-
covery; however, as noted in Searls (2005), the challenges involved
in the integration of different data sources go beyond the chal-
lenges involved in bringing the data together, but rather they may
involve the development of new methodologies. Data manage-
ment practices can and should enable such discovery, but the
practices depend greatly on the approaches taken by the collab-
orative research team. Meta-analysis, a statistical method used
to combine existing evidence (Hedges and Olkin, 1985), requires
the integration of results from data sets that measure the same
outcome variables. For instance, the meta-analysis of fMRI data
across research studies and laboratories can be performed with
voxel-based measurements, anatomical labels, or a combination
of laboratory results and coordinates with varying trade-offs
(Costafreda, 2009). Recently, these approaches have been applied
to the combination of neural imaging and genetics (Mier et al.,
2010; Thompson et al., 2010). From the perspective of best data
management practices, meta-analysis is similar to other types of
analyses; raw data (in this case drawn from published articles)
are processed to produce new data sets that are then analyzed
using standard programs. As such, the existing best practices –
reviewing risk, versioning data sets, and implementing tracking
processes – apply and should be used, particularly if the results are
likely to be published. For instance, in a meta-analysis of labeled
neuroanatomical regions from published fMRI studies, consistent
use of variable labels and terminology should be applied across
data sets and become part of the data provenance process to ensure
that the results are reproducible (Laird et al., 2005).

In contrast to meta-analysis, data exploration is geared at
generating new hypotheses or insights that are often not pub-
lished, but rather lead to the generation of new studies. Key
to exploration of different types of data is the generation of a
common reference against which the data can be understood.
For instance, the PubAnatomy system from Xuan et al. (2010)
provides an electronic brain atlas upon which other data such
as gene expression can be superimposed onto the anatomical
information. This type of system provides great flexibility. For
instance, a collaborative project on stress sensitivity might use
multiple paradigms to measure the anatomical correlates of stress
(e.g., genetic or immunohistological data derived from specific
brain regions) and behavioral measures of stress sensitivity (e.g.,
socialization behavior, physical challenges), and then the collabo-
rative team might use a data exploration system like PubAnatomy
to explore the union of the results. This approach, of course,
requires making decisions as to how to relate measurements
made using different paradigms, and these decisions should be
tracked to ensure the reproducibility of the results. Data explo-
ration is much simpler when best data management practices have
ensured that the annotation among data sets is consistent, that the
data are of high quality, and that the data can be located and
retrieved easily.

DATA INTEGRATION AND VERY LARGE DATA SETS
In recent years, we have seen an explosion in the amount of scien-
tific data that is being generated, and more specifically, there has
been a dramatic increase in the size of data sets that researchers
and data coordinating sites have to work with. For example, for
one of our NIH-funded projects, we are sequencing whole human
genomes to identify linkages between genomic variants and cancer.
Our team receives data sets from sequencing facilities that contain
approximately 100–400 GB of data per sequenced subject; thus, we
require 10–40 TB of disk space for every 100 subjects just to store
the data. Another 10 TB of disk space is required to process the
data to determine variants in the DNAs and several Terabytes of
disk space are required to construct a database for analysis. Very
large data sets often require the development of new approaches
for the storage, processing, and querying of data. Presently, a Ter-
abye of high-quality data storage costs $1,000 per Terabyte for
3–4 years of support. Therefore, collaborative teams must plan for
what data is going to be stored, the storage technologies that will
be used to store the data (e.g., tape, slow disk drives, fast disk
drives, a combination), and the software approaches that will be
used to organize the data. Planning for data store is imperative to
efficiently allocate the resources that are available to the research
collaboration and the ability of the collaboration to effectively use
the data.

An in-depth review of data storage approaches is beyond the
scope of this paper; however, the impact of very large data sets
on data integration merits attention. Typically, data are integrated
either with a relational database management system (RDBMS)
or a computer program that integrates individual data sets in the
process of analysis. Both of these approaches can scale poorly
with a large number of large data sets due to the number of
read and write computer operations that are required to process
the data. The scaling problem has led to the development of
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No-SQL database technologies, initially formulated in Google
Inc.’s BigTable technology (Chang et al., 2006), that are designed
to provide high scalability for processing data sets within the
Terabyte to Petabyte scale. While commercial parallel RDBMS
systems can arguably deal with data of this size, the commer-
cial systems are often too costly for use in academic projects
(see Stonebraker, 2010 for a discussion of the pros and cons of
No-SQL technologies). Several open source No-SQL technolo-
gies, such as the Apache Hadoop/HBase system13, can address
the scaling problem and provide for data integration with very
large data sets. The SeqWare system (O’Connor et al., 2011)
uses No-SQL technology and can be used effectively to man-
age the large data sets associated with next-generation genomic
sequencing technologies and other technology that generate very
large data sets. The authors are currently investigating the inte-
gration of SeqWare with a traditional RDBMS system to deter-
mine whether this approach provide the flexibility and security
offered by RDBMS with the scaling offered by No-SQL tech-
nology. A primary disadvantage of using No-SQL approaches,
despite its growing adoption by many businesses, is that there
is a lack of IT professionals who are adequately trained to use
these systems.

13http://hadoop.apache.org

CONCLUSION
Collaborative research projects face the double challenge of ensur-
ing the integrity of research data and the orchestration of data
management across multiple laboratories. Sound data manage-
ment practices are needed to ensure success in addressing these
challenges. While high-quality practices require that research
staff receive specific training in best practices and sufficient
time to implement those practices, the benefits are broad. The
practices and technologies reviewed here can help to maintain
data integrity and provide comprehensive documentation on
how the project was implemented, thereby facilitating the inte-
gration of data and enabling cross-collaborative discoveries to
be made.
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The purpose of this article is to describe the development of translational methods by
which spectrum analysis of human infant crying and rat pup ultrasonic vocalizations (USVs)
can be used to assess potentially adverse effects of various prenatal conditions on early
neurobehavioral development. The study of human infant crying has resulted in a rich set
of measures that has long been used to assess early neurobehavioral insult due to non-
optimal prenatal environments, even among seemingly healthy newborn and young infants.
In another domain of study, the analysis of rat put USVs has been conducted via paradigms
that allow for better experimental control over correlated prenatal conditions that may con-
found findings and conclusions regarding the effects of specific prenatal experiences. The
development of translational methods by which cry vocalizations of both species can be
analyzed may provide the opportunity for findings from the two approaches of inquiry to
inform one another through their respective strengths.To this end, we present an enhanced
taxonomy of a novel set of common measures of cry vocalizations of both human infants
and rat pups based on a conceptual framework that emphasizes infant crying as a graded
and dynamic acoustic signal. This set includes latency to vocalization onset, duration and
repetition rate of expiratory components, duration of inter-vocalization-intervals and spec-
tral features of the sound, including the frequency and amplitude of the fundamental and
dominant frequencies. We also present a new set of classifications of rat pup USV wave-
forms that include qualitative shifts in fundamental frequency, similar to the presence of
qualitative shifts in fundamental frequency that have previously been related to insults to
neurobehavioral integrity in human infants. Challenges to the development of translational
analyses, including the use of different terminologies, methods of recording, and spec-
tral analyses are discussed, as well as descriptions of automated processes, software
solutions, and pitfalls.
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INTRODUCTION
As a relatively new domain of scientific inquiry, translational
research is characterized by concepts, definitions, and methods
that continue to evolve. Whereas early phases of translational
research frequently address how basic discoveries provide a basis
for determining candidates for health applications and practice,
we can also conceptualize translational research as a bidirectional
process in which the methods and findings of the clinical domain
of inquiry may feed back to inform the development of basic
discovery. For the purposes of this paper, the concept of trans-
lational research refers to a method of scientific inquiry in which
the domains of experimental research with non-human animals
and correlational research with humans inform the methods and

findings of one another. As the field of behavioral epigenetics con-
tinues to emerge (Lester et al., 2011), we apply this approach to
understanding how variation in the prenatal environment may
affect the phenotypic expression of early neurobehavioral devel-
opment. In studies of human infants, determining the effects of
any one prenatal environmental condition or potential terato-
gen on neurobehavioral development is complicated by the many
possible confounding and correlated factors that may be associ-
ated with differences in maternal lifestyle, nutrition, healthcare,
socioeconomic status, emotional well-being, and use of licit and
illicit drugs during pregnancy. Basic experimental investigations
of other species may provide control over these and other factors,
but finding potentially comparable measures of neurobehavioral
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development that may be applicable to humans and other species
is a challenge. The purpose of this paper is to describe the develop-
ment of methods by which the cry sounds of both human infants
and rat pups can be spectrum analyzed as a means of examin-
ing the effects of variations in the prenatal environment on the
expression of early neurobehavioral development.

The spectrum analysis of human infant cry sounds and ultra-
sonic vocalizations (USVs) of rat pups may provide a particularly
sensitive and useful assessment of neurobehavioral integrity and
development. Cry vocalizations of both species during the early
postnatal period are exceptional behaviors in that they are, at once,
biological and social signals, critical to early survival and devel-
opment (Zeskind, in press). As such, the study of the form and
function of these vocalizations provides a unique window into
both the biological and social processes that guide early devel-
opment. The analyses of human infant crying and rat pup USVs
during the early postnatal period have extensive histories that have
often proceeded along different paths of inquiry, each with its own
respective strengths and limitations. With regard to the assessment
of neurobehavioral integrity, the study of human infant crying
over the past 50 years has resulted in a rich set of measures that
may be applied to the analysis of rat pup USVs. On the other
hand, rat pup USVs have been analyzed in larger temporal con-
texts with a variety of more ecologically relevant conditions that
may be instructive to the analysis of human infant crying. While
we certainly must avoid the pitfalls of direct homologous com-
parisons of the form and function of the vocalizations of the two
species (Dow-Edwards, 2011), the creation of a comparable set of
measures by which vocalizations can be analyzed may contribute
to the development of future translational research regarding the
assessment of the effects of variations in the prenatal environment
on infant neurobehavioral development.

CRYING OF HUMAN INFANTS AND RAT PUPS
The sound of infant crying during the early postnatal period can
be likened to a biological siren, an acoustic signal that reflects the
current organic condition of the infant and then broadcasts that
condition to the social environment in a repetition of high-pitched
sounds wavering in both frequency and temporal organization
(Zeskind, in press). Across many mammalian species, these sounds
may occur incidentally and without intent as they effectively alert
the caregiving environment, facilitate location of the infant, and
provide the motivational basis for responses that may contribute to
early survival and development (Owren and Rendell, 2001). The
communicative content, or what early cry vocalizations specifi-
cally communicate, however, has remained a continuing question.
Similar to discussions in the primate literature (Owren and Ren-
dell, 2001), investigators have disagreed about whether the USVs
of young rat pups reflect specific emotional states or an acoustic by
product of physiological changes (Blumberg and Sokoloff, 2001).
After analogous questions regarding the communicative signifi-
cance of human infant crying were raised several years ago, the
cries of human infants are now viewed by most investigators as
a graded signal that reflects the intensity of non-specific elicit-
ing conditions (Zeskind, in press). While it is beyond the scope
of this paper to fully address this issue, we will consider the cries
of human infants and rat pup USVs within this latter conceptual

framework. For the purposes of this discussion, we will refer to
the “distress” vocalizations of both human infants and rat pups
as “infant crying.” This terminology may be more intuitive with
regard to the vocalizations of human infants, but the argument
has been made that we can consider USVs of rat pups to be a form
of crying to the extent that they are characteristic “distress” vocal
sounds (Blumberg and Sokoloff, 2001).

THE CRY OF THE HUMAN INFANT
The cry of the newborn and young infant is initiated by endoge-
nous and exogenous sensory experiences, such as pain and hunger,
which disrupt the homeostatic balance of infant arousal systems.
With significant neurobehavioral reorganization between 2 and
3 months of age, the primarily reflexive cry of the newborn infant
additionally a social signal, shaped by caregiver responses (Emde
and Gaensbauer, 1981), with changes in form and function (Murry
and Murry, 1980; Zeskind, 1985). During the first couple of
months, the human infant cry sound may actually be more simi-
lar to the distress vocalizations of other primates than it is to the
form and function of subsequent human language (Lieberman
et al., 1971). As in most well-documented primate vocal reper-
toires, vocalizations that induce attention and arousal often have
sharp onsets, dramatic frequency and amplitude fluctuations and
either shorter or longer, upward sweeps in frequency (Owren and
Rendell, 2001).

The arousing and dramatic acoustic characteristics of the cry
of the human infant can be seen in its temporal and spectral fea-
tures. The temporal morphology of infant crying is comprised of
a rhythmic repetition of (1) an expiratory sound, (2) a brief pause,
(3) an inspiratory period, and (4) a second pause before the next
expiratory sound – although there also may be coughs and smaller
utterances interspersed within the repeating pattern (see Figure 1).
The fundamental frequency (F 0; basic pitch) of the cry is typically
measured during the expiratory component of the sound as air is
pushed outward past the vocal cords as part of the respiratory cycle.
The harmonic structure of the cry within which the F 0 occurs has
been described as having one of three qualitatively different modes
(Truby and Lind, 1965). Phonation is the typical cry mode and usu-
ally has an F 0 ranging between 400 and 600 Hz. Hyperphonation is
a second cry mode characterized by a qualitative shift in vocal pro-
duction that results in an F 0 ranging between 1000 and 2000 Hz
and higher. Importantly, this high-pitched cry sound is frequently
found in infants who have experienced a wide range of prenatal
conditions that may insult the integrity of neurobehavioral organi-
zation and frequently elicits particularly strong affective responses
from the caregiving environment (Zeskind and Lester, 2001). The
third cry mode, dysphonation, typically occurs during periods of
high infant arousal and is characterized by sonic turbulence due to
aperiodic vibrations in the vocal apparatus. The aperiodic nature
of the cry sound results in a lack of harmonic structure and mea-
surable F 0. Figure 2 shows a human infant cry sound containing
both hyperphonated and phonated acoustic structures in the same
expiratory period. Figure 3 shows human infant cry sounds with
dysphonation.

The sound and rhythm of infant crying has its basis in anatom-
ical and physiological mechanisms that produce non-specific
changes in infant arousal. Several physioacoustic models have
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FIGURE 1 |Temporal organization of a 2-day-old human infant cry.

FIGURE 2 | Hyperphonation and phonation in a 2-day-old human infant cry.
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FIGURE 3 | Dysphonation in a 2-day-old human infant cry.

described the coordinated activity among brainstem, midbrain,
and limbic systems, as well as autonomic and other neural systems,
which result in variations in cry sounds (Lester, 1984; Golub and
Corwin, 1985; Lester and Boukydis, 1992). Autonomic and central
nervous system regulation of the respiratory cycle, for example,
underlie the rhythmic temporal morphology of crying. Variations
in the pitch of crying originate in the lower brainstem, which con-
trols the tension of laryngeal muscles through the vagal complex
(cranial nerves IX–XII) and phrenic and thoracic nerves. Hyper-
phonation reflects instability in these neural control mechanisms
and is often found in infants who suffer from poor autonomic
and neurobehavioral regulation. Similarly, the threshold for the
initiation of crying is directly related to integrity of the autonomic
nervous system and its effects on the rhythmic organization of
arousal (Zeskind et al., 1996a). Due to their bases in CNS inner-
vation and ANS modulation, individual differences in these and
other features of crying have been related to several other mea-
sures of neurobehavioral function in the infant (Porter et al., 1988;
Green et al., 2000; Zeskind and Lester, 2001; Lester et al., 2002).

THE ULTRASONIC VOCALIZATIONS OF RAT PUPS
Based on the human auditory perception range (20 Hz–20 kHz),
rat vocalizations have been categorized into two broad types,
sonic and ultrasonic. USVs typically occur with a fundamental
frequency above 40, 20 kHz above the range of human hearing.
Infant rats tend to vocalize over a wide fundamental frequency
range (up to 100 kHz), while adult rats tend to vocalize with fun-
damental frequencies around 22 or 55 kHz (Roberts, 1975). The
differentiation is not entirely clear, however. Some would argue
that the range of USVs in the neonatal rat is fairly limited because

of the underdeveloped laryngeal system that plays a role in the
emission of the vocalizations. Unlike most mammalian vocal-
izations that are produced by vibrations of the laryngeal folds,
these USVs are not produced by vocal fold vibration during expi-
ration, but by the passage of air under high pressure between
constricted vocal folds (Roberts, 1972). These vocalizations may
occur with durations as short as 0.03 or 0.05 s in rapidly emit-
ted bursts comprised of varying numbers of sounds. Figure 4
shows an example of the rhythmic organization of repeated rat
pup USVs. Temporal organization of USVs changes with age in
several rodent species (Elwood and Keeling, 1982). The num-
ber of USVs is low soon after birth, then increases to a peak
between approximately postnatal days (PND) 11–12 (Branchi
et al., 1998), but varies depending on the species and eliciting
condition (Sales and Smith, 1978). The number of USVs then
declines across the neonatal period as pups grow larger (Naito
and Tonoue, 1987). Other work indicates that while the duration
of calling, bandwidth, peak frequency and spectral complexity
increases with age (Brudzynski et al., 1999; Brudzynski, 2005),
the dominant frequency (frequency with highest amplitude) of
ultrasound production decreases linearly from 45 kHz at 2 days
of age to 25 kHz at 20 days of age (Blumberg et al., 2000). Sim-
ilar to changes in the human newborn after 2 months, changes
in vocalizations over the first two postnatal weeks may reflect
a transformation from a more reflexive behavior in response to
variations in temperature to a more social behavior in response to
social cues.

Similar to differences in the acoustic and melodic structure
found in human infant cry sounds (Truby and Lind, 1965; Wasz-
Hockert et al., 1968), rat pup USVs have been described with regard
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FIGURE 4 | Rhythmic organization of repeated rat pup USVs.

to variations in their waveforms (Brudzynski et al., 1999). Using
“isolation calls” of 10- to 17-day-old rat pups, Brudzynski et al.
(1999) classified USVs as having the characteristics of one of 10
possible melodic shapes, based on the quantity and quality of fre-
quency modulations. The classification analysis can be described as
reflecting an increase in the complexity of frequency modulations
as categories progress from 0 to 9. As seen in Figure 5, categories
proceed from compositions of simple dots or lines to single ris-
ing or falling patterns to U-shaped and W-shaped spectrographic
structures. This figure also includes additional waveform classifi-
cations that we have created and will discuss later in this paper. In
particular, these additional classifications include waveforms that
show a sudden shift in pitch reminiscent of the sudden, qualitative
shifts in pitch that are characteristic of hyperphonation in human
infant cry sounds. Other than Sales and Smith’s (1978) description
of “frequency steps,”defined as an instantaneous frequency change
with no interruption in time, little is known about the occurrence
or prevalence of this acoustic structure. Because hyperphonation
is evidence of neurobehavioral dysregulation in human infants,
the shifts in pitch may be particularly relevant to a translational
analysis for purposes of neurobehavioral assessment. Others have
also used a modified version of Brudzynski’s classification sys-
tem as a proposed method to assess neurobehavioral development
following prenatal malnutrition (Tonkiss et al., 2003).

There is considerable debate regarding the motiva-
tional/physiological basis of infant rat cry production (PND 1–15).
A large number of studies suggest that changes in cry production
reflect specific alterations in the stress state of the pup (Hofer,
1996; Branchi et al., 2001; Scattoni et al., 2009). Variations in the
sounds of these vocalizations have been associated with handling,
cold temperatures, isolation, and various social factors (Blum-
berg et al., 1992; Shair et al., 1997; Branchi et al., 2001; Hahn
and Lavooy, 2005). In addition to retrieval, vocalizations may also
elicit maternal consumption of pup excretions during anogenital
licking (Brouette-Lahlou et al., 1992) and may directly stimulate
prolactin secretions in dams, although some controversy exists

FIGURE 5 | Pictorial representation of the waveform categories

originally described by Brudzynski et al., 1999; reprinted with

permission), plus additional waveform categories containing shifts in

fundamental frequency.
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(Terkel et al., 1979; Stern et al., 1984; Hashimoto et al., 2001). In
this context, crying is often viewed as a motivated behavior. In con-
trast, a smaller number of studies suggest that cry production may
strictly be an incidental byproduct of locomotion or a physiolog-
ical thermoregulatory mechanism (Blumberg and Alberts, 1990;
Blumberg, 1992; Blumberg et al., 1992). In this context, crying
is viewed as a non-motivated behavior (for a detailed discussion,
see Blumberg and Sokoloff, 2001; Blumberg and Sokoloff, 2003;
Panksepp, 2003). A third perspective, a Polyvagal Theory (Porges,
2009), may help resolve the discrepancy between these seemingly
contradictory approaches. This theory posits that the excitatory
equilibrium that exists between the two branches of the vagus
controls the physiological arousal state of the animal, and thus
cry production, as well as cardiac function and thermoregulation.
Importantly, the equilibrium of these branches can be modulated
by the stress or arousal state of the animal. Thus, various levels
of arousal or stress may alter thermoregulatory mechanisms that
produce variations in the sound and organization of the vocaliza-
tion. Resolution of this issue may require new conceptualizations
of crying in the future.

CONCEPTUAL MODEL OF INFANT CRYING
The conceptualization of crying that guides the development of
our translational methods emphasizes the contribution of infant
crying to a synchrony of arousal between infants and caregivers
(Zeskind et al., 1985). Use of the term “arousal” in the con-
text of this paper refers to changes in the homeostatic balance
between sympathetic and parasympathetic contributions to auto-
nomic nervous system activity. This approach has four basic ele-
ments that describe the dynamic and graded signal qualities of
the cry and their effects on the caregiving environment (Zeskind,
in press). First, variations in the sound and temporal organiza-
tion of crying result from non-specific changes in infant arousal
rather than specific emotional states or eliciting conditions. Sec-
ond, graded increases and decreases in infant arousal result in
corresponding graded increases and decreases in the temporal
and acoustic characteristics of the cry sound. Different patterns
of crying that have been associated with specific emotional states
may reflect the infant’s level of arousal associated with the spe-
cific environmental conditions in which they occur. Third, these
graded increases and decreases in the characteristics of the cry
sound result in synchronous graded changes in the intensity of the
receiver’s arousal system. The Polyvagal Theory similarly empha-
sizes reciprocal relations between the arousal systems involved
in both the production and reception of vocalizations and the
perceptual advantage that mammals have by vocalizing within a
frequency band to which the receiver’s anatomical characteristics,
such as the middle ear, are particularly sensitive (Porges and Lewis,
2010). Fourth, these changes in the adult’s intensity of arousal
result in responses to the cry sounds that are mediated by the care-
giver’s own characteristics, developmental history, physiology, and
context.

Although these basic elements may currently exist at different
levels of conceptual and empirical development in human and
comparative fields, they can provide a unified guide to our devel-
opment of translational methods in the analysis of cry sounds
of human infants and rat pups. The human literature is replete

with studies demonstrating the four basic elements of this model
(for a review, see Zeskind, in press). Among the many measures
of the sounds of infant crying, variations in the fundamental fre-
quency and temporal organization of crying have been shown to
be particularly salient. Cries with a high fundamental frequency
typically reflect high infant arousal (Porter et al., 1988) and then
elicit the greatest intensity of response (Zeskind and Marshall,
1988; Schuetze et al., 2003). In particular, hyperphonated cries
elicit very strong perceptual (Zeskind and Lester, 1978) and phys-
iological responses (Zeskind, 1987). In the temporal domain, a
curvilinear relationship may exist. Cries with either longer or
shorter expiratory sounds, along with either longer or shorter
pauses, both reflect the greatest infant arousal (Zeskind et al.,
2006; Tutag-Lehr et al., 2007) and elicit the greatest adult arousal
and perceived urgency (Zeskind et al., 1992). Adults’ responses to
these changes in their arousal depend on the emotional charac-
teristics and perceptual set of the caregiver. For example, whereas
the intensity of the responses of “typical” mothers increases as
the fundamental frequency of crying increases, the intensity of
responses of women who are depressed or who used cocaine
during pregnancy decreases to these sounds – responses sug-
gesting increased action versus withdrawal, respectively (Schuetze
et al., 2003, 2005). These and other behavioral and physiological
responses to infant cries have been associated with the develop-
ment of physical abuse and/or neglect, based on how the cry is
perceived by the caregiver (Crowe and Zeskind, 1992; Zeskind, in
press).

Rodent vocalizations have also long been viewed by some as
being produced by changes in pup arousal which then result in
changes in maternal arousal (Owren and Rendell, 2001). Bell
(1974) suggested that graded changes in the acoustic proper-
ties of vocalizations represent quantitative changes in such signal
parameters as rate, intensity, frequency, bandwidth, duration, and
persistence that are related to the degree of pup arousal. The occur-
rence of these signals then triggers a similar degree of arousal in the
dam. For example, small decreases in air temperature may result in
decreases in physiological temperature and concomitant increases
in the production rate of ultrasounds (Sokoloff and Blumberg,
1997). In turn, a sustained high-rate of vocalizing by pups may be
the most effective stimulus for maternal attention and retrieval,
resulting in increased warmth (Deviterne et al., 1990; Brunelli
et al., 1994; Farrell and Alberts, 2002; Zimmerberg et al., 2003; Fu
et al., 2007). As a dynamic signal, the peak frequency of rat pups at
postnatal day 7 has been shown to increase in the second minute
of crying, as sustained crying continues (Tonkiss et al., 2003).
Perhaps it should be emphasized that, like response patterns in
human, cries may not always elicit a “typical” response in rats or
other species. Changes in the intensity of arousal, across mam-
malian species, including rat pups, have been shown to provide
the basis for many different potential responses, also depending
on the developmental history of the caregiver and the context in
which crying occurs (Smotherman et al., 1978; Owren and Ren-
dell, 2001). Future work that examines how maternal responses
vary with respect to variations in both the acoustic attributes of
vocalizations and maternal developmental history will afford an
increased understanding of the bidirectional processes underlying
behavioral development.
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NEUROBEHAVIORAL ASSESSMENT
Spectral analysis of infant crying may be particularly valuable in
the study of the effects of variations in the prenatal environment on
infant neurobehavioral development. Eliciting an infant’s cry has
long been used as part of the newborn neurological examination
to support the differential diagnosis of brain damage (Prechtl and
Beintema, 1964). Whereas infants with trisomy chromosomal dis-
orders typically have cries with lower fundamental frequencies, the
hallmark of cry sounds of infants with most insults to neurobehav-
ioral function is a higher fundamental frequency and a frequently
occurring shift to a hyperphonated acoustic structure (Zeskind
and Lester, 2001; LaGasse et al., 2005). In addition to measures
of the spectral characteristics of crying (e.g., higher fundamental
or formant frequencies), measures of the temporal morphology
(e.g., shorter durational components) and production efforts (e.g.,
higher threshold for cry initiation and longer latency to crying)
components of crying have been used to differentiate infants along
a wide continuum of neurobehavioral casualty – from cases of
severe brain damage (Karelitz and Fisichelli, 1962; Wasz-Hockert
et al., 1968) to preterm birth and low birth weight (Michelsson,
1971; Lester and Zeskind, 1978; Corwin et al., 1992). These pio-
neering studies showed that the analysis of infant crying could be
used to support the existing neurological or physical assessment
of the infant as being at risk for poor development. However, the
analysis of crying in these cases added little additional information
to the evident neurobehavioral evaluation of the infant.

Subsequent research showed that the measures of infant cry-
ing previously used to differentiate cases of known neurological
damage could provide additional information regarding the neu-
robehavioral integrity of infants who have experienced adverse
prenatal conditions that put them at risk for later-detectable poor
developmental outcomes. For example, infants with prenatal expo-
sure to several licit and illicit substances, including opiates (Blinick
et al., 1971; Corwin et al., 1987; Lester et al., 2002), marijuana
(Lester and Dreher, 1989; Lester et al., 2002), alcohol (Nugent et al.,
1996; Lester et al., 2002), and tobacco (Nugent et al., 1996) have
been differentiated by a variety of measures of crying, including
latency, threshold, amount of dysphonation, duration of expi-
ratory sounds, fundamental frequency, formant frequencies, and
their amplitudes (LaGasse et al., 2005). Variations in these mea-
sures may also be sensitive to different behavioral syndromes in
response to similar prenatal exposures. For example, in response to
prenatal cocaine exposure, some newborn infants show increased
hyperphonation, dysphonation, and cry duration (Lester et al.,
2002), while others show less hyperphonation and fewer cry utter-
ances or expirations (Corwin et al., 1992). These dual syndromes
may be due, respectively, to the excitatory direct effects of prenatal
cocaine on nervous system activity, as compared to a depres-
sive pattern of behavior that results from the indirect effects of
concurrent malnutrition (Lester et al., 1991).

The sensitivity of spectral analyses of infant crying to insults in
neurobehavioral integrity can perhaps best be demonstrated in the
assessment of infants who experienced potentially adverse prenatal
conditions, yet appear to be healthy and show no abnormal signs
on routine physical and neurological examinations. Common
prenatal conditions that have been differentiated by the analy-
sis of infant crying among seemingly healthy infants include high

numbers of prenatal complications (Zeskind and Lester, 1978), a
subtle form of third trimester malnutrition common to low SES
families (Zeskind, 1981; Zeskind and Lester, 1981), subclinical fetal
alcohol exposure (Zeskind et al., 1996b), and prenatal exposure
to maternal antidepressant-use during pregnancy (Zeskind et al.,
2005, 2009). Typically, these infants have cries with a higher thresh-
old (higher numbers of stimuli needed to elicit sustained cry), a
longer latency, shorter initial expiratory components, a shorter
overall duration of the crying bout and a higher fundamental fre-
quency in the initial expiratory segments. Recent work further
suggests that the dominant frequency of crying (the harmonic
frequency with the highest amplitude or power) may detect the
effects of infants’ withdrawal from prenatal exposure to maternal
antidepressant-use (Zeskind et al., 2005). The importance of these
studies is that the measures of infant crying previously used to sup-
port the differential diagnosis of brain damage can detect insults
to neurobehavioral organization and integrity among seemingly
healthy, full term, full birthweight infants residing in the normal
newborn nursery. That is, the spectral analysis of infant crying
may be able to assess whether or not a prenatal exposure or envi-
ronmental condition has deleterious effects on neurobehavioral
organization – in the absence of other abnormal signs.

While the utility of the analysis of rat pup vocalizations for
assessing the effects of various prenatal conditions on early neu-
robehavioral integrity has not yet been studied in the depth or
detail as has human infant cry sounds, the neurobiological bases
of vocalizations are better known in other mammalian species
than they are in human infants. Studies on communication in
squirrel monkeys have found that the periaqueductal gray (PAG)
is a critical region for cry elicitation (Jürgens and Richter, 1986;
Jürgens, 2002) and that glutamatergic and GABAergic input into
the PAG (Jürgens and Lu, 1993b) from limbic structures including
the hypothalamus and amygdala (Jürgens, 1982; Jürgens and Lu,
1993a) are speculated to play a large role in the control of vocaliza-
tions. Rodent studies also support these structures as playing a role
in vocalizing behavior (Koo et al., 2004; Borszcz, 2006; Burgdorf
et al., 2007; Oka et al., 2008). The known neurobiological basis of
vocalizations in mammalian species other than humans is another
potential area of translational research in which the study of rat
pups may inform the study of human infant crying, especially
with regard to the value of the analysis of vocalizations for pur-
poses of neurobehavioral assessment. At this time, however, no
known studies have explored the neurobiological mechanism(s)
in an animal model that exhibits an altered vocalizing phenotype.

A growing literature suggests that rat pup USVs are sensitive
to the effects of several potentially adverse prenatal conditions.
Decreased vocalization rates have been found following prenatal
malnutrition (Tonkiss and Galler, 2007) and exposure to anxiolytic
drugs (Gardner, 1985), SSRIs (Joyce and Carden, 1999), pesti-
cides (Venerosi et al., 2009), alcohol (Engel and Hard, 1987; Kehoe
and Shoemaker, 1991; Tattoli et al., 2001; Barron and Gilbertson,
2005), cannabinoids (Antonelli et al., 2005), ecstasy (Winslow and
Insel, 1990), morphine (Carden and Hofer, 1990), cocaine (Hahn
et al., 2000), and methylmercury (Elsner et al., 1990). Whereas
the rates of vocalization have mostly been used to assess these
effects, other vocalization measures may also be of value (Branchi
et al., 2001). Shorter call duration (Elsner et al., 1990), increased
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latency (Venerosi et al., 2009) and increased threshold (Vathy and
Komisaruk, 2002) have also been found following prenatal expo-
sure to several substances. Using the categorical system created
by Brudzynski et al. (1999); Barron and Gilbertson (2005) found
that pups with prenatal alcohol exposure emitted USVs with fewer
waveform categories 3, 4, and 6 than control rat pups. Similarly,
using a modified version of Brudzynski’s categorization system,
Tonkiss et al. (2003) found different waveform patterns in rat pups
following prenatal malnutrition, as well as a higher peak frequency
and durations in the vocalizations, independent of the waveform
type. As such, analysis of the crying in both human infants and
rat pups may be ripe for application of translational methods by
which the effects of a wide range of prenatal conditions can be
assessed.

CHALLENGES TO A TRANSLATIONAL ANALYSIS
Determination of how we measure, describe and, thus, character-
ize vocalizations of any species is based on the technologies we
use. For example, one of the first known attempts to objectively
quantify the rhythmic and melodic variations of human infant
crying was based on the technology available at the time–musical
notes on a musical staff (Gardiner, 1838). Darwin (1855/1965)
later used the then current technological advancement, photo-
graphic plates, to describe variations in infant cry sounds. Today
we have digital sound spectrographic systems that conduct fast-
Fourier transforms (FFT) on user-selected points in human infant
crying, as well as calculating an average of multiple power spectra
over the duration of a spectrally less complex ultrasonic rat pup
vocalization. These systems have not only significantly increased
the resolution, accuracy, and objectivity of measurement, but have
also allowed for the discovery of new and different aspects of
vocalization patterns. There are, however, important differences
both within and between the analyses of human infant crying
and rat pup USVs that challenge the development of a transla-
tional analysis. These include methods by which cry sounds are
elicited, recorded, and analyzed and the availability of a func-
tionally similar set of measures that may facilitate comparisons
between species.

First, significant differences in the spectral complexity of
human infant and rat pup cry sounds result in a differential abil-
ity to use automated systems to create a similar set of measures
for the two species. As seen in Figure 1, the cry of the human
infant is comprised of a complex array of sounds varying in fre-
quency, amplitude, spectral noise, and harmonics, any number
of which may have higher amplitudes than the fundamental fre-
quency. This complexity creates a sound that is beyond the ability
of commercially available sound analysis systems to automatically
determine most measures of human infant crying. While one
dedicated analysis system has been developed that is capable of
automatically and systematically analyzing large amounts of infant
cry sounds (Cry Research Inc., Brookline, MA, USA), this system is
not commercially available for broad use. However, studies using
this system, and the measures it creates, are widely reported in the
literature and merit our attention (LaGasse et al., 2005). The mea-
sures derived and reported may be, correctly, idiosyncratic. For
example, unlike other systems, the CRI system conducts analy-
ses based on the shape and size of the newborn infant’s vocal

tract and, thus, provides the only known valid reported measure
of formant frequencies in the human infant cry. In comparison,
rat pup USVs contain relatively less spectral complexity and can
be easily subjected to automated processing for rapid analysis of
large numbers of vocalizations, using such software programs as
Avisoft-SASLab Pro.

Second, use of different analytic systems has also resulted
in varying techniques and units of measurement that challenge
the ability to directly compare results across studies. Most stud-
ies have used their own idiosyncratic methods and measures of
the cry sound. For example, whereas the CRI system differenti-
ates between hyperphonated and phonated acoustic structures for
reported measures of the fundamental frequency of the human
infant cry (Lester et al., 2003), others report the Peak F 0, indepen-
dent of the acoustic structure, as a means of describing the highest
pitched sound in the cry (Zeskind et al., 2005; Tutag-Lehr et al.,
2007). In this case, the average F 0 determined from phonated cry
sounds may be lower than the average F 0 of cry sounds that include
both phonated and high-pitched hyperphonated cry segments.
Similarly, whereas some report fundamental frequencies based on
an average of multiple power spectra in analyses of both human
infant crying (Lester et al., 2003) and rat pup USVs (Brudzynski
et al., 1999), others may use the Peak F 0 described above (Zeskind
et al., 1996a). In contrast to the latter measure of fundamental fre-
quency at the single point where it reaches its highest value in a cry
sound, the former measure of fundamental frequency is calculated
on a sum and average of the fundamental frequency determined
at each point (e.g., 25 ms blocks) along the entire length of each
vocalization, thus including the lowest to highest frequencies in
the sound. While the benefit of this calculation is that it provides
a description of the fundamental frequency of the entire vocaliza-
tion, the mean may be differentially weighted by a greater presence
of lower pitched sounds and may not identify the highest point at
which F 0 is emitted. While each measure has its pros and cons,
it should be understood that calculations of a mean F 0 based on
an average of multiple power spectra across the human infant cry
sound or rat pup USV will typically provide a lower measure of
F 0 than that based on the point at which the F 0 reaches its highest
point (in hertz).

Third, translational methods and comparisons between species
are also complicated by use of different measurement techniques
and terminologies traditionally employed by different research dis-
ciplines. For example, whereas in the human cry literature, Peak F 0

refers to where the fundamental frequency reaches its highest point
(in hertz), analyses of rat pup USVs typically refer to the Peak F 0

as the frequency where the fundamental frequency has the highest
power (amplitude). In this case, the Peak F 0 of a human infant
cry might be described as the Maximum F 0 in a rat pup USV and
the Peak F 0 in a rat pup USV might be described as the Domi-
nant Frequency in the cry of the human infant (although not from
an averaged power spectrum; Tutag-Lehr et al., 2007). Accurately
measuring the Peak F 0 of the human infant cry at its highest ampli-
tude is often precluded by the often-present case of dysphonation.
Although dysphonation may appear anywhere in a cry expiration,
it often appears where the infant is most aroused – which may be at
the point of the highest amplitude in the expiration. Thus, deter-
mining the Peak F 0 of a human infant cry sound at the point of its
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highest amplitude may downwardly bias the reported frequency
to where the F 0 is measurable (Tutag-Lehr et al., 2007).

Fourth, the dynamic and graded nature of infant crying over the
duration of a crying bout has implications for the selection of cry
segments chosen for analysis. For example, spectral and temporal
characteristics of only the first (Zeskind and Lester, 1978), or first
three, expiratory cry sounds (Lester et al., 2003) after application
of a painful stimulus have mostly been studied because they assess
the infant at its highest state of arousal where the cry typically
contains more hyperphonation than later cry segments (Zeskind,
1983). Other work has examined the spectral and temporal fea-
tures of the cry segment that contained the Peak F 0 wherever it was
in the entire recorded bout of crying (Zeskind et al., 2005). While
some work shows how the frequency and other characteristics of
infant crying change over time (Zeskind, 1985; Green et al., 1998),
this is a markedly understudied area. Similarly, while some have
described changes in the rate of USVs over time as a function of
eliciting conditions, such as changes in temperature (Sokoloff and
Blumberg, 1997), a paucity of known work has examined whether
or how these vocalizations may change over the duration of a bout.
Analyses are typically conducted on the USVs that occur during
a specific amount of time (e.g., first 5 min) or number of vocal-
izations (e.g., first 60; Barron and Gilbertson, 2005). The analysis
of whether and how rat pup USVs change over time would offer
new insights into the diagnostic and communicative values of this
acoustic signal.

CHALLENGES SPECIFIC TO ANALYSIS OF RAT PUP ULTRASONIC
VOCALIZATIONS
The ultrasonic nature of rat pup vocalizations presents method-
ological challenges not evident in the analysis of human infant
cry sounds. The ultrasonic nature of rat pup vocalizations, by
definition, makes analyses more difficult due to the sounds not
being audible to the human ear. While “bat detectors” translate
the ultrasonic sounds of rat pup vocalizations into the audible
range of the human auditory system, different results may also be
obtained across studies due to the use of different kinds of bat
detectors. Whereas the Direct Record type preserves the integrity
of the acoustic parameters, Heterodyne and Frequency Division
types convert ultrasonic sounds to an audible sound so that the
user can hear a representation of the tone. However, it should be
noted that heterodyne detectors (Burgdorf et al., 2000) require
frequency range restriction and rely on an unknown formula to
convert the sound from ultrasonic to audible, which may not allow
for accurate representation of temporal and frequency character-
istics. While frequency division bat detectors do not require the
selection of a frequency range, they distort the sonographic qual-
ity of the sound, and thus, while commonly used for such purposes
(Burgdorf et al., 2005), perhaps should not be relied upon for ana-
lyzing sonographic information. Should study hypotheses simply
require an approximate count of the number of vocalizations that
will occur, the Med Associates ANL-937-1 and Noldus UltraVox
systems provide good solutions. While these and similar systems
are sufficient for understanding if and when calls occur, the sam-
pling rate of the Med Associates system may be less optimal for
visualizing some of the more complex frequency modulations pro-
duced by rodents. Restriction of the frequency range in the Noldus

system may result in “clipping” of a sound if the frequency of a
tone shifts out of range and it will be ignored.

Methods for recording USVs can also vary dramatically
depending on the type of analysis needed for a given appli-
cation. For analysis of the sonographic structure to be further
discussed here, high fidelity recordings are required due to the
high frequencies at which USVs can occur (fundamental frequen-
cies often reach 90–100 kHz), their varying amplitude range, and
their short durations (0.03–0.05 s). Thus, the sampling rate and
bit value of a recording can dramatically influence the quality of
data that result. When considering the representation of a simple
sine wave, the horizontal axis is determined by the sampling fre-
quency (hertz), and the vertical axis by the bit value. The Nyquist
Sampling Theorem (Nyquist, 2002) dictates that sampling fre-
quencies be a minimum of twice the maximal frequency of the
signal of interest. Therefore, considering that vocalizations can
occur with fundamental frequencies of approximately 100 kHz, a
minimum recording rate of 200 kS/s would be required. Sampling
at higher rates (400–800 kHz) will give better resolution of sono-
graphic characteristics at the cost of increased file size. If measures
of the first harmonic are also of interest, these values would need
to be doubled. A higher bit value will generally allow for a higher
amplitude resolution (dynamic range). Typically, a resolution of
at least 14-bit should be sufficient for adequate representation of
amplitude statistics.

Aside from sampling characteristics, microphone selection can
also dramatically influence the quality of recorded data. Two
important characteristics of microphones pertaining to the cur-
rent discussion are their field size and frequency–response curves.
A narrower field of recording will generally result in lower back-
ground noise levels, and thus a higher signal to noise ratio
(SNR), but will result in inaccurate representations of a call if
the subject moves out of the field of recording. Wider fields
reduce the likelihood of this happening, but carry the burden
of reduced SNR. Microphones also typically have frequency–
response curves that effectively “tune” the microphone to specific
frequency ranges. When selecting a microphone, the frequency–
response curve should be carefully examined to ensure that it
has a relatively flat response across the entire frequency range of
interest. A non-flat response will cause inaccurate representations
of amplitude and varying SNR dependent upon the frequency
of the sound, and will dramatically confound any amplitude
data collected. In addition to microphone characteristics, ampli-
tude data can also be confounded by the signal gain (amount
of amplification). To avoid such potential errors, microphones
should be calibrated to a sound of known amplitude, and recal-
ibrated routinely to ensure continuity between subjects. Given
the demands placed upon hardware to obtain such high fidelity
recordings, specialized hardware is required, such as the Avi-
soft Ultrasound Gate at a minimum, or the assembly of a cus-
tom solution, which can result in higher fidelity recording than
commercially available systems. Avisoft offers numerous solu-
tions to record at frequencies up to 1 ms/s at 16-bit resolution,
with multi-channel inputs also available to allow data collec-
tion from numerous subjects simultaneously. Avisoft also offers
an assortment of microphones with excellent frequency–response
curves.
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CREATION OF TRANSLATIONAL MEASURES
Following the conceptual framework of the approach of this
paper, we propose a set of measures that reflect the graded and
dynamic qualities of crying that are at once sensitive to the neu-
robehavioral integrity of the infant and perceptually salient to the
social environment. This set of measures borrows heavily from the
acoustic and temporal characteristics previously developed in the
human infant cry literature, but also includes the categorization of
vocalization patterns developed in the comparative literature. The
following description of the creation of translational measures of
crying in human infants and rat pup USVs is based on pilot work
in our laboratories.

ANALYSIS OF HUMAN INFANT CRYING
Table 1 provides a list of the measures of infant crying, and their
definitions, included for the development of our translational
methods. The process by which these measures were obtained is
described below.

For our pilot analyses, infant crying was elicited and recorded
via a standard method in a quiet room, isolated from extrane-
ous noises. Previous research has used painful stimulation such
as rubber band snaps (Zeskind and Lester, 1978) and mechani-
cal stimulators (Lester et al., 2003) to elicit the cry sound. These
methods allow for control of the intensity of the eliciting con-
dition, clear onset of the vocalization and measures of threshold

Table 1 | Definitions of measures of human infant crying.

TEMPORAL

Latency Duration (s) from stimulus application to

onset of first expiratory cry sound

Expiration duration Duration (s) of each individual expiratory

component

Inter-cry-interval Duration (s) from offset of one expira-

tory component to onset of next expi-

ratory component

SPECTRAL

Peak F 0 Fundamental frequency (Hz), measured

at its highest point in each expiratory

component of the recorded cry bout

Amplitude of peak F 0 Amplitude (relative dB) of Peak F 0

Dominant frequency Frequency (Hz) of harmonic with high-

est power (amplitude); measurement

obtained from power spectrum at point

of Peak F 0

Amplitude of dominant frequency Amplitude (relative dB) of dominant fre-

quency

Overall maximum amplitude Highest amplitude (relative dB) sound

found in each expiratory component

ACOUSTIC STRUCTURE

Dysphonation Rating of percent of expiratory cry

component that is not periodic due

to sonic turbulence; measurement

obtained from spectrogram

Hyperphonation Peak F 0 above 1000 Hz due to qualita-

tive shift in frequency

(number or amount of stimulation required to elicit a standard,
sustained cry) and latency (from stimulus to cry onset) and appear
to “bring out” hyperphonation in infants with disrupted neurobe-
havioral function (Zeskind, 1983). In clinical settings, cry sounds
have also been recorded during blood withdrawal from the infant
(e.g., Zeskind et al., 2005), but measures of latency and threshold
are more difficult to determine using this method. While the use
of sudden, painful eliciting methods may still be valuable in trans-
lational research, we elicited cries by placing the infant on a cold
scale used to weigh the infant. Because variations in temperature
have been used to elicit vocalizations in rat pups, this method of
may provide a common method by which human infant and rat
pup vocalizations can be more directly compared. We maintained
the scale at a constant cold temperature and used an audible tone
to indicate the precise moment at which the infant was placed on
the scale to obtain an accurate measure of latency.

Recording the infant cry sound does not require sophisti-
cated equipment. We used an Olympus DM-20 digital recorder
(44.1 kHz sampling rate). The microphone associated with this
unit was held at a standard distance of 20 cm vertically and approx-
imately 3–4′′ horizontally (mid-sternum) from the infant’s mouth.
We continued recording for at least 30 s from the point of place-
ment on the cold scale to be able to analyze a complete 30-s
segment of crying once it began. Noting the lack of infant crying
also provides important data, often reflecting poor neurobehav-
ioral regulation. Perhaps it should be emphasized that if the infant
does not cry, the intensity of the eliciting stimulus should not
be increased to achieve a cry sound. We used the Multi-Speech
Lab (MSL, KayPentax) software program to manually analyze
the infant cry sounds for their temporal and spectral character-
istics. Although manual assessment was highly time-intensive, the
program provides macros and other forms by which repeated pro-
cedures can be simplified. A standard configuration file was created
to preset window types and sizes and down-sample the cry from
44,100 to 22,050 Hz, thus allowing for higher resolution measure-
ments (±21 Hz) of frequencies up to 11 kHz. The MSL software
presented a digital spectrographic display of the entire 30-s record-
ing from which cry expiratory sounds were differentiated from
non-cry utterances (NCU: fusses, whimpers) and significant non-
cry utterances (SNCU: higher amplitude, non-cry sounds) and
marked for analysis. Unlike previous analyses of just the first or
first three expiratory sounds of infant crying, all expiratory cry
sounds in the 30-s sample were subjected to temporal and spectral
analysis to examine the dynamic quality of the cry sound.

Latency and all measures of the temporal morphology of the
30-s cry bout were determined with a displayed 6-s window of
cry sound to increase the temporal resolution of measurement
(±0.005 s). The software produced a digital display of the differ-
ences in time between adjacent cursor placements. Latency was
defined as the duration (in seconds) from the tone indicating
placement of the infant on the cold scale until the first cry expi-
ratory sound or SNCU. Expiration duration was defined as the
duration of the expiratory sound, excluding breath holding before
inspiration. The inter-cry-interval can be defined in two ways.
The first definition defines this interval as the duration of time
from the end of one expiratory cry sound to the beginning of the
next expiratory cry sound. The benefit of this definition is that it

Frontiers in Psychiatry | Child and Neurodevelopmental Psychiatry October 2011 | Volume 2 | Article 56 | 118

http://www.frontiersin.org/Psychiatry
http://www.frontiersin.org/Child_and_Neurodevelopmental_Psychiatry
http://www.frontiersin.org/Child_and_Neurodevelopmental_Psychiatry/archive


Zeskind et al. Translational methods in cry analysis

provides a measure of the duration of pauses between expiratory
periods (along with the very short inspiratory period). A second
definition defines the inter-cry-interval as the duration in time
from the beginning of one expiratory sound to the beginning of
the next. This measure more closely approximates the inter-cry-
interval produced by such automated programs as Avisoft-SASLab
Pro used in the analyses of rat pup USVs.

To obtain measures of the selected spectral characteristics,
a FFT was conducted on the 25-ms sample at which the F 0

reached its highest point (in hertz) in each expiratory cry sound
(Peak F 0) across the entire 30-s sample. Four measures were
obtained from the resulting power spectrum: (1) the frequency
(hertz) and (2) relative amplitude (decibel) of the fundamental
frequency and (3) the frequency (hertz) and (4) relative ampli-
tude (decibel) of the dominant frequency (the peak with the
highest power in the power spectrum at the Peak F 0). A sub-
jective determination of the amount of dysphonation in each
cry expiratory sound was also made. We used a scale of 0–4
that has proved to be a reliable and useful method to eval-
uate this aspect of the acoustic structure (Tutag-Lehr et al.,
2007): 0 = none, 1 = slight, 2 = moderate, may occur at Peak F 0,
3 = harmonic structure mostly obscured, 4 = harmonic structure
totally obscured, unable to obtain frequency measures. Maximum
amplitude (decibel) was determined from an energy contour of
each expiratory cry.

ANALYSIS OF RAT PUP ULTRASONIC VOCALIZATIONS
Unlike the more constrained environmental conditions involved in
recording infant cry sounds, recording infant rat pup vocalizations
can be approached from a wide range of ecologically relevant cir-
cumstances, depending on the specific questions asked. As such, we
do not present specific recommendations for such details as micro-
phone placement and other specific methodological concerns,
other than addressing the challenges posed in the previous section.
Based on our pilot analyses, however, we can directly address chal-
lenges regarding management, storage, and analysis of very large
data files that are created by the high sampling rates necessary for
recording and analysis. In cases where the first 60 USVs of older
rat pups who frequently vocalize are of interest (e.g., Barron and
Gilbertson, 2005), the duration of recording time will be shorter
and file sizes will be significantly smaller. Longer durations of
recording, perhaps as part of examining experimental manipula-
tions of environmental conditions, will perhaps better capture the
dynamic nature of the USVs. In the latter case, dividing the over-
all recording period into subsets of shorter durations can create
smaller file sizes. Software-based triggering systems that continu-
ously monitor data coming from the microphone, and only save
data that exceeds a pre-specified amplitude threshold, may also
be used. Recording is automatically terminated after a set dura-
tion in which no sounds that exceed threshold occur and begins
once threshold is again exceeded. Because files do not contain
long periods of silence when no vocalizations occur, this method
results in smaller file sizes. Smaller file sizes are easier to manage,
store, and download. On the other hand, this method produces
many more files to manage and individually analyze, thus making
it less optimal to analyze automatically long recording periods in
one pass.

Table 2 provides a list of the measures of rat pup USVs and
their definitions included for the development of our translational
methods. An asterisk by the name of the variable denotes the name
of the variable in the software program, Avisoft-SASLab Pro. The
process by which these measures were obtained is described below.

For our pilot work, we used a software-based triggering sys-
tem to capture USV production over an extended period of time.
Analysis of the classification and spectral characteristics of the
USVs required each file to be subjected to three procedures. First,
a sound spectrogram of each file was created to identify and dif-
ferentiate USVs from incidental sounds. Such noises commonly
occurred alongside vocalizations and had to be manually deleted
from the file to eliminate their interference in the automated
analysis of the spectral characteristics. Second, classification of
USV waveforms required creation of another spectrogram of a
standard duration and frequency range to maintain the temporal
and frequency resolution of the spectrogram. Higher resolutions
were necessary to identify the shape of frequency modulations. We
down-sampled each file to 250 kHz and then viewed and printed it
in standard 3-s sections with a frequency range of 200 kHz. Among
various available software programs to be used for these first two
steps, we found Adobe Audition 3 to be preferred for its resolution,
clarity, and ease of use. USV waveforms were frequently difficult to
classify and could arguably have been placed in more than one cat-
egory. As such, a consistent set of rules by which waveforms were
classified needed to be established. Reliability required extensive
training and retesting in our pilot testing.

The third step in these analyses was to conduct automated
assessments of the spectral and temporal features of the rat pup

Table 2 | Definitions of measures of rat pup vocalizations (USVs).

TEMPORAL

Duration* Duration (s) of an individual USV

Interval* Duration (s) from onset of previous

USV to onset of current USV

SPECTRAL

Minimum F 0 [*peakfreq(minentire)] F 0 (Hz) at lowest point in each USV

Maximum F 0

[*peakfreq(maxentire)]

F 0 (Hz) at highest point in each USV

Amplitude at maximum F 0

[*peakamp(maxentire)]

Amplitude (relative dB) at the maxi-

mum F 0

Maximum amplitude

[*peakamp(max)]

Loudest amplitude (relative dB) in

the USV

F 0 at Maximum amplitude

[*peakfreq(max)]

F 0 (Hz) at the maximum amplitude

(the frequency of sound at the loud-

est point in the USV)

Frequency variance

[*peakfreq(stddeventire)]

SD of the F 0 (Hz) across the individ-

ual USV

Amplitude of frequency variance

[*peakamp(stddeventire)]

SD of the amplitude (dB) of the

fundamental frequency across the

individual USV

ACOUSTIC STRUCTURE

Categorization of waveform Shape of USVs based on Brudzyn-

ski’s (1999) categories, as well as

additional new categories
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USVs. We found Avisoft-SASLab Pro to provide ease of use, a
wide range of selectable acoustic characteristics to measure, batch
file processing, powerful sound analysis options and good file
management. For measurement of fundamental frequencies up
to 125 kHz, files were down-sampled to 250 kHz for improved
resolution. As seen in Table 2, in addition to the measures that
were comparable to those used in the analysis of infant crying,
two measures of the variability of the fundamental frequency
and amplitude of each vocalization were also obtained. The vari-
ability of these measures of vocalizations may provide important
information regarding the stability of neural processes and/or the
degree of frequency modulation. To ensure that all measures were
obtained from the fundamental frequency, an “eraser-type” cur-
sor was used to remove harmonics from the spectrogram. To the
extent that all measures of human infant crying were obtained
from the fundamental frequency, removal of the harmonics in the
rat pup USVs increased the translational value of the analyses.
However, removal of harmonics may also systematically remove
acoustic information that may differentiate groups that are being
compared. For example, the frequency with the highest ampli-
tude may sometimes occur in the first harmonic. Forcing analyses
to obtain information only from the fundamental frequency may
bias results in still unknown ways. Figure 6 shows a spectrogram
created by Avisoft that indicates the points at which the frequency
and temporal measures were obtained, along with the listing of
those values to be logged.

Based on our pilot work examining the acoustic characteristics
of USVs of rat pups at 3 and 5 PND of age, we created four new
classifications that were not evident in the waveforms described by
Brudzynski et al. (1999). Finding the presence of additional wave-
forms may be the result of examining the USVs of pups younger
than the 10- to 17-day-old rat pups used to develop the previ-
ous classification system. As also seen in Figure 5, three of the

categories describe sudden shifts in the fundamental frequency
seen across sequential components in a single USV. In our classifi-
cation system, this shift in the fundamental frequency may or may
not have been evident in the harmonics and each component may
or may not have resembled one of the original categorizations
described by Brudzynski et al. (1999). Our first additional cate-
gory, Category 10, is defined as a “sudden qualitative upward shift
to a higher frequency where the end of the first component is par-
allel to the start of the second component.” In some cases, the end
of the first component is connected visually to the beginning of
the second component by a typically lower powered vertical line in
the spectrogram. Category 11 is similar, but the shift is descending.
Category 12 is defined as a single USV having multiple upward and
downward shifts, typically starting with an upward shift in pitch.
Category 13 is used as a “catch-all” category of otherwise unde-
fined waveform patterns that show a more organized pattern than
evident in Category 9. Figure 7 shows a spectrogram that contains
examples of rat pup USVs in Category 12. These shifts in the fun-
damental frequency may be similar to “frequency steps” described
by Sales and Smith (1978) in which mouse pup vocalizations show
an instantaneous frequency change in a vertically discontinuous
step with no interruption in time. However, there are no known
reports of these new specific categories, in general, or in the USVs
of rat pups, in particular.

THE TRANSLATIONAL MEASURES OF HUMAN INFANT CRYING AND
RAT PUP USVS
The measures of crying described in the preceding sections are
designed to (1) reveal the dynamic and graded qualities of infant
crying, (2) reflect the neurobehavioral status of human infants
and rat pups, and (3) provide systematic quantification of aspects
of vocalizations that may be salient to the social environment.
Table 3 provides a list of how the measures of human infant crying

FIGURE 6 | Examples of temporal and acoustic measures of rat pup USVs as taken in Avisoft-SASLab Pro.
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FIGURE 7 | Examples of USVs in Category 12.

and may correspond to the measures of rat pup USVs as a basis
for translational analyses. This list is intended only to offer an
initial framework through which vocalizations can be compared
across species. While there are many similarities across some of the
corresponding measures presented in Table 3, similar measures
may actually reflect different neurobehavioral processes in the two
species. For example, unlike most mammalian vocalizations that
are produced by vibration of the laryngeal folds, including those of
human infants, the USVs of rat pups are produced by the passage
of air under high pressure between constricted vocal folds. The
fundamental frequencies of these vocalizations also have differ-
ent neural and physiological bases and, thus, may reflect different
aspects of neurobehavioral function. The translational utility of
the fundamental frequency, as well as the other measures, will
need to be determined in future study.

SUMMARY AND CONCLUSION
The purpose of this paper was to describe the development of
translational methods by which human infant cry sounds and
the USVs of rat pups can be used to assess early neurobehavioral
development. To this end, we have proposed a novel set of simi-
lar measures of vocalizations based on current conceptualizations
of this critical early behavior in both the human and compara-
tive literatures. This set of measures includes several indices of the
frequency and temporal organization of crying, as well as novel
contributions to the classification of acoustic waveforms. The dis-
covered shifts in frequency described in our classification system
further the narrative of our understanding of the morphology of
rat pup vocalizations, the value of which can only be determined
in future investigations. Our provision of some of the challenges
underlying a translational approach, which compares the sounds
and functional significance of the vocalizations of such disparate
species, only begins the discussion of the limitations to our work

Table 3 |Translational measures of human infant crying and rat pup

USVs.

Human infant crying Rat pup USVs

TEMPORAL MEASURES

Expiration duration USV duration

Inter-cry-interval Interval

Repetition rate Repetition rate

Latency Latency

SPECTRAL MEASURES

Peak F 0 Maximum F 0

Peak F 0 amplitude Max F 0 amplitude

Dominant frequency Peak frequency

Dominant frequency amplitude Peak frequency amplitude

Overall maximum amplitude Overall maximum amplitude

Minimum F 0

F 0 std dev

ACOUSTIC STRUCTURE

Harmonic structure Waveform structure

Number of harmonics

and this approach. Any comparison between species needs to be
conducted with extreme caution. Cries of human infants and rat
pups are produced by very different physiological mechanism and
differ in both form and function.

Given the limitations to our proposed approach, a transla-
tional analysis of crying in human infants and rat pups has
significant potential benefits to our understanding of how vari-
ations in prenatal conditions, including malnutrition, prenatal
substance exposure and/or potential teratogens, may impact early
neurobehavioral development. The conceptualization of infant
crying as a graded and dynamic signal expands our view of the
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cry from one as a static, unitary sound to one that may contain
different information at different points in time. The characteris-
tics of the cry reflect not only the degree of infant arousal at the
point of elicitation, but also the changing level of infant arousal in
response to variations in both the internal and external environ-
ments of infants or pups. The measures of crying selected for this
analytic approach were included because of their neurobehavioral
and social significance, both of which are critical to understand-
ing the course of subsequent development. An important value
of examining infant crying, in this case, is that this behavior
contributes to the development of the social environment that
guides future development of the infant. As such, different mater-
nal response patterns to the sounds of crying presented here may
provide a window into the bidirectional influences between the
infant and its environment. In all, the proposals in this paper

should be considered a point of departure for future work that
may advance our understanding of development, in general, and
the contributions of variations in the prenatal environment, in
particular.
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Addiction represents a complex interaction between the reward and stress neural circuits,
with increasing drug use reflecting a shift from positive reinforcement to negative reinforce-
ment mechanisms in sustaining drug dependence. Preclinical studies have indicated the
involvement of regions within the extended amygdala as subserving this transition, espe-
cially under stressful conditions. In the addictive situation, the reward system serves to
maintain habitual behaviors that are associated with the relief of negative affect, at the cost
of attenuating the salience of other rewards. Therefore, addiction reflects the dysregula-
tion between core reward systems, including the prefrontal cortex (PFC), ventral tegmental
area (VTA), and nucleus accumbens (NAc), as well as the hypothalamic–pituitary–adrenal
axis and extended amygdala of the stress system. Here, we consider the consequences of
changes in neural function during or following addiction on parenting, an inherently reward-
ing process that may be disrupted by addiction. Specifically, we outline the preclinical and
human studies that support the dysregulation of reward and stress systems by addiction
and the contribution of these systems to parenting. Increasing evidence suggests an impor-
tant role for the hypothalamus, PFC, VTA, and NAc in parenting, with these same regions
being those dysregulated in addiction. Moreover, in addicted adults, we propose that par-
enting cues trigger stress reactivity rather than reward salience, and this may heighten
negative affect states, eliciting both addictive behaviors and the potential for child neglect
and abuse.

Keywords: addiction, reward, stress, parenting, preclinical, human

Addiction has been conceptualized as a cyclic process of impair-
ment in self-regulation. Both positive and negative reinforcement
mechanisms likely contribute to the maintenance of addiction; the
former representing the reward response following initial use, the
latter representing continued use for relief of the negative affective
state of abstinence. At a neurobiological level, while activation of
the brain reward system underscores drug use (i.e., positive rein-
forcement), the activation of the brain stress system may govern
the distress associated with withdrawal (i.e., negative reinforce-
ment). In the addictive situation, the relief of stress by the drug
leads to habitual drug use, and the reward system is “co-opted”
for purposes of maintaining habitual behavior that is linked to
relief of stress or negative emotions. With this co-optation, other
more adaptive rewards are not as salient because they are not
part of the conditioned stress relief-reward link. Importantly, these
rewards include social affiliation and relationships, and this kind
of co-optation has profound implications for parenting behav-
iors among addicted adults, and indeed for their relationships
in general. In these instances, relationships may become more
stressful for the addicted adult because of the demands for care.
Hence, instead of the normative rewards offered by affiliation,
the relationship becomes more stressful and serves as a cue for
continued compulsive or addictive behavior while perpetuating
social or maternal avoidance behavior.

In this paper, we will outline the evidence from preclinical and
human studies to address the following propositions outlined in
Figure 1: (a) addictive processes are a reflection of a dysregulation
of the balance between reward systems and the stress response;
(b) parenting involves a special adaptation of both reward and
stress regulatory neural systems to the relevant cues from off-
spring that become highly salient for the adult, now a parent; and
(c) in the addictive situation, parenting cues are not rewarding
but instead stressful. This heightened stress response may pro-
mote drug-seeking behaviors rather than parenting behaviors and
attending to the infant’s needs. We focus on cocaine addiction to
explore the evidence for this model.

COCAINE DISRUPTS MATERNAL BEHAVIOR: EVIDENCE
FROM RODENT AND HUMAN DATA
Cocaine use and abuse represents a significant public health prob-
lem. In 2008, 1.4 million Americans met DSM-IV criteria for
drug abuse and dependency for their cocaine addiction (Substance
Abuse and Mental Health Services Administration, 2008). Rates of
cocaine use in young women have increased, and a number of
studies have reported cocaine use during pregnancy (Kuczkowski,
2004). Continued cocaine use into the postpartum period is
not uncommon and presents significant problems for parent-
ing practice; specifically, maternal substance abuse is associated
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FIGURE 1 |The relationship between addiction and parenting. In our
model, addiction represents the dysregulation of stress and reward systems,
both of which are adapted to support parenting. In the addicted situation we
propose that drug-induced brain changes result in the rewarding value of

infant cues being attenuated, replaced by a more stressful neurophysiological
response. This stress response to infant cues may increase craving for drugs
of abuse, promoting drug seeking and relapse in abstinent mothers, and
perpetuates the cycle of neglect.

with significant increases in child neglect (Cash and Wilke, 2003).
The complexity of studying cocaine effects on human parent-
ing at behavioral and neurobiological levels is complicated by the
breadth of psychosocial and biological variables that are associated
with cocaine use and thus, present unique challenges to empirical
research. Therefore, we take a complementary approach bridging
work from basic science with human studies. Although most mam-
malian species exhibit some form of parental care toward their
young, rodents serve as excellent preclinical models for the study
of onset and maintenance of maternal behavior (MB) because,
similar to humans, they produce altricial infants requiring an
immense commitment in order to ensure survival. The typical rat
mother (dam) spends the entire day with pups for 2 weeks post-
partum, only leaving the nest to forage for food. Rodents exhibit
stereotyped behaviors toward infants (pups) that can be quanti-
fied and have behavioral correlates to humans, including nursing
and grooming the infant as well as preparing a safe environment
for the infant (nest-building). Maternal aggression or defense also
emerges during the postpartum period, a behavior that is analo-
gous to “protectiveness” experienced by new human mothers. We
begin this paper by considering the empirical support of cocaine
disruption to MB in human and rodent studies.

In human studies, the consequences of cocaine exposure
and administration on parenting have been explored primarily
through observations of mother–child interactions. Within 12–
48 h postpartum, mothers who used cocaine during pregnancy
responded more passively and were more disengaged from their
newborn compared to mothers who were drug-free (Gottwald and
Thurman, 1994). Early work with infants suggested that moth-
ers using cocaine during pregnancy evidence reduced expression
of positive affect and sensitivity to infant cues, as well as poorer
creativity and resourcefulness during dyadic interactions (Burns
et al., 1991, 1997). There is some evidence to suggest that while
early impairments (e.g., reduced attention toward the infant, shifts
in attention away from the infant) in mother–child interactions
appear modulated by prenatal cocaine exposure, follow up assess-
ments have shown either a reduction (Mayes et al., 1997) or
absence of these same dysfunctions (Ball et al., 1997) suggest-
ing the effects of cocaine exposure may change over time. This
has prompted studies to explore the effects of prenatal cocaine
exposure on maternal interactions in toddlers too, evidencing
maladaptive and hostile interactions of dyads with cocaine

exposure (Johnson et al., 2002; Uhlhorn et al., 2005; Molitor and
Mayes, 2010). The consequences of cocaine use during pregnancy
have also been explored during feeding episodes. Poorer feeding
interactions were reported in mothers who used cocaine during
pregnancy and who relapsed postpartum, compared to mothers
who had not relapsed (Blackwell et al., 1998). These feeding dyads
demonstrated greater conflict (Eiden, 2001) as well as insensitiv-
ity (Eiden et al., 2006) between mother and child. It is important
to note that impairments in mother–child interactions may also
be related to the amount of cocaine consumed during pregnancy
(Tronick et al., 2005), as well as postpartum use (Blackwell et al.,
1998; Johnson et al., 2002; Eiden et al., 2006). Although to date
there are no published neuroimaging studies in cocaine addicted
mothers, initial pilot work suggests differential prefrontal cortex
(PFC) activation when viewing infant faces in these women com-
pared to mothers with no cocaine use history (Strathearn and
Kosten, 2008).

Studies on mother–infant dynamics in the rodent have shown
that exposure to cocaine, through acute, intermittent, or chronic
treatment regimens, disrupts aspects of MB, with the extent of
disruption dependent on dose, duration, time of testing, and treat-
ment regimen (Johns et al., 1994; Nelson et al., 1998). In one
commonly used paradigm, dams receive cocaine either chronically
on gestation days (GD 1–20; 30 mg/kg) or via single injections dur-
ing the postpartum period, and are then tested for pup-directed
MB following separation and reunion with pups. Either regimen
can lead to increased latency and decreased duration of nurs-
ing, along with disruptions in licking and nest-building. Cocaine
treated dams also exhibit maladaptive maternal aggressive behav-
ior, indicating that social behavior deficits may extend past pup
relationships (Johns et al., 1997b; McMurray et al., 2008).These
disruptions are not caused by hyperactivity or cocaine withdrawal
(Johns et al., 1997b), suggesting instead alterations in motivational
or social interaction circuitry.

In contrast to treatment during gestation, repeated exposure to
cocaine before pregnancy increases retrieval and licking behaviors
in rats and mice early postpartum, suggesting that adult cocaine
exposure alters motivational salience and behavior toward later,
naturally rewarding stimuli, such as pups (Nephew and Febo,
2010). However, although these mothers were quicker to retrieve
pups, they took longer to initiate other MBs, suggesting that the
salience may be in having the pup nearby but not in the act of
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caring for it. Functional magnetic resonance imaging (fMRI) in
awake animals has allowed investigation of the activation of brain
regions following exposure to rewarding stimuli. Indeed, cocaine
pre-exposure also diminished the activation to pup suckling in the
medial prefrontal cortex (mPFC), striatum, and auditory cortex,
but did not affect baseline dopamine (DA) or percent increase of
DA upon exposure to pups in the mPFC (Febo and Ferris, 2007),
supporting the important roles in MB and addiction processes
these regions hold, a point we will return to later in this review.

Taken together, these findings indicate that cocaine use before,
during, and/or after pregnancy can significantly alter MB in the
postpartum period. Since MB is not entirely abolished, we pro-
pose that these behavioral changes may indicate differences in
the reward salience of offspring. Additionally, the transition from
pregnancy to the postpartum is inherently stressful to mothers;
however, the successful adaptation to this new environment may be
considered under the control of allostatic mechanisms. Allostasis
has been defined as the active process of responding to challenges
from the environment to maintain homeostasis, usually through
activation of hormonal stress responses. Successful adaptation to
this stressful environment and the ability to respond appropri-
ately to an infant’s needs is critical for the infant’s survival and
thus has been conserved throughout mammalian evolution. It has
been proposed that drug addiction can disrupt typical adaptation
to stressful non-parenting environments (Le Moal, 2009); how-
ever, whether the same is true for the postpartum period remains
unclear and offers a potential explanation for the drug-induced
deficits described above. The review presented here considers the
involvement of neural structures in both the reward and stress
systems in parenting (outlined in Figure 2).

INITIATION OF MATERNAL BEHAVIOR
Central to this review is the notion that there are significant neuro-
biological changes subserving the transition to parenthood. These
include a variety of structural and neurochemical changes indicat-
ing plasticity both at the synaptic and transcriptional regulation
levels of control. Throughout this paper we refer to changes in neu-
ronal function, receptor expression, or peptide levels, as a result
either from motherhood or drug exposure, as plastic to indicate the
dynamic nature of neurons. Critical to the transition to mother-
hood are significant changes in the function of the hypothalamus
and the production of the neuropeptide oxytocin (OT), and there-
fore we first consider the initiation of MB and the involvement of
the hypothalamus and oxytocin before reviewing the stress and
reward neural circuitry and their adaptation for parenting.

HYPOTHALAMUS
The medial preoptic area (MPOA) and ventral bed nucleus of the
stria terminalis (BNST) are critical for the initiation and main-
tenance of MB, and represent a directing region controlling the
switch to parental behaviors (Numan, 2007). The MPOA has
direct connections to the ventral tegmental area (VTA), nucleus
accumbens (NAc), mPFC, BNST, and paraventricular nucleus
(PVN), allowing it to exert a powerful influence during the post-
partum period. Lesions to the MPOA completely abolish retrieval
and nest-building behaviors in rats. Nursing is still observed fol-
lowing lesions, though it is diminished, and may be the result

of pups seeking out and attaching to a non-responsive dam.
These results indicate that the MPOA is important for the incen-
tive actions in MB (Numan, 2007). Increased MPOA neuronal
activation, as measured by c-FOS, CREB, and fMRI, is observed
following exposure to pups and pup cues in the first 2 postpartum
weeks (Fleming and Korsmit, 1996; Febo et al., 2005; Jin et al.,
2005). Notably, deficiency of CREB in mouse mutant lines leads
to increases in pup mortality and significant deficits in latency
to retrieve pups and in the number of pups brought back to the
nest (Jin et al., 2005). DA and serotonin (5-HT) maintain baseline
levels in this region across pregnancy, however norepinephrine
(NE) is decreased during this period (Olazabal et al., 2004). Over-
all, the results suggest that CREB activation in the MPOA could
be especially important for the initiation and expression of MB.
Converging with this in human mothers, individual differences in
maternal sensitivity to infant cues revealed differential modula-
tion of the hypothalamus, as well as pituitary and PFC regions,
when the mothers were viewing photographs of their own infants,
compared to unknown infants (Strathearn et al., 2009). More-
over, in this latter study, maternal OT response following a play
interaction correlated with activity in the hypothalamus (as well
as the pituitary and ventral striatum).

OXYTOCIN
Oxytocin plays a central role in initiating the onset of MB in sev-
eral mammalian species, including the rat and human, but its
role in maintenance of MB is less clear (Pedersen and Boccia,
2002; Feldman et al., 2007). In the rodent, OT neurons from the
PVN project centrally to the main olfactory bulb (MOB), MPOA,
NAc, amygdala (AMY), hippocampus, and VTA (see Figure 3).
OT from the PVN and supraoptic nucleus (SON) project to the
pituitary for peripheral release into the bloodstream in response to
infant-produced or stressful stimuli (Uvnas-Moberg et al., 2005;
Hatton and Wang, 2008). Work using mouse lines null for OT
have demonstrated that OT is essential for survival of litters due
to effects on milk ejection, but may not be critical for other
aspects of maternal responses (Lee et al., 2009). Although OT
null-mutants have normal reproductive and nurturing responses
(Ferguson et al., 2000, 2001), mouse dams with targeted disrup-
tion of the OT receptor gene have significant deficits in pup
retrieval, including longer latencies to retrieve each pup and to
assume a crouching posture,and shorter time spent crouching over
the pups (Takayanagi et al., 2005). Additionally, human mothers
with a low functioning OT receptor allele show lower maternal
sensitivity in the postpartum (Bakermans-Kranenburg and
van Ijzendoorn, 2008). Alterations in OT function have been
suggested to underlie maternal deficits in mice with a muta-
tion in Peg3 (Paternally expressed gene 3). Female Peg3 mutant
mice have severe impairments in MB and deficient milk let-down
(Champagne et al., 2009). These deficits have been linked to
reductions in OT neurons in the hypothalamus and decreased
OT binding in the MPOA and lateral septum in Peg3 mutants
(Champagne et al., 2009).

A recent paper by Yoshida et al. (2009) suggested that an under-
lying mechanism for OT effects on social and anxiety-like behavior
is enhanced serotonergic neurotransmission. Central administra-
tion of OT to the median raphe nucleus led to significant release of
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FIGURE 2 |The relationship between neurocircuits of stress, reward, and

parenting. Parenting circuitry (red) shares many regions with stress (blue)
and reward (yellow). The regions listed in the center have been implicated in
all three circuits, suggesting that disruption in regions of one circuit can have
profound impact on the functioning of the other connected circuits. It can be

seen by the number of regions included in the Parental Circuitry circle that
performance of optimal parental care (and the many types of behavior that fall
into this category) requires typical functioning of the majority of the brain.
Color coding in the legend indicates the anatomical brain systems in which
each region belongs.

5-HT in mice (Yoshida et al., 2009). Deletion of the 5-HT1A or 1B

receptor can alter time spent crouching in the nest, pup retrieval, or
other measures of nurturing, and can change maternal effects on
the behavioral profiles of offspring (van Velzen and Toth, 2010).
Modifications of the serotonin transporter (5-HTT) can confer
increased susceptibility to the effects of poor maternal nurturing
or other environmental stressors, with long-term consequences
for resilience to adverse conditions (Bakermans-Kranenburg and
van Ijzendoorn, 2008; Kinnally et al., 2009; Heiming and Sachser,
2010). Enhanced serotonergic neurotransmission by OT could
have similar efficacy in the regulation of CREB function relevant
to response to stress, exposure to cocaine and other drugs, and to

MB. The reciprocal interactions between the OT and 5-HT signal-
ing pathways in the midbrain and hypothalamus may be severely
disrupted following drug use and may contribute to deficits in MB.

Both plasma and brain OT can interact with hypothalamic–
pituitary–adrenal (HPA) axis activity (Uvnas-Moberg et al., 2005;
Slattery and Neumann, 2008). This information may have impli-
cations for human clinical research, as one study recently reported
that human mothers who used cocaine during gestation had
reduced plasma OT levels and higher perceived stress (Light et al.,
2004). The OT system is disrupted by cocaine in several regions,
in parallel with behavioral disruptions of MB (Johns et al., 1997a,
2005). For example, the chronic treatment of rat dams with cocaine
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FIGURE 3 | Oxytocinergic projection in the rodent brain. Oxytocin release
is anatomically suited to signal in reward, stress, and maternal circuitries. The
magnocellular neurons of the PVN (red oval) and SON (blue oval) project to
the posterior pituitary to release OT peripherally in response to suckling or
stressful stimuli. The parvocellular neurons of the PVN also project to the
reward circuitry (VTA and NAc), stress circuitry (hippocampus, AMY, and

intra-PVN release), and maternal circuitry (MPOA/BNST and OB), and are
believed to be critical for appropriate social interactions. PVN, paraventricular
nucleus of hypothalamus; SON, supraoptic nucleus of hypothalamus; VTA,
ventral tegmental area; NAc, nucleus accumbens; AMY, amygdala; MPOA,
medial preoptic area of the hypothalamus; OB, olfactory bulb. Brain schematic
adapted from Paxinos and Watson (1997).

can significantly lower OT levels in the MPOA, hippocampus, and
VTA within 24 h of delivery (Johns et al., 1997a). Acute cocaine
in the postpartum period can affect OT levels and OT receptors
in several brain regions, including lowering levels in the MPOA
on postpartum day (PPD) 1, and raising levels in the AMY on
PPD 6 (Jarrett et al., 2006; McMurray et al., 2008). Interestingly,
OT can also play a role in drug-reward effects. Recent studies in
rodent models have shown that OT administration can reduce or
block psychostimulant-related responses in tests of conditioned
place preference (CPP), self-administration, and reinstatement
of drug-seeking behavior (Yang et al., 2010). These data suggest
an important role for OT at the intersection of addiction, stress,
and MB.

ADAPTION OF THE REWARD SYSTEM FOR PARENTING AND
THE IMPACT OF COCAINE
Pups and pup cues have rewarding (motivational) value to rat
dams, shown in both CPP and operant responding paradigms (Lee
et al., 2000; Mattson and Morrell, 2005). Of particular note, pups
often induce CPP greater than the effect of cocaine, indicating the
strength of the motivational salience of pups (Seip and Morrell,
2009). However, in rodent studies, as many as 30% of dams pre-
fer a non-pup associated chamber, and these dams exhibit greater
locomotor sensitization to cocaine, indicating a subset of the pop-
ulation may be more vulnerable to cocaine’s impact on reward
circuitry and thus impairments in MB (Mattson and Morrell, 2005;
Seip and Morrell, 2007). The circuitry controlling incentive value
of reinforcing cues seems to be transiently altered postpartum as
dams lack aversive responses (as measured by CPP) after receiving

subcutaneous cocaine injections compared to virgin female rats,
suggesting that internal physiology can play a major role in the
conditioning effects of drugs (Seip et al., 2008).

Multiple reviews of reward circuitry have proposed that DA has
a prominent role in drug reward and that the “reward circuit,” as
presented in Figure 4, consists of a midbrain–forebrain pathway
that connects the VTA with the NAc and mPFC, with information
converging in the NAc to drive locomotor responses toward reward
seeking (Koob and Volkow, 2010; Sesack and Grace, 2010). Wide-
spread use of fMRI has also enabled reward circuitry in humans to
be investigated, with comparable regions identified, including the
orbitofrontal cortex (OFC), amygdala, NAc, as well as the PFC and
anterior cingulate cortex (ACC; McClure et al., 2004). A growing
literature is emerging that dissects reward-seeking behaviors into
independent cognitive processes: “wanting,” “liking,” and “learn-
ing” (Berridge, 2004; Berridge et al., 2009). Liking is defined as the
neural reaction underlying sensory pleasure-triggered by immedi-
ate receipt of reward. In contrast,“wanting” is defined as the moti-
vational incentive value of the same reward. It has been postulated
that dopaminergic signaling described above (VTA/Nac/mPFC) is
most important for the “wanting” aspects of behavior. This the-
ory may help explain why, although certain aspects of maternal
care are unlikely to have high hedonic impact (i.e., initial nursing,
maternal aggression, sleep interruption), mothers still “want” to
provide maternal care.

VENTRAL TEGMENTAL AREA
Ventral tegmental area DA neuron activity is responsible for tran-
sient and phasic DA release into the NAc (Sombers et al., 2009)
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FIGURE 4 | Reward circuitry in the rodent brain. This midline sagittal slice
of rodent brain depicts the main brain regions implicated in responding to
rewarding stimuli. The ventral tegmental area (VTA) of the midbrain sends
dopaminergic projections (blue arrows) to the nucleus accumbens (NAc) and
medial prefrontal cortex (mPFC). The NAc (as well as the lateral habenula,

LHb) send GABAergic projections (red arrows) to the VTA, while the mPFC
sends glutamatergic projections (green arrows) to the VTA. The mPFC and
NAc have reciprocal glutamatergic projections. Activity changes in the NAc
results in reward seeking or incentive behaviors (black arrow). Brain schematic
adapted from Paxinos and Watson (1997).

as well as throughout the reward circuitry, and VTA activity is
believed to be crucial for incentive valuation and goal-oriented
behaviors (Koob and Volkow, 2010). The VTA consists of DA
projection neurons, surrounded by GABAergic interneurons (for
review Adell and Artigas, 2004). Cocaine exposure impacts VTA
function in ways that may alter its ability to respond to naturally
rewarding stimuli. Synaptic levels of 5-HT, NE, and DA are acutely
increased by cocaine through its ability to block their transporters,
resulting in increased firing rates (Thomas and Malenka, 2003).
Cocaine also contributes to increased firing by reducing inhibi-
tion, via decreased VTA GABAergic interneuron firing (Steffensen
et al., 2008). These cocaine-induced changes do not habituate with
repeated exposure; thus, cocaine acutely and chronically increases
excitatory tone in the VTA, resulting in higher firing rates (Thomas
and Malenka, 2003), potentially creating a threshold for firing that
new (infant) stimuli cannot reach. Ovarian hormones enhance
cocaine’s effect onVTA DA firing in female rats (Zhang et al., 2008),
suggesting changes may be accentuated during pregnancy when
ovarian hormones are highly upregulated. Importantly, cocaine
self-administration causes long-lasting potentiation in the VTA
that sucrose self-administration does not (Chen et al., 2008),
suggesting that cocaine may prevent further plasticity in the VTA
that is needed during the postpartum period.

Evidence from rodent studies supports a role for the DA projec-
tion neurons from theVTA in the incentive aspects of MB (Numan,
2007). Lesions of the VTA, or that sever axons from the MPOA to

the VTA, disrupt MB (Numan, 2007). Transient inactivation of
the VTA, especially through GABAA receptors, disrupts maternal
retrieval, nursing, and CPP for pups (Numan et al., 2009; Seip and
Morrell, 2009), while not disrupting cocaine CPP, suggesting that
VTA activity is critical for responses to pup stimuli. Mice that are
naturally neglectful of their pups show higher basal c-FOS acti-
vation, although there is no difference in the number of DA cells
in the VTA (Gammie et al., 2008a). This suggests that ignoring
pups may be perceived as rewarding for these dams, perhaps due
to a reduction in stress. However, whether pup removal decreases
stress and increases reward signal in some dams but not others
has yet to be directly tested. Electroencephalogram (EEG) and
fMRI responses in the VTA are increased by exposure to pups and
pup olfactory cues (Febo et al., 2005; Hernandez-Gonzalez et al.,
2005). Direct application of OT or opioids in the VTA can facilitate
MB (Pedersen et al., 1994; Thompson and Kristal, 1996). Recent
evidence has indicated a direct role for OT in regulation of VTA
DA cell firing and DA release into the forebrain (Shahrokh et al.,
2010). Interestingly, OT antagonists reduce DA release in highly
maternal dams, but not in low maternal dams, suggesting there
may a “floor” effect on the ability of OT to direct DA cell firing.
Taken together, these findings indicate disruption in VTA function
can severely affect MB and the rewarding value of pups to dams.
Gestational cocaine treatment does not affect basal levels of NE,
DA, or DA metabolites in the VTA during the postpartum period;
however, basal 5-HT and OT are decreased (Johns et al., 1997a;

Frontiers in Psychiatry | Child and Neurodevelopmental Psychiatry July 2011 | Volume 2 | Article 37 | 130

http://www.frontiersin.org/child_and_neurodevelopmental_psychiatry
http://www.frontiersin.org/child_and_neurodevelopmental_psychiatry/archive


Rutherford et al. Addiction and maternal neurocircuitry

Lubin et al., 2003). These data, along with previously mentioned
cocaine-induced changes in VTA function, suggest that VTA neu-
rons may be less responsive to OT and thus fire less, although this
has yet to be directly tested.

NUCLEUS ACCUMBENS
The NAc, divided into the core and shell, serves several behav-
ioral functions. The shell is involved in the incentive motivational
properties of rewarding stimuli via the enhancement of stimulus–
reward associations, while the core is involved in the performance
components of reward seeking (Di Chiara, 2002; Russo et al.,
2010). In humans, the NAc mediates the anticipation and predic-
tion of reward (Knutson and Cooper, 2005), with regional activity
varying dependent upon reward magnitude (Haber and Knut-
son, 2009). The NAc consists primarily of GABAergic projection
neurons and interneurons. The major NAc GABAeric efferents
project to the lateral hypothalamus, VTA, substantia nigra, brain-
stem, and ventral pallidum, whose activity is correlated with
reward seeking (Koob and Volkow, 2010). Activation of inhibitory
DA transmission from the VTA in the NAc in response to acute
administration of all major drugs of abuse has been observed
(Koob and Volkow, 2010). Cocaine acutely increases levels of
inhibitory 5-HT and NE as well (Li et al., 1996). Chronic cocaine
exposure upregulates D1 receptors in the striatum (Ben Sha-
har et al., 2007), similar to expression in highly maternal dams
(Champagne et al., 2004), suggesting that repeated exposure to
rewarding stimuli may have similar effects. Although DA trans-
porter expression is unchanged, its activity increases with cocaine
consumption (Oleson et al., 2009). Chronic cocaine exposure
upregulates 5-HT transporter expression, while not impacting NE
transporter expression (Belej et al., 1996). Increases in transporter
activity may indicate an attempt of the neurons to return to a level
of firing similar to that observed prior to drug use. Cocaine expo-
sure decreases synaptic strength between excitatory PFC afferents
to the NAc shell, and causes long-lasting decreased firing in the
core (Russo et al., 2010).

The NAc is important for the initiation and maintenance of MB.
NAc ablation significantly decreases MB, and specifically lesion-
ing the NAc shell disrupts retrieval behavior without interrupting
crouching, licking, or nest-building (Li and Fleming, 2003). The
NAc shows increased neuronal activation, through c-FOS expres-
sion and fMRI, in response to pups throughout the first postpar-
tum week (Fleming and Korsmit, 1996; Febo et al., 2005). However,
no response is observed only to pup cues (Fleming and Korsmit,
1996). In contrast, activation in response to infant cries (relative to
white noise) have been observed in human mothers in the regions
surrounding the NAc, as well as more extensive cortical and sub-
cortial regions, primarily innervated by dopamine (Lorberbaum
et al., 2002).

Lactating rats have lower basal DA in the NAc compared to
virgin rats (Olazabal et al., 2004), perhaps allowing greater sen-
sitivity to changes in levels. Real-time in vivo voltammetry and
microdialysis measurements have shown increased NAc shell DA
during nursing, and a direct correlation of DA concentration with
duration of licking behavior (Champagne et al., 2004; Afonso
et al., 2008). Treatment with DA agonists increases licking specif-
ically in dams that were previously characterized as “low-licking”

(Champagne et al., 2004), suggesting that some threshold must
be met to achieve higher licking rates. Similar pharmacologi-
cal treatments in NAc have been shown to mediate “wanting”
of rewards (Berridge et al., 2009). Recently, it has been shown
that D2 receptor activation is important for normal MB (Zhao
and Li, 2010). Although D2 receptor binding does not differ
between dams that are highly maternal and those which are low-
licking/nursing, highly maternal dams have more D1 and D3

receptors and lower DA transporter binding in the NAc shell com-
pared to low-licking/grooming dams (Champagne et al., 2004).
In a mouse line bred for maternal neglect, much higher c-FOS
expression is observed immediately following the onset of neglect
compared to control dams (Gammie et al., 2008a), with the effect
greater in the core than the shell. Taken together, dopaminergic
signaling in the NAc is critical for MB, and since drug use can
drastically alter signaling, this may lead to impaired MB. However,
little is known about how drug exposure may impact plasticity
within the NAc during pregnancy, parturition, and lactation and
this will be a focus of future research.

PREFRONTAL CORTEX
The PFC is involved in a variety of cognitive functions, all of
which are critical components in the shift toward drug depen-
dency, addiction, or MB. Understanding the role of the PFC is
complex, especially given the wide variation in the degree of cor-
tical parcellation in both human and animal studies (including
ACC, OFC, mPFC, and infralimbic) observed across studies (Dal-
ley et al., 2004). The ACC has been associated with the integration
and valuation of social information due to its direct connec-
tions with AMY, ventral striatum, hypothalamus, periaqueductal
gray (PAG), and auditory cortex (Dalley et al., 2004), as well as
ordering temporal sequence of behaviors. The OFC, which has
a well-established role in decision-making and stimulus–reward
relationships, receives input from all sensory modalities as well
as the ventral striatum and amygdala. Damage to the OFC may
result in changes in anxiety/fear and aggressive behaviors, sug-
gesting its importance in social interactions. The prelimbic and
infralimbic cortices, which are subdivisions of the mPFC resid-
ing dorsally and ventrally respectively, have been associated with
working memory function and attention. However, they play dif-
ferent roles in learning, with the prelimbic cortex contributing to
action-outcome associations and the infralimbic contributing to
habit formation in rodents. Both the mPFC and OFC have been
implicated in controlling impulsivity (Dalley et al., 2004), a point
we will return to later. Given that all these functions are critical for
appropriate social interactions, understanding how drug use alters
their function will highlight how these regions may be involved in
altered postpartum behaviors.

Chronic drug use has been tied to deficits in monoamine sig-
naling in the PFC; however it remains unclear whether these
deficits are causative or predictive (reviews: Dalley et al., 2008;
Koob and Volkow, 2010; Sesack and Grace, 2010). Recent evidence
suggests molecular mechanisms underlying drug-induced dys-
function. Glucose metabolism increases following acute cocaine,
but decreases following cocaine self-administration, indicating
an adapted neuronal response (Hammer Jr. and Cooke, 1994).
Cocaine increases blood flow in fMRI studies involving male,
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female, and lactating rats (Febo et al., 2004; Ferris et al., 2005). This
increased “activation” of the mPFC, measured by increased blood
flow, may result from increased activity of GABAergic interneu-
rons instead of glutamatergic projection neurons, since cocaine
causes a greater VTA-driven inhibition of mPFC projection neu-
rons (Peterson et al., 1990), suggesting an increased inhibition
of projection neurons in this area. Cocaine consumption results
in hundreds of synaptic plasticity gene expression changes as
measured by microarray (Freeman et al., 2010) as well as an upreg-
ulation of D1 receptor and corticotropin releasing factor (CRF)
activity (Ben Shahar et al., 2007; Corominas et al., 2010). Taken
together, these data suggest multiple mechanisms for a decline in
mPFC function through cocaine use. The ACC, OFC, infralim-
bic, and prelimbic cortex all show increased c-FOS expression in
response to cocaine-associated cues compared to saline controls
(Ciccocioppo et al., 2001), indicating an important role for drug
learning in these areas. Given that these regions are likely respond-
ing to cocaine exposure through plastic changes to gene expression,
these neurons may not respond with the appropriate amount of
neuroplasticity needed for the transition to perform MBs. A single
study of cocaine administration prior to pregnancy demonstrated
diminished activation to pup suckling in the mPFC, but did not
affect baseline DA or percent increase of DA upon exposure to pups
in the mPFC (Febo and Ferris, 2007). However, whether cocaine
during pregnancy affects the development of plastic changes in the
PFC during pregnancy and lactation, similar to those observed in
males has yet to be directly tested.

The PFC’s role in organizing behavior is critical for the transi-
tion to MB, with disruptions to PFC function resulting in deficits
to MB. Pharmacological antagonism of sodium channels or activa-
tion of GABA in the mPFC has shown that this region is necessary
for retrieval behavior of rat dams (Febo et al., 2010). These exper-
iments did not change approach behavior toward pups, only the
decision to retrieve them to the nest, indicating a change in moti-
vation not investigatory behaviors. Excitotoxic lesion to the mPFC
also disrupts pup retrieval, licking, and the overall pattern or order
of MBs, indicating the importance of this region in working mem-
ory and attention in the postpartum period (Afonso et al., 2007).
Pup suckling increases fMRI response in the medial and lateral
PFC and insular cortex of lactating rats, an effect that is depen-
dent on OT (Febo et al., 2005). EEG data suggest that mPFC
activity changes in response to pup odors (Hernandez-Gonzalez
et al., 2005). As mentioned above, DA contributes to PFC func-
tion. DA levels are lower in rats in late pregnancy compared to
virgin female rats (Olazabal et al., 2004), which may result in
higher overall activity given that DA acts to inhibit activity in
the mPFC (Peterson et al., 1990). Recently, high impulsivity has
been tied to deficits in MB, which may be associated with alter-
ations in mPFC function (Lovic et al., 2010). Since mPFC DA is
an important mediator of impulsivity (Dalley et al., 2008) and can
be disrupted by drug abuse, differences in behavioral organization
during MB could occur following drug use (although this has yet
to be directly tested). Notably, as early as PPD1, the cingulate cor-
tex shows increased c-FOS expression in response to pups, and
continues to respond to cues through the first week (Fleming and
Korsmit, 1996). Additionally, the infralimbic cortex responds to
cues while the prelimbic cortex does not (Fleming and Korsmit,

1996), suggesting the importance of specific regionalization of
circuitry.

In human mothers, although widespread activity in the brain
is observed when exposed to infant cues, the OFC is emerging as
a core region in parenting circuitry, being reliably engaged across
studies as well as in different modalities. Activity in the right OFC
was greater when mothers listened to infant cries compared to
white noise (Lorberbaum et al., 1999, 2002), and bilateral OFC
activity increased when mothers viewed photographs of their own
child compared to an unfamiliar child (Nitschke et al., 2004).
Bridging brain and self-reported mood, this bilateral activity in
the OFC has been significantly correlated with positive mood
scores while viewing infant faces (Nitschke et al., 2004), with
left OFC activity correlating with positive mood and right OFC
activity correlating with negative mood scores in a subsequent
study (Noriuchi et al., 2008). In this latter report, other regions
showed sensitivity to infant familiarity, including the dorsolateral
PFC, insula, putamen, and PAG. In preclinical work, the PAG is
thought to mediate the immobile stance of nursing since exposure
to suckling pups selectively activates PAG to a greater extent than
exposure to non-suckling pups (Lonstein and Stern, 1997). The
PAG has also been strongly implicated in controlling aggressive
behavior in the postpartum period and mediating fearfulness or
anxiety (Lonstein et al., 1998). It is worth noting that the lateral
OFC (and PAG) responds selectively to cues of maternal attach-
ment, with overlapping regions including striatum, insula, and
dorsal ACC responding to cues of maternal and romantic attach-
ment (Bartels and Zeki, 2004). Magnetoencephalography has also
demonstrated the role of the OFC to infant cue sensitivity and
further suggests that OFC may exert a top-down role on infant
face perception (Kringelbach et al., 2008). In a sample containing
both parents and non-parents, 130 ms post-stimulus onset there
was a significant increase in activity in the mOFC in response
to viewing infant faces but not adult faces. Moreover, this early
sensitivity to infant faces was not observed in areas traditionally
associated with face processing (i.e., fusiform cortex). Neverthe-
less, after 165 ms from face presentation, a comparable divergence
of activity in response to infant and adult faces in fusiform
cortex was observed. These findings suggest that the mOFC is
not only sensitive to infant cues, but may also modulate subse-
quent activity in fusiform regions for preferential processing of
infant face stimuli.

LATERAL HABENULA
Another forebrain region that can contribute to the MB is the lat-
eral habenula (LHb; Geisler and Trimble, 2008). LHb activity is
correlated with the lack of an expected reward as well as stress-
ful stimuli, suggesting a role for processing the saliency and value
of rewarding and distressing stimuli. The LHb shows increased c-
FOS to acute cocaine and cocaine-associated cues but this response
diminishes following repeated exposure (Franklin and Druhan,
2000), suggesting that cocaine exposure disrupts the ability of the
LHb to decrease VTA activity. This may be especially important
if VTA neurons have reached a level of firing that cannot change
further in response to infant stimuli. This structure is activated in
response to pups on PPD7 and reacts to pup cues on PPD 10
(Felton et al., 1998). Interestingly, the c-FOS response is
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diminished in dams that exhibit strong CPP for pups. This may
be explained by the role of the LHb in negative reward salience
(Mattson and Morrell, 2005). The LHb has also been shown to
have both excitatory input and output following MB (Geisler and
Trimble, 2008). This is an intriguing area of future research as it
may play a critical role in determining the salience of different
stimuli during the postpartum.

In summary, a number of core structures have been identified
in the reward neural circuitry and we have described the evi-
dence to suggest their adaption to parenting. The modulation of
these neurocircuits by cocaine implicates a neurobiological path-
way through which substance use can affect parenting behavior.
The role of the reward circuitry, specifically mesocorticolimbic
DA, has also been implicated in social attachment more broadly
in preclinical studies of MB and pair bonding (Insel, 2003). This
will be an important avenue for future research to understand how
cocaine influences MB as well as the formation and maintenance
of maternal attachment.

ADAPTION OF THE STRESS SYSTEM FOR PARENTING AND
THE IMPACT OF COCAINE
In addition to the reward neural circuits, there is also significant
recruitment of stress neurocircuits in MB across humans and
rodents. Moreover, a wealth of behavioral data implicates stress

in drug seeking and relapse (Corominas et al., 2010; Koob and
Volkow, 2010). Therefore we turn our attention to the neural cir-
cuitry of the stress system, its involvement in MB, and modulation
by cocaine.

HPA AXIS
The canonical HPA axis stress system seems to play a critical role
in the development of drug abuse, while extrahypothalamic stress
circuitry [BNST, hippocampus, medial portion of NAc, and cen-
tral amydala (CeA)] appears to have a more important role in the
motivational effects of both acute withdrawal and stress-induced
relapse (Aston-Jones and Harris, 2004; Corominas et al., 2010;
Koob and Volkow, 2010). It has been hypothesized that addic-
tion results from a neuroadaptational shift in how rewards are
processed, specifically a loss of positive reinforcement and replace-
ment by negative reinforcement within a basal circuit termed the
extended amygdala (Koob and Volkow, 2010). This long-lasting
shift in how the brain stress systems process similar environmental
cues (allostasis) following either drug exposure or repeated stress-
ful events has been defined as allostatic load (McEwen and Gia-
naros, 2011). Alterations in allostatic load are derived by chronic
exposure to psychological or physiological stressors.

Acutely, the HPA axis is activated by a variety of external and
internal events (see Figure 5). The PVN in the hypothalamus

FIGURE 5 | Stress circuitry in the rodent brain. The paraventricular
nucleus (PVN) in the hypothalamus sends corticotrophin releasing
factor (CRF) projections (green arrows) to the central amygdala
(CeA), bed nucleus of the stria terminalis (BNST), and the pituitary
gland. The pituitary gland releases adrenocorticotrophic hormone (ACTH)
into the blood stream that travels to the adrenal gland. Adrenal gland

releases corticosterone (CORT) into the bloodstream. CORT acts as a
negative feedback signal (red arrows) on the pituitary, PVN, and
hippocampus, which sends excitatory projections to the PVN
(green line arrows). The PVN receives additional excitatory input
from the CeA and BNST. Brain schematic adapted from Paxinos and Watson
(1997).
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releases CRF into the hypophyseal blood supply, stimulating
release of adrenocorticotropic hormone (ACTH) from the pitu-
itary gland into the circulating blood supply. ACTH acts on
the adrenal medulla to release glucocorticoids (GC), i.e., corti-
sol (humans) or corticosterone (CORT; rodents) into circulation
where it exerts numerous physiological effects. Importantly, CORT
exerts negative feedback through GC activation in the pituitary,
PVN, and hippocampus, returning the system to homeostasis. In
addition to release of CRF into the blood, PVN neurons project
to other central nervous system sites, such as the BNST, CeA, and
VTA (Palkovits et al., 1998; Rodaros et al., 2007), resulting in a
variety of neuronal responses in those brain regions (for review
see Corominas et al., 2010). The PVN reversibly remodels struc-
turally during pregnancy and lactation to allow greater excitatory
input (Panatier and Oliet, 2006), which suggests this is an espe-
cially dynamic time for changes in brain stress systems. If drug
use alters PVN responsiveness during the postpartum period, this
could have deleterious effects given that the PVN also contains cells
that produce OT (Slattery and Neumann, 2008), and the PVN has
been found to activate in response to pups by PPD7 (Fleming and
Korsmit, 1996; Febo et al., 2005).

There is an established bidirectional relationship between sub-
stance abuse and stress-related symptomatology in both humans
and animal models (Sinha, 2001; Goeders, 2002; Koob and Volkow,
2010). Cocaine acutely activates the HPA axis (Goeders, 2002), a
response that is upregulated by female sex hormones (Russo et al.,
2003), suggesting that pregnancy, and the accompanying high cir-
culating female steroid hormones, may be an especially sensitive
period for cocaine-induced stress hormone effects. Chronic effects
depend on the treatment regime; for example, HPA responses
neither habituate nor sensitize to daily cocaine administration,
although ACTH and CORT responses to binge doses do habit-
uate over repeated exposures (Goeders, 2002). However, self-
administration of cocaine causes an increased CORT response
and decreased negative feedback that coincides with lower GC
receptors in the PVN but not other forebrain regions (Rodaros
et al., 2007), indicating other brain centers can exhibit continued
response. HPA reactivity is heightened during acute withdrawal
and dysregulation persists during protracted abstinence (Goeders,
2002; Corominas et al., 2010). Importantly, chronic cocaine can
raise CORT levels significantly during pregnancy (Quinones-Jenab
et al., 2000), although the impact on feedback regulation is less
clear. Complementary data has shown that stress and HPA signal-
ing can facilitate psychostimulant self-administration (Goeders,
2002), indicating a mechanism that stress may influence later drug
seeking in the postpartum.

The role of the HPA stress system in MB is just beginning
to be understood, and it is clear that tight regulation is involved
throughout the transition from pregnancy, lactation, and wean-
ing. As mentioned above, allostasis or the dynamic response of
the HPA and brain stress systems to ever-changing environments,
probably plays a critical role, however, the role of allostatic mech-
anisms are in great need of study. Gestational and postpartum
periods are characterized by high basal CORT levels, a hyporespon-
sive hormonal reaction to stress, and low anxiety levels (Slattery
and Neumann, 2008). Changes in maternal stress responses have
been correlated with deficits in maternal care (Smith et al., 2004;

Bosch et al., 2007; Chen et al., 2010). Stress during pregnancy can
reduce MB in rodents, however, if the rats were prone to have
low MB, stress did not affect them, suggesting that optimal care
can be reduced only to a certain extent (Champagne and Meaney,
2006). Administering CORT to pregnant or lactating rats decreases
nursing and increases neglectful behaviors (Bosch et al., 2007;
Brummelte and Galea, 2010). Repeated stressors during the post-
partum period can inhibit lactation in rodents, suggesting direct
hormonal effects (Lau and Simpson, 2004). Conversely, remov-
ing circulating stress hormones reduces but does not abolish MB
(Rees et al., 2004). Lactation depends on peripheral OT levels and
OT is known to bi-directionally interact with HPA activity, with
chronic OT treatment leading to reduced acute stress responses
(Uvnas-Moberg et al., 2005), suggesting that OT may help mediate
stress hyporesponsiveness in the postpartum period (Slattery and
Neumann, 2008).

Many neurotransmitters involved in stress regulation are
altered in the early postpartum period, including 5-HT, DA, NE,
vasopressin, OT, and CRF (Slattery and Neumann, 2008). These
signals act primarily within the PVN to direct stress response,
especially CRF and OT release. CRF serves as a “stress” signal not
only by activating the HPA axis, but also through signaling to the
extended amygdala andVTA, resulting in increased saliency of cues
surrounding a stressful event (Gulpinar and Yegen, 2004; Coromi-
nas et al., 2010). It has been proposed that postpartum changes
in stress responsiveness are caused by the reduction in CRF pro-
duction in the PVN (Slattery and Neumann, 2008), presumably
through high OT levels, which can attenuate upregulation of CRF
mRNA in response to stress (Lightman et al., 2001; Windle et al.,
2004). In a series of studies using mutant mouse lines, Gammie and
colleagues have shown that CRF signaling modulates components
of MB (Gammie et al., 2007, 2008b; D’Anna and Gammie, 2009).
Targeted disruption of CRFR1 significantly reduced nursing, while
CRFR2 knockout dams exhibit reduced maternal aggression in a
resident–intruder test. Since exposure to an unfamiliar intruder
could be highly stressful for a dam, it is possible that CRF function
is especially important for MB related to adverse or anxiogenic
conditions. Alterations in CRF-mediated signaling, as observed
with repeated cocaine treatment (Corominas et al., 2010), could
thus disrupt normal offspring defense. We will now consider the
key neural regions which are involved in the stress response, addic-
tion, and parenting; specifically the hippocampus and extended
amygdala, before reviewing the important interaction between
stress and reward circuitries.

HIPPOCAMPUS
Hippocampal activity exerts an inhibitory influence, via ventral
hippocampal neurons’ direct connections to the PVN, and regu-
lates release of stress hormones (Herman et al., 2005). The hip-
pocampus has reciprocal excitatory connections, via the entorhi-
nal cortex, with the mPFC, ACC, insular, and other association
cortices, suggesting its role in coordinating spatial and social
information, as well as contributing to the stress response dur-
ing pregnancy and lactation. Chronic cocaine exposure alters
monoamine signaling as well as several kinase signaling pathways
(Dworkin et al., 1995; Freeman et al., 2001), suggesting cocaine
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may down-regulate the hippocampal formation’s ability to temper
PVN stress responsiveness.

The hippocampus exhibits increased BOLD signal in response
to pup suckling (Febo et al., 2005), and lesions of this area will
specifically disrupt MB (Kimble et al., 1967), suggesting perhaps a
role for learning safe locations for nursing. The entorhinal cortex,
directly adjacent to the hippocampus exhibits the positive BOLD
response to pup suckling (Febo et al., 2005), indicating an involve-
ment of social memory. Adult neurogenesis in the hippocampus is
decreased in maternally sensitized rats, an effect tied to increased
circulating CORT levels (Pawluski and Galea, 2007), and is sim-
ilar to what is observed following cocaine use (Venkatesan et al.,
2007), suggesting that increased CORT from cocaine exposure may
decrease neurogenesis even further, although this remains to be
tested. Hippocampal monoamine levels do not change through-
out pregnancy or following gestational cocaine exposure (Lubin
et al., 2003; Olazabal et al., 2004), indicating that potential changes
in function may rely on CRF and CORT signaling. In addition, OT
levels are decreased in the hippocampus in virgin rats and in the
postpartum following chronic gestational cocaine exposure (Johns
et al., 1997a; Lubin et al., 2001), which may suggest as interaction
with CRF and CORT.

EXTENDED AMYGDALA
The extended amygdala contributes to processing emotions (par-
ticularly fear and anxiety), refining the limbic input to motor sys-
tems (Alheid, 2003; Koob and Volkow, 2010) and may be involved
in the integration of cortical information with the HPA axis func-
tion. The extended amygdala consists of the CeA, medial amygdala
(MeA), sublenticular extended amygdala, BNST, and medial and
caudal portions of the NAc (Alheid, 2003). The CeA and BNST
have reciprocal connections with the PVN and are an independent
source of CRF (Alheid, 2003). Cocaine exposure results in long-
term changes in CRF activity in these regions (Corominas et al.,
2010). Chronic cocaine treatment has short and long-term effects
on the neuronal response to stress by increasing CRF-dependent
activation in the amygdala and BNST in response to stress in
males (Kash et al., 2008); however, its effects on females are less
clear. Signaling mediated by CRF has been implicated in neuroad-
aptation during a chronic cocaine regimen and reinstatement of
cocaine reward (Corominas et al., 2010). Although a majority of
this work has focused on withdrawal from cocaine, it suggests that
the chronic exposure alters CRF signaling. Additionally, the condi-
tioned release of NE, which may be altered by cocaine exposure, in
the BNST in response to stressors may elevate anxiety which then
augments the reward value of drugs through negative reinforce-
ment (Aston-Jones and Harris, 2004; Koob and Volkow, 2010).
Overall, these lines of evidence support a role for this region as a
critical convergence point between reward and stress circuitry in
addiction. Acute cocaine can increase OT in the amygdala (Elliott
et al., 2001), while chronic cocaine treatment during pregnancy
reduces OT receptor binding in the BNST and amygdala in the
early postpartum (Johns et al., 2004; Jarrett et al., 2006).

Disruptions in extended amygdala activity can have major
detrimental effects on MB. Activation of the amygdala and BNST
regions can lead to decreases in MB (Rasia-Filho et al.,2000;Walker
et al., 2003; Bosch et al., 2005). In particular, activation of the MeA

can inhibit dams from approaching pups. Further, mouse dams
characterized by maternal neglect have higher c-FOS expression
in the MeA and CeA compared to control dams (Numan, 2007;
Gammie et al., 2008a). The MeA and cortical amygdala (CeA) are
activated by exposure to pups during the first week postpartum,
but not by exposure to pup cues (Fleming et al., 1994a; Fleming
and Walsh, 1994b; Stack et al., 2002). The basolateral amygdala
(BLA) is not activated until PPD3 and responds to cues on PPD10,
consistent with its role in cue-learning (Pego et al., 2008). OT in
the AMY is important for regulating anxiety and maternal aggres-
sive behavior, and is increased following chronic cocaine exposure
(Bosch et al., 2005; McMurray et al., 2008). Given the complex
changes occurring in the extended amygdala during the postpar-
tum, it is likely that previous drug use may interrupt the normal
course of functional plasticity.

THE INTERACTION OF STRESS AND REWARD CIRCUITS
Importantly, stress alters the reward circuitry. Although the
emphasis of stress on reward circuitry function has focused on
CRF signaling in the extended amygdala, GC activation is impor-
tant as well. Chronic stress increases glutamatergic signaling and
synaptic function in the NAc shell and the VTA similar to what is
observed following psychostimulant exposure (Meshul et al., 1998;
Campioni et al., 2009; Lodge and Grace, 2005). Cocaine-induced
changes in VTA activity and NAc DA release are dependent on
both CRF and CORT (Cleck et al., 2008; Kash et al., 2008). GCs
can modulate sensitivity to DA in NAc neurons, especially in lac-
tating rats (Der-Avakian et al., 2006; Byrnes et al., 2007). The
role of GCs in sensitizing the NAc to psychostimulants may be
especially important, given the large amount of circulating GC
during pregnancy and lactation (Byrnes et al., 2007). The tran-
scription factor CREB has been implicated in persistent changes
in the brain following exposure to drugs of addiction or stressful
environmental events, and is expressed throughout the reward
circuitry (Briand and Blendy, 2010). Increased levels of phos-
phorylated CREB may be an important mechanism in the acute
and chronic effects of cocaine administration and sensitization
(Briand and Blendy, 2010), and in stress-induced reinstatement
of conditioned responses to cocaine (Kreibich and Blendy, 2004).
Disruption of CREB function can lead to higher sensitivity to the
rewarding effects of cocaine, but disrupts potentiation of drug-
related behavior following episodes of stress (Dinieri et al., 2009),
while CREB overexpression can attenuate locomotor effects of
cocaine (Kreibich et al., 2009; Briand and Blendy, 2010). Disrup-
tion of signaling through CRF receptor 1 can block stress-induced
enhancement of conditioned responses to cocaine, as well as stress-
elicited increases in phosphorylated CREB (Kreibich et al., 2009).
Taken together, these data suggest that cocaine-induced changes
in stress signaling may interact synergistically with changes in the
reward circuitry to affect maternal response.

Finally it is important to note the proposal that the mainte-
nance of allostatic processes requires the coordinated signaling
between the hippocampus, amygdala, and PFC (McEwen and Gia-
naros, 2011). Since it is clear that these regions are important for
reaction to stress and initiation and maintenance of MB, and are
negatively impacted by cocaine exposure, they highlight regions
that deserve further research in drug-exposed parenting models.
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PARENTING CUES AS STRESSFUL CUES IN ADDICTION
As we have reviewed here, the neural circuitry of the reward and
stress systems contribute to substance use initiation, as well as con-
tinued use and subsequent dependence. Many of the key neural
structures within these circuits are also those that are observed
in studies of parenting, suggesting that these overlapping neural
circuits present as mechanisms through which drugs of abuse
can modulate parenting behavior. These findings related to the
model presented in the introduction to this review are presented
in Figure 6. The final component of our model posits that in the
addicted situation, infant cues are stressful rather than rewarding,
and that heightened levels of stress increases craving for substances
of abuse that through past experience have been associated with
the relief of negative affect. Therefore, the act of caring for an infant
may promote drug-seeking behaviors in currently using mothers,
as well as triggering relapse in abstinent mothers.

At a neurobiological level, the relationship between parent-
ing, addiction, and stress is in its infancy. However, substance
use has been well associated with stress-related symptomatology
(Sinha, 2001), and early on stress has been highlighted as mod-
ulating parenting behavior (Webster-Stratton, 1990). Increasing
levels of stress in parenting are believed to be related to insuffi-
cient resources (e.g., income, emotional stability) to manage the
demands of caring for a child, and that this is enhanced in addicted
mothers, who report higher levels of stress than non-substance
using mothers (Kelley, 1998). This data suggests that addicted
mothers may exhibit a maladaptive shift in allostasic control
of stress during the postpartum period. Additional research has

evidenced parenting stress as an important mediator to maternal
risk factors and their impact on parenting behavior (Suchman and
Luthar, 2001). These initial studies support the notion of parent-
ing as a stressor, and we will now consider the relationship between
stress and craving which is integral to our model.

Accumulating evidence has shown that individuals with more
intense craving when exposed to stress are more likely to relapse,
and that drug use affords one means of stress regulation, albeit a
maladaptive, self-perpetuating one (Sinha and Li, 2007). In these
studies, participants are exposed to an interpersonal stressor and
changes in the hemodynamic response are then compared to expo-
sure to a neutral non-stressor condition. In non-substance using
individuals, exposure to stress has been shown to increase the
hemodynamic response in (1) frontal regions, including the right
mPFC and ventral ACC; and (2) limbic and midbrain regions,
including the posterior cingulate, left striatum, thalamus, bilateral
caudate and putamen, and left hippocampal and parahippocam-
pal regions (Sinha et al., 2004). Further work by the same research
group (Sinha et al., 2005) demonstrated that while some changes
in the hemodynamic response are common in normal individuals
and cocaine-dependent subjects, healthy controls show increased
activity in the ACC, while cocaine-dependent participants instead
have a decrease in activity in this same region that extended into
the lateral frontal cortex. The authors interpret this difference in
ACC functioning in relation to differences in emotion regulation
and cognitive control between the two groups and the relation-
ship of these functions to addictive behaviors. Replicating their
earlier finding, stress exposure increased activity in hippocampal

FIGURE 6 | Role of brain changes in the relationship between drug

use and parenting. Drug use is known to cause a number of brain
changes (teal boxes and arrows). These changes can influence each
other (red double-tipped arrows) by either amplifying or diminishing
alterations depending on the behavioral and biological context. Importantly,
these changes have independently been shown to contribute to parental

care behaviors and when disrupted by drug use, results in reduced
sensitivity to the rewarding value of infants and heightened
stress. The stress response may be sufficient to trigger drug craving
leading to continued drug use and relapse in abstinent mothers. In
addition, drug seeking to reduce stress may also perpetuate the cycle
of neglect.
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and parahippocampal regions in healthy controls, but this
response was absent in cocaine-dependent participants, who
instead showed an increased response in the bilateral dorsal stria-
tum and caudate region. Activity in this latter region positively
correlated with self-report craving scores, consistent with this
structure’s role in addiction. Increasing activity in the right dor-
solateral PFC, as well as the left posterior insular and superior
temporal sulcus, also correlated with increasing scores on self-
report of craving and distress in cocaine-dependent participants.
The implications of these findings are that, while addiction modu-
lates the stress response, this modulation of activity correlates with
self-reports of drug craving, suggesting a putative link between
craving, stress, and addiction. This is further emphasized by find-
ing that increasing activity in regions including the medial PFC,
following stress induction, predicts time to relapse, correlating
with amount of drug use on each occasion, as well as the num-
ber of days drug use has occurred following relapse (Sinha and Li,
2007). A wealth of literature, too large to detail here, has begun
to discover the molecular mechanisms and brain activation pat-
terns of similar stress-induced relapse behaviors in animal models.
Important to our hypotheses are data suggesting that DA and CRF
are critical signaling molecules in the VTA, extended amygdala,
and PFC (Erb, 2010; Van den Oever et al., 2010; Wise and Morales,
2010), as well as being associated with alterations in allostatic load.

Finding both that exposure to stress results in brain responses
that can differentiate addicted individuals from non-addicted
individuals and that neural activity correlates with craving and
relapse indicate the importance of vulnerability to stress in the
maintenance of addiction. Specifically, these studies indicate that
exposure to stress heightens craving which results in drug-seeking
behavior and relapse. Bridging these results to the present review,
we propose that parenting cues will elicit similar stress reactiv-
ity (e.g., Kelley, 1998) which could induce drug-seeking behaviors
in the addicted mother, thereby likely contributing to neglect-
ful behavior which is so highly correlated with drug addiction in
mothers (e.g., Cash and Wilke, 2003). It is the goal of our ongoing
preclinical and human subject studies to explore this empirically.

CONCLUSION
In the review presented here we have identified the contribution
of reward and stress pathways to the neural circuitry of parenting,
underscoring the modulation of these pathways by addiction. We
have described addiction as the dysregulation of the reward and
stress systems, the same systems that are adapted for parenting to
increase the saliency of infant cues. We propose that in the addic-
tive situation, parenting cues are not as rewarding as they would
normally be and could instead be stressful, which with a proba-
ble dysregulation of stress adaptation mechanisms, may lead to
increased drug seeking and neglectful parenting behavior. While
we focused more specifically on cocaine addiction, the principles
of this model will likely hold for other addictive processes, owing
to the common roles of stress and reward systems in the initiation
and maintenance of substance use. Moreover, recognizing early
mother–child relationships as a source of stress will be important
when considering appropriate therapeutic approaches for preven-
tion as well as treatment of maternal substance abuse (e.g., Pajulo
et al., 2006; Suchman et al., 2008). This is emphasized by high
relapse rates early postpartum by mothers abstaining from sub-
stances of abuse during pregnancy, supporting the notion that the
postpartum period presents as a specific time of vulnerability to
stress in recent mothers. Indeed, the discussion presented here
suggests that therapeutic approaches that target stress regulation
may be important for the capacity to parent, maintaining absti-
nence in addiction, and decreasing the incidence of child abuse
and neglect. Potential neurobiological targets could include CRF
and OT as they have been shown to be key signaling systems for
stress, addiction, and parenting.
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Previous work from our group and others utilizing animal models have demonstrated long-
lasting structural and functional alterations in the meso-cortico-striatal dopamine pathway
following prenatal cocaine (PCOC) treatment.We have shown that PCOC treatment results
in augmented D1-induced cyclic AMP (cAMP) and cocaine-induced immediate-early gene
expression in the striatum of adult mice. In this study we further examined basal as well as
cocaine or D1-induced activation of a set of molecules known to be mediators of neuronal
plasticity following psychostimulant treatment, with emphasis in the dorsal striatum (Str)
and nucleus accumbens (NAc) of adult mice exposed to cocaine in utero. Basally, in the Str
of PCOC treated mice there were significantly higher levels of (1) CREB and Ser133 P-CREB
(2)Thr34 P-DARPP-32 and (3) GluA1 and Ser 845 P-GluA1 when compared to prenatal saline
(PSAL) treated mice. In the NAc there were significantly higher basal levels of (1) CREB
and Ser133 P-CREB, (2) Thr202/Tyr204 P-ERK2, and (3) Ser845 P-GluA1. Following acute
administration of cocaine (15 mg/kg, i.p.) or D1 agonist (SKF 82958; 1 mg/kg, i.p.) there
were significantly higher levels of Ser133 P-CREB, Thr34 P-DARPP-32, and Thr202/Tyr204
P-ERK2 in the Str that were evident in all animals tested. However, these cocaine-induced
increases in phosphorylation were significantly augmented in PCOC mice compared to
PSAL mice. In sharp contrast to the observations in the Str, in the NAc, acute administra-
tion of cocaine or D1 agonist significantly increased P-CREB and P-ERK2 in PSAL mice, a
response that was not evident in PCOC mice. Examination of Ser 845 P-GluA1 revealed
that cocaine or D1 agonist significantly increased levels in PSAL mice, but significantly
decreased levels in the PCOC mice in both the Str and NAc. We also examined changes in
brain-derived neurotrophic factor (BDNF). Our studies revealed significantly higher levels
of the BDNF precursor, pro-BDNF, and one of its receptors, TrkB in the Str of PCOC mice
compared to PSAL mice. These results suggest a persistent up-regulation of molecules
critical to D1 and BDNF signaling in the Str of adult mice exposed to cocaine in utero.
These molecular adaptations may underlie components of the behavioral deficits evident
in exposed animals and a subset of exposed humans, and may represent a therapeutic
target for ameliorating aspects of the PCOC-induced phenotype.

Keywords: prenatal cocaine, striatum, nucleus accumbens, D1,TrkB, BDNF, CREB, GluA1

INTRODUCTION
Over the past 25 years since crack cocaine became a drug com-
monly abused by pregnant women, multiple clinical, and pre-
clinical studies have identified alterations in fetal brain devel-
opment with lasting consequences on brain structure and func-
tion resulting from prenatal cocaine (PCOC) exposure (Kosofsky
et al., 1994; reviewed in Trask and Kosofsky, 2000; Kosofsky and
Hyman, 2001). Identification of a prenatal drug-induced pheno-
type uniquely attributable to intrauterine cocaine exposure has
been elusive. Specifically, only a subset of exposed infants and
children demonstrate persistent deficits, and when they do, may

manifest ongoing behavioral abnormalities in subtle neurobehav-
ioral domains including deficits in “Affect, Attention, Arousal, and
Action” (the 4A’s: see Lester, 1998; Bada et al., 2007). Specifically,
PCOC exposure has been shown to result in subtle reductions
in IQ and cognitive development (Alessandri et al., 1998; Lester
et al., 1998), delayed language development (Beeghly et al., 2006),
and impairments in tasks requiring sustained attention (Accornero
et al., 2007). Such studies support the idea that intrauterine expo-
sure to cocaine most profoundly alters attention, arousal, and reac-
tivity, functions that may negatively impact learning and memory
in exposed offspring (Mayes et al., 1998). The implications for
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public policy are far reaching, as when such deficits are evident
in PCOC-exposed individuals they may require longer perina-
tal hospitalizations and associated increments in healthcare costs
(Behnke et al., 1997), as well as increased special education needs
and associated expenses (Lester et al., 1998; Levine et al., 2008),
making prevention of prenatal exposure to cocaine, and early
identification and treatment of resulting adverse outcomes a high
priority.

As the primary molecular targets of cocaine action are the
uptake pumps for the monoamines dopamine, serotonin, and
to a lesser extent norepinephrine (Uhl et al., 2002), neurochemi-
cal systems which mediate cocaine-induced behaviors, persistent
alterations in aminergic function have been suggested as con-
tributing to the PCOC-induced phenotype (Mayes, 2002). Animal
models, including work performed in mice (Wilkins et al., 1998),
rats (Spear et al., 2002), rabbits (Harvey, 2004), and non-human
primates (Lidow and Song, 2001) have been particularly helpful
in identifying the independent contribution of cocaine to such
neurobehavioral deficits, as well as in understanding the basic
mechanisms underlying such changes (Malanga, 1999). In par-
ticular, rodent models have demonstrated persistent alterations in
dopaminergic (DA) signaling, primarily via the D1 receptor, in
adult animals following PCOC treatment (Friedman and Wang,
1998; Unterwald et al., 2003; Stanwood and Levitt, 2007; Malanga
et al., 2008; Tropea et al., 2008a).

The cascade of molecular events initiated in the striatum
(Str) and nucleus accumbens (NAc) following acute exposure of
adult animals to cocaine has been well characterized (reviewed
in McGinty et al., 2008). Specifically, a wealth of experimental
data identifies a rapid and robust activation of D1-like cell sur-
face receptors activating intracellular signaling pathways to affect
specific patterns of gene expression (Self et al., 1996), and alter-
ations thereof in mice genetically engineered to be deficient in D1
mediated signal transduction in the Str (Drago et al., 1996). High
throughput array-based methods have identified sets of genes acti-
vated in the Str and NAc following acute cocaine exposure that
are distinguishable from those following repeated cocaine expo-
sures (Renthal et al., 2009), emphasizing the persistent molecular
adaptations, in part via recurrent D1-mediated neuronal stimu-
lation, in contributing to the “addicted state” (Chao and Nestler,
2004).

One phenomenon that has been extensively investigated in ani-
mal models has been the process of sensitization, by which prior
psychostimulant exposure augments the subsequent response to
a challenge dose of drug (reviewed in Kalivas et al., 1998). Work
from our lab and others has identified that signaling via second
messenger molecules such as (P-)CREB, (P-)DARPP-32, (P-)ERK,
and (P-)GluA1 in the Str and NAc are persistently altered follow-
ing recurrent psychostimulant exposure, and may underlie aspects
of the “sensitized state.” These data raise the possibility that fol-
lowing PCOC exposure, such signaling pathways may similarly
demonstrate persistent dysregulation, and may render adult ani-
mals susceptible to altered behavioral responses to subsequent
administration of drugs of abuse (reviewed in Crozatier et al.,
2003; Malanga and Kosofsky, 2003).

Consistent with this thinking, we have focused our attention
on the effect of PCOC treatment on persistent dysregulation of a

set of target genes known to mediate aspects of synaptic plasticity,
including growth factors (e.g., brain-derived neurotrophic factor,
BDNF), immediate-early genes (e.g., zif-268), and synaptic scaf-
folding proteins (e.g., homer 1a). Previous work from our group
analyzing the Str and NAc has focused on the role of dopamine
D1-mediated cyclic AMP (cAMP) regulation, and demonstrated
increased cocaine-mediated induction of both zif-268 and homer
1a mRNA in the Str, but not the NAc of adult PCOC treated vs.
prenatal saline (PSAL) treated mice (Tropea et al., 2008a). Here
we extend that work to identify that an additional set of signaling
molecules activated via D1 stimulation including (P-)CREB, (P-
)DARPP-32, (P-)ERK, and (P)GluA1 are differentially activated in
the Str and NAc of adult PCOC vs. PSAL mice. We found that
following acute administration of cocaine (15 mg/kg, i.p.) or D1
agonist (SKF 82958; 1 mg/kg, i.p.) there were significantly higher
levels of Ser133 P-CREB, Thr34 P-DARPP-32, and Thr202/Tyr204
P-ERK2 evident in the Str in both prenatal treatment groups. How-
ever, this increase was significantly augmented in PCOC vs. PSAL
mice. In sharp contrast, neither acute cocaine nor SKF 82958-
induced phosphorylation of CREB or ERK2 in the NAc of PCOC
mice, but did in the NAc of PSAL mice. Following acute adminis-
tration of cocaine or D1 agonist there were significantly increased
levels of Ser845 P-GluA1 in both the Str and NAc of PSAL mice,
in contrast to significantly decreased levels of Ser845 P-GluA1 in
both the Str and NAc of PCOC mice. In parallel we have addi-
tionally identified that the growth factor pro-BDNF, and TrkB, a
BDNF receptor, are upregulated in the Str but not NAc of adult
PCOC mice.

Taken together our data identifies region-specific patterns (i.e.,
Str vs. NAc) in the constitutive expression of a set of proteins and
phospho-proteins, as well as their pattern of expression follow-
ing acute administration of cocaine or the D1 agonist SKF 82958,
which distinguish PCOC from PSAL mice. The differential pattern
of constitutive as well as inducible proteins and phospho-proteins
that we have identified suggest a persistent molecular memory
in PCOC mice evidenced as a cocaine-induced augmentation in
CREB and ERK phosphorylation in the Str, blunting of CREB
and ERK phosphorylation in the NAc, and de-phosphorylation
of GluA1 in both the Str and NAc, all via D1 mechanisms. Such
data extends the idea that recurrent drug exposure induces abnor-
mal synaptic learning and memory (Berke and Hyman, 2000;
Hyman and Malenka, 2001; Hyman, 2005) in a developmental
context such that adaptations in Str and NAc neuronal function
established in the womb may “feed forward” to induce alterations
in dopaminergic neurotransmission and associated behaviors in
adulthood.

MATERIALS AND METHODS
PRENATAL COCAINE TREATMENT
Prenatal treatments were performed as previously described (Tro-
pea et al., 2008b). Briefly, timed-pregnant Swiss Webster dams
(Taconic Labs, New York) were assigned to one of two treatment
groups and received twice-daily subcutaneous (SC) injections (at
7:00 AM and 7:00 PM) from embryonic (E) day E8 to E17,
inclusive, of cocaine HCl (Sigma-Aldrich, St. Louis, MO, USA;
20 mg/kg/injection, SC, dissolved in saline) totaling 40 mg/kg per
day (offspring referred to as PCOC for prenatal cocaine treated)
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or 0.9% saline (offspring referred to as PSAL for prenatal saline
treated). All pups were surrogate fostered to control dams (Black
Swiss Webster; Taconic Labs), which had delivered within the pre-
vious 48 h. Litters were culled to a maximum of 10 pups per dam.
Animals were weaned at 28 days in to same sex cages, at which
point female animals were euthanized. Only one male animal per
litter was used for any of the studies reported, thereby avoiding the
problem of litter effects resulting in “oversampling.” As a result,
the individual animal’s data was the unit of statistical measure,
and represented the “litter mean” for that data point. All exper-
imental protocols were approved by the Weill Cornell Medical
College Institutional Animal Care and Use Committee, and were
in accordance with NIH directives for animal studies.

WESTERN BLOT ANALYSES
Western blot analysis was performed as previously described (Tro-
pea et al., 2008b). Briefly,adult (P60) male PSAL and PCOC treated
mice were injected with saline, cocaine (15 mg/kg, i.p.), or the D1
agonist SKF 82958 (1 mg/kg, i.p.) followed 15 min later by rapid
decapitation, brain dissection and freezing at −40˚C in isopentane.
All brains were serially cut rostro-caudally in a freezing cryostat
to obtain bilateral punches of the dorsal striatum (Str; A/P +1.7
to +1.2; Paxinos and Franklin, 2003), the NAc (A/P stereotactic
coordinates +1.7 to +1.2), bilateral 0.5 mm deep tissue punches
of somato-sensory cortex (CTX; A/P +1.7 to +1.2 mm), medial
prefrontal cortex (mPFC; A/P +1.98 to +1.54 mm), and unilateral
ventral tegmental area (VTA; A/P −3.16 to −3.64 mm) punches.
All tissue punches were obtained with a 17-gage stainless steel
stylet.

For pro- and mature BDNF, TrkB, and p75 Western blot analy-
ses, tissue from the NAc, Str, mPFC, and VTA, of untreated
PSAL and PCOC animals was used. Tissue was sonicated in SDS
sample buffer (1% SDS in TE pH 7.4) containing protease and
phosphatase inhibitors and 25 μg of protein was separated on
a 15% gel along with a Kaleidoscope-prestained standard (Bio-
Rad, Hercules, CA, USA). For all other protein analyses, protein
lysates were isolated on a 12% gel. Blots were incubated in pri-
mary antibody [CREB (1:850), Ser133 P-CREB (1:850), DARPP-
32 (1:1000), Thr34 P- DARPP-32 (1:500), Thr75 P-DARPP-32
(1:500), Thr202/Tyr204 P-ERK1/2 (1:1000), ERK1/2 (1:1000),
Ser 845 P-GluA1 (1:850), GluA1 (1:1000), Cell Signaling, Dan-
vers, MA, USA; BDNF N-20 (1:200), Santa Cruz Biotechnology,
Santa Cruz, CA, USA; TrkB (1:500), Upstate Cell Signaling Solu-
tions, Lake Placid, NY, USA; p75 (1:1000), NR2B (1:1000), actin
(1:20,000), Chemicon, Temecula, CA, USA] for 12–48 h at 4˚C.
Secondary antibody incubations were performed at room temper-
ature in blocking buffer for 1 h (horseradish peroxidase-linked IgG
conjugated goat anti-rabbit 1:5000 for CREB, P-CREB, DARPP-
32, Thr34 P-DARPP-32, BDNF, TrkB, and NR2B and 1:10,000 for
p75, or horse anti-mouse 1:30,000 for actin, Vector Laboratories,
Burlingame, CA, USA). Membranes were visualized with Western
Lightning Chemiluminescence solution (Perkin Elmer Life Sci-
ence, Boston, MA, USA). Optical density from films was analyzed
using NIH Image (NIH, Bethesda, MD, USA). For BDNF, pro-
BDNF bands were analyzed at 30 kDa, while mature BDNF bands
were analyzed at 14 kDa. To confirm the identity of these bands,
striatal cell lysate and recombinant BDNF protein (generously

supplied by Dr. Francis Lee, Weill Cornell Medical College, New
York, NY, USA) was analyzed as shown in Figure 3A.

STATISTICAL ANALYSES
Gestational data were analyzed using t -test, while western blot
data were analyzed by one-way ANOVA, and when significant at
p < 0.05 level, post hoc comparisons (Bonferroni–Dunn) between
treatment groups was performed.

RESULTS
GESTATIONAL DATA
The average percentage weight gain of dams from E8 to E17 and the
number of live pups per litter for each prenatal treatment group
were recorded. PCOC dams gained less weight during pregnancy
(p < 0.0001), and gave birth to less live pups per litter (p < 0.001)
as compared to PSAL dams (Table 1).

ALTERED PROTEIN PHOSPHORYLATION LEVELS IN THE Str OF PCOC
MICE
To examine protein phosphorylation levels, adult PSAL and PCOC
mice were administered saline (PSAL sal and PCOC sal), cocaine
(PSAL coc and PCOC coc) or the dopamine agonist, SKF 82958
(SKF; PSAL skf and PCOC skf). Fifteen minutes later mice were
rapidly decapitated and tissue was isolated in a cryostat for West-
ern blot analysis of the Str (Figure 1) and NAc (Figure 2). To
evaluate the effect of PCOC exposure on basal differences in pro-
tein levels of CREB/Ser133 P-CREB, DARPP-32/Thr34 and Thr75
P-DARPP-32, ERK2/Thr202/Tyr204 P-ERK, and GluA1/Ser 845
P-GluA1 we compared PCOC sal vs. PSAL sal mice. The effect of
PCOC exposure on cocaine and dopamine D1 signaling was eval-
uated by comparing cocaine- and D1 agonist, SKF 82958-induced
changes in phospho-protein levels (P-CREB, Thr34- and Thr75-
DARPP-32, P-ERK, and P-GluA1) in PCOC coc vs. PSAL coc, and
PCOC skf vs. PSAL skf, respectively.

Striatum
Examination of basal levels of total and phospho-proteins revealed
significantly higher levels of CREB and P-CREB in PCOC vs.
PSAL mice (Figures 1A,B, respectively). Examination of DARPP-
32 revealed no effect of PCOC on basal DARPP-32 levels
(Figure 1E). However, there were significantly higher basal lev-
els of Thr34 P-DARPP-32 in PCOC mice compared to PSAL mice

Table 1 | Effect of prenatal cocaine treatment on dam weight gain and

offspring number.

Prenatal

Treatment

Average percentage

weight gain of dam

Average number of

live pups per litter

PSAL 79.7 ± 2.46 13.8 ± 0.48

PCOC 61.6 ± 2.42* 11.5 ± 0.37†

The average percentage weight gain of dams from E8 to E17 and the number of

live pups born per litter for each prenatal treatment group were recorded. PCOC

vs. PSAL dams on average had a smaller percentage weight gain during preg-

nancy (*p < 0.0001) and had a lower average number of live born pups per litter

(†p < 0.001). All values represent the mean ± SEM.
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FIGURE 1 | Effect of prenatal cocaine treatment on basal, cocaine- and

SKF 82958-induced protein phosphorylation in the striatum of adult

mice. Representative immunoblots and quantitative analysis of protein
[(A) CREB; (E) DARPP-32; (K) ERK2; (O) GluA1] and phospho-protein
[(B–D) P-CREB; (F–J) Thr 34 and Thr 75 P-DARPP-32; (L–N) P-ERK2; (P–R)

P-GluA1] levels normalized to actin (mean optical density ± SEM). Protein
levels were measured in prenatal saline treated (PSAL) and prenatal

cocaine (PCOC) treated mice administered normal saline (sal), cocaine
(15 mg/kg; coc) or D1 agonist, SKF 82958 (1 mg/kg; skf) as adults. Data are
represented as percentage of PSAL mice treated with saline (PSAL sal).
†p < 0.05, ††p < 0.01 PCOC pretreatment groups vs. PSAL pretreatment
groups. *p < 0.05, **p < 0.01, coc or skf treated mice vs. sal treated mice
within the same prenatal treatment. Error bars represent ± SEM. N = 6–8
mice/group.
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FIGURE 2 | Effect of prenatal cocaine treatment on basal, cocaine- and

SKF 82958-induced protein phosphorylation in the nucleus

accumbens of adult mice. Representative immunoblots and quantitative
analysis of protein [(A) CREB; (E) DARPP-32; (K) ERK2; (O) GluA1] and
phospho-protein [(B–D) P-CREB; (F–J) Thr 34 and Thr 75 P-DARPP-32;
(L–N) P-ERK2; (P–R) P-GluA1] levels normalized to actin (mean optical
density ± SEM). Protein levels were measured in prenatal saline (PSAL)

treated and prenatal cocaine (PCOC) treated mice administered normal
saline (sal), cocaine (15 mg/kg; coc) or D1 agonist, SKF 82958 (1 mg/kg;
skf) as adults. Data are represented as percentage of PSAL mice treated
with saline (PSAL sal). †p < 0.05, ††p < 0.01 PCOC pretreatment groups vs.
PSAL pretreatment groups. *p < 0.05, **p < 0.01, coc or skf treated mice
vs. sal treated mice within the same prenatal treatment. Error bars
represent ± SEM. N = 6–8 mice/group.
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(Figure 1F) with a trend toward lower levels of Thr75 P-DARPP-
32 (Figure 1G). Examination of ERK2 revealed no change in the
basal levels of ERK2 or P-ERK2 in PCOC mice (Figures 1K,L,
respectively). Examination of GluA1 revealed significantly higher
levels of basal GluA1 and P-GluA1 in PCOC mice compared to
PSAL mice (Figures 1O,P, respectively).

Examination of cocaine or SKF 82958-induced changes in
phospho-protein levels revealed that cocaine or SKF 82958 sig-
nificantly increased P-CREB in PSAL and PCOC mice compared
to saline treated mice (Figure 1C, PSAL coc vs. PSAL sal and
PCOC coc vs. PCOC sal and Figure 1D, PSAL skf vs. PSAL sal and
PCOC skf vs. PCOC sal, respectively). Furthermore, the increase
in P-CREB observed in PCOC mice was significantly augmented
compared to PSAL mice (Figure 1C, PCOC coc vs. PSAL coc;
Figure 1D, PCOC skf vs. PSAL skf). Similarly cocaine or SKF
82958 treatment significantly increased Thr34 P-DARPP-32 levels
in PSAL and PCOC mice (Figures 1G,I, respectively) with sig-
nificantly augmented levels evident in PCOC mice compared to
that observed in PSAL mice (Figure 1G, PCOC coc vs. PSAL coc;
Figure 1I, PCOC skf vs. PSAL skf). Cocaine or SKF 82958 treat-
ment significantly decreased Thr75 P-DARPP-32 levels in PSAL
mice (Figures 1H,J, respectively). In PCOC mice, cocaine treat-
ment had no effect on Thr75 P-DARPP-32 levels (Figure 1H)
whereas SKF 82958 significantly decreased Thr75 P-DARPP-32
levels (Figure 1J) to levels that were significantly lower than that
seen in PSAL mice (Figure 1J, PCOC skf vs. PSAL skf). Exam-
ination of P-ERK2 levels revealed that cocaine or SKF 82958
treatment significantly increased P-ERK2 levels in both PSAL and
PCOC mice (Figures 1M,N, respectively) with significantly aug-
mented levels evident in PCOC mice compared to PSAL mice
(Figure 1M, PCOC coc vs. PSAL coc; Figure 1N, PCOC skf vs.
PSAL skf). Examination of P-GluA1 levels revealed that cocaine
or SKF 82958 treatment significantly increased P-GluA1 levels
in PSAL mice (Figures 1Q,R, respectively). However, interest-
ingly in PCOC mice, cocaine or SKF 82958 treatment significantly
decreased P-GluA1 levels (Figures 1Q,R, respectively), and these
levels were significantly lower than that observed in PSAL mice
(Figure 1Q, PCOC coc vs. PSAL coc; Figure 1R, PCOC skf vs.
PSAL skf).

Nucleus accumbens
Examination of basal levels of total and phospho-proteins revealed
significantly higher levels of CREB and P-CREB in the NAc of
PCOC mice compared to PSAL mice (Figures 2A,B, respectively).
Examination of basal DARPP-32 levels revealed no difference in
DARPP-32, Thr34 P-DARPP-32 or Thr75 P-DARPP-32 between
PSAL and PCOC mice (Figures 2E,F, respectively). Examination
of ERK2 revealed no change in basal ERK2 in PCOC mice com-
pared to PSAL mice (Figure 2K), but significantly higher P-ERK2
levels in PCOC mice compared to PSAL mice (Figure 2L). Simi-
larly, examination of GluA1 levels revealed no difference in basal
GluA1 levels (Figure 2O) between prenatal treatment groups.
However, Ser 845 P-GluA1 levels were significantly higher in the
NAc of PCOC mice compared to PSAL mice (Figure 2P).

Examination of cocaine or SKF 82958-induced changes in
phospho-protein levels revealed that cocaine or SKF 82958
treatment significantly increased P-CREB levels in PSAL mice

compared to saline treated mice (Figure 2C, PSAL coc vs. PSAL
sal and Figure 2D, PSAL SKF vs. PSAL sal), a response that
was not evident in PCOC mice (Figures 2C,D, respectively).
Cocaine or SKF 82958 treatment significantly increased Thr34
P-DARPP-32 levels in PSAL and PCOC mice with no difference in
levels between the two prenatal treatment groups (Figures 2G,I,
respectively). Cocaine or SKF 82958 administration significantly
decreased Thr75 P-DARPP-32 levels in PSAL mice, with a trend
toward lower levels in PCOC mice evident (Figures 2H,J, respec-
tively). Examination of P-ERK2 levels revealed that cocaine or SKF
82958 treatment significantly increased P-ERK2 levels in PSAL
mice compared to saline treated mice (Figures 2M, PSAL coc vs.
PSAL sal and Figures 2N, PSAL SKF vs. PSAL sal), a response
that was not evident in PCOC mice (Figures 2M,N, respectively.
Examination of P-GluA1 revealed that cocaine or SKF 82958
administration increased P-GluA1 in PSAL mice (Figures 2Q,R,
respectively) while either cocaine or SKF 82958 treatment signif-
icantly decreased P-GluA1 in PCOC mice (Figures 2Q,R, respec-
tively). SKF 82958-induced P-GluA1 levels were significantly lower
in PCOC mice compared to PSAL mice (Figure 2R, PCOC skf vs.
PSAL skf).

ALTERED BDNF IN THE Str OF PCOC MICE
We next examined levels of pro- and mature BDNF in the Str and
NAc of PCOC vs. PSAL mice, along with levels in the mPFC and
VTA, anatomical regions where BDNF is synthesized and trans-
ported to those targets (Conner et al., 1997; Altar and DiStefano,
1998). To identify the precise protein bands that correspond to pro-
vs. mature BDNF we first compared BDNF Western blots contain-
ing striatal protein lysates with recombinant BDNF protein lysates
(Figure 3A). A pro-BDNF protein band at 30 kDa and mature
BDNF protein band at 14 kDa was used to compare levels of the
two proteins in protein lysates obtained from mPFC, Str, NAc,
and VTA tissue of PCOC vs. PSAL mice. Western blots revealed
significantly higher levels of pro-BDNF in the Str of PCOC mice
compared to PSAL mice (Figure 3B). No significant differences
in pro-BDNF levels were observed for any other regions sampled.
Examination of mature BDNF levels revealed no significant differ-
ences between PCOC and PSAL mice in any of the regions sampled
(Figure 3C).

We next examined the effect of prenatal treatment on the lev-
els of the BDNF receptors TrkB, p75, and NR2B in the Str and
NAc of PCOC vs. PSAL mice (Figure 4). TrkB levels were signif-
icantly higher in the striatum of PCOC compared to PSAL mice
(Figure 4A), while in the NAc there was no significant difference
in TrkB levels between the two prenatal treatment groups. No sig-
nificant differences were observed in p75 protein levels in PCOC
vs. PSAL mice in the Str or NAc (Figure 4B). Similarly, examina-
tion of NR2B, a gene regulated by the pro-BDNF pathway (Woo
et al., 2005) revealed no significant differences between PCOC and
PSAL mice in either brain region (Figure 4C).

DISCUSSION
DA SIGNALING IN THE Str AND NAc OF PCOC MICE
We, like others, find that acute cocaine administration increases
protein phosphorylation of CREB, DARPP-32, ERK2, and GluA1
in the Str and NAc of adult mice via a D1 mechanism
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FIGURE 3 | Pro-BDNF protein levels are higher in the striatum of prenatal

cocaine treated mice. (A) Immunoblot showing pro- and mature
brain-derived neurotrophic factor (BDNF) from recombinant protein and
striatal protein lysates. Pro-BDNF was detected at 30 kDa and mature BDNF
at 14 kDa; (B,C) Pro- and mature BDNF levels were measured in the medial
prefrontal cortex (mPFC), dorsal striatum (Str), nucleus accumbens (NAc), and

ventral tegmental area (VTA) of adult mice prenatally treated with saline
(PSAL) or cocaine (PCOC). Protein levels were normalized to actin. Striatum of
PCOC mice contained significantly higher amounts of pro-BDNF (B)

compared to PSAL mice (*p < 0.05) with no difference in levels of mature
BDNF (C). All other regions showed no difference in the levels of pro- or
mature BDNF. Error bars represent the mean ± SEM. N = 4–6 mice/group.

FIGURE 4 |TrkB receptor protein levels are higher in the striatum of

prenatal cocaine (PCOC) treated mice. Total protein levels of (A) tyrosine
kinase B (TrkB), (B) p75 receptors and (C) NR2B receptor subunits were
analyzed in the dorsal striatum (Str) and nucleus accumbens (NAc) of prenatal
saline (PSAL) treated vs. PCOC treated adult mice. (A) TrkB receptor levels

were significantly higher in the striatum of PCOC mice compared to PSAL
mice (*p < 0.05), while no difference was observed in the NAc. No
differences in the levels of p75 (B) or NR2B (C) were observed in the Str or
NAc of PCOC mice compared to PSAL mice. Error bars represent ± SEM.
N = 5–6 mice/group.

(Fienberg et al., 1998; Zhang et al., 2002a,b; Gerfen et al., 2008;
Guan et al., 2009). Specifically, following acute administration of
cocaine (15 mg/kg, i.p.) or D1 agonist (SKF 82958; 1 mg/kg, i.p.)
there were significantly higher levels of Ser133 P-CREB, Thr34
P-DARPP-32, Thr202/Tyr 204 P-ERK2, and Ser845 P-GluA1, as
well as lower levels of Thr75 P-DARPP-32 evident in the Str
and NAc of PSAL mice. Interestingly, in the Str of PCOC mice,

administration of cocaine or D1 agonist further augmented the
phosphorylation of CREB, DARPP-32 at Thr34, and ERK, but led
to a de-phosphorylation of DARPP-32 at Thr75 and of GluA1. The
augmented activation of this signaling cascade is a likely mech-
anism for the increased expression of both zif-268 and homer
1a mRNA observed in the striatum of PCOC mice following
acute cocaine administration (see Figure 5), which may also be
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FIGURE 5 | Proposed model for adaptations in D1 receptor and BDNF

signaling pathways in the striatum of prenatal cocaine treated mice.

Prenatal cocaine treatment results in enhanced signaling via dopamine D1
and TrkB receptors in the striatum of adult mice via persistent adaptations
in a coordinately regulated set of pre-synaptic, synaptic, and post-synaptic
molecules. Gray arrows represent long-term adaptations seen in adult mice
following prenatal cocaine treatment.

attributable to a persistent enhancement in the coupling of D1
with cAMP (Tropea et al., 2008a). These data are discrepant with
those reported in a rabbit model of PCOC exposure, in which
there is demonstration of attenuated D1 activation via uncoupling
of GalphaS subunits from D1 receptors, resulting in enhanced
internalization of D1 subunits (Wang et al., 1995; Jones et al.,
2000; Stanwood and Levitt, 2007). While such data from rab-
bits suggests attenuated dopaminergic activation following PCOC
exposure, this same rabbit model has additionally provided evi-
dence of enhanced DARPP-32 phosphorylation at Thr34 (Zhen
et al., 2001), data concordant with our current findings in mice.
Results from different models of PCOC exposure may differ as a
result of species (e.g., mice vs. rabbits), route (SC vs. IV), dose
and gestational timing of cocaine exposure, or brain regions stud-
ied (e.g., Str/NAc vs. Cingulate Cortex). Further studies should be
directed at elucidating the cause of such differences, and the extent
to which they adequately model aspects of the clinical problem.

We also found significant differences in PCOC mice when con-
trasting the phosphorylation of both CREB and ERK in the Str vs.
NAc following administration of cocaine or D1 agonist; there was
enhanced phosphorylation of CREB and ERK evident in the Str
of PCOC mice, in contrast to blunted phosphorylation of CREB
and ERK in the NAc of PCOC mice. It is possible that the con-
stitutive increase in P-ERK identified in the NAc of PCOC mice,
which was not evident in the Str, prevented the subsequent phos-
phorylation of ERK (and perhaps CREB) in the NAc. The blunted
phosphorylation of at least one of these proteins may be related
to our previous observation that acute cocaine administration did
not increase either zif-268 or homer 1a mRNA expression in the
NAc of PCOC mice (Tropea et al., 2008a).

P-GluA1 SIGNALING IN THE Str AND NAc
In both the Str and NAc of PCOC mice, where increased constitu-
tive expression of P-GluA1 was evident, administration of cocaine

or SKF 82958 resulted in decreased GluA1 phosphorylation. This
is in sharp contrast to PSAL mice, in which administration of
cocaine or SKF 82958 resulted in increased expression of P-GluA1.
Again, it is possible that the constitutive increase in P-GluA1
identified in both the Str and NAc of PCOC mice, prevented sub-
sequent phosphorylation of GluA1 in both regions. Recent work
has suggested that increased P-GluA1 sequesters this receptor in
the cytoplasm, thereby preventing insertion of a functional recep-
tor into the membrane, a phenomena that has been correlated
with the sensitized state (for review see Mazzucchelli et al., 2002;
Wolf and Ferrario, 2010). The mechanism that contributes to the
constitutive increase in P-ERK evident in the Str of PCOC mice is
presumably different than the mechanism that contributes to the
constitutive increase in P-GluA1 evident in both the Str and NAc of
PCOC mice, but both may be mediated by epigenetic mechanisms.

BDNF AND TrkB SIGNALING IN THE Str VS. NAc OF PCOC MICE
We see increases in the constitutive expression of pro-BDNF and
TrkB in the Str, but not in the NAc of PCOC mice. However, we do
not see changes in the expression of mature BDNF, p75, or NR2B
receptor subunits, identifying a regional as well as molecular speci-
ficity in the BDNF signaling pathway that is persistently altered in
PCOC mice. Work from others (Yang et al., 2009) suggests that
pro-BDNF preferentially binds the p75 receptor, whereas mature
BDNF preferentially binds the TrkB receptor. We are therefore pur-
suing additional experiments to identify the functional relevance
of the increased constitutive expression of pro-BDNF and TrkB in
the adult Str, which may be a result of enhanced cortico-striatal
projections, which are the predominant source of striatal BDNF
(Conner et al., 1997; Altar and DiStefano, 1998). Interestingly,
recent data obtained from ex vivo cultures of embryonic mouse
brains suggests that the tangential migration of GABAergic neu-
rons from their site of origin in the ganglionic eminence to their
cortical destination is delayed in the forebrain of mice prenatally
exposed to cocaine, and that supplementation of those cultures
with exogenous BDNF normalized this migration (McCarthy et al.,
2011). Furthermore, cocaine has distinct acute and long-term
effects on BDNF transcription and expression in striatum and
frontal cortex (Liu et al., 2006), which is further complicated by
post-transcriptional alterations in the isoforms of BDNF expressed
(Jiang et al., 2009). Taken together the data suggests that perturba-
tions in the level of BDNF at specific developmental periods can
have immediate as well as long-lasting implications for neuronal
migration and maturation, with impact on brain function that can
persist into adulthood.

IMPLICATIONS OF OUR MOLECULAR FINDINGS ON BRAIN FUNCTION
What is unknown is whether the differential adaptations in
dopaminergic signaling that persist in the Str and NAc of PCOC
mice evident following acute administration of cocaine we have
reported will enhance their liability for addiction following recur-
rent cocaine exposure as adults. Previous experiments from our
group contrasting PCOC and PSAL mice have identified alter-
ations in cocaine-induced brain stimulation reward (Malanga
et al., 2008), self-administration (Rocha et al., 2002), conditioned
place preference (Malanga et al., 2007), and locomotor sensitiza-
tion (Crozatier et al., 2003), as well as dopamine release in the
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Str and NAc during that same locomotor sensitization regimen
(Malanga et al., 2009). However, in each study while the PCOC
mice could be distinguished from the PSAL mice, the phenotype
did not dramatically demonstrate an enhanced liability toward
addiction. Such complexity could be attributable to the differen-
tial adaptations in PCOC vs. PSAL mice that we report here in
the Str vs. NAc. This may preclude the progression of habit learn-
ing associated with recurrent drug exposure which is thought to
require the expanded recruitment of successively more dorsal stri-
atal circuits following the initial activation of the NAc (Everitt and
Robbins, 2005; Belin and Everitt, 2008; Haber, 2008). In addition,
the liability for addiction in humans is critically dependent on
genetic as well as environmental factors, which may be signifi-
cantly enhanced in offspring prenatally exposed to cocaine, and
may be powerfully interactive with adaptations in Str and NAc
neuronal function as we have described in our mouse model. As
the generation of young adults prenatally exposed to cocaine ini-
tiate their own experiences with drug experimentation, they may
be at greater risk for the fifth “A” – addiction.

Human imaging studies can help to identify the structural and
functional correlates of the behavioral and molecular aberrations
seen in animal models of PCOC exposure (reviewed in Roussotte
et al., 2010). Whole brain MRI has provided evidence for reduc-
tions in parietal and occipital cortical gray matter volumes and a
cocaine dose-dependant reduction in white matter of the corpus
callosum in humans exposed to cocaine in utero (Dow-Edwards
et al., 2006; Rivkin et al., 2008). Callosal volume loss was corrobo-
rated in a rodent model as well (Ma et al., 2009). Attenuated white
matter integrity on DTI imaging of the left frontal callosal and
right frontal projection fibers suggests suboptimal white matter
development in those areas (Warner et al., 2006). Similarly, stud-
ies in opiate-exposed offspring show that white matter integrity
seems to be most susceptible to damage in areas undergoing earlier
CNS development (Walhovd et al., 2010). Analyses of subcortical
structures have revealed a persistent decrease in caudate volume
following prenatal cocaine exposure (Avants et al., 2007). Func-
tional studies using fMRI provide evidence of a 10% reduction
in cerebral blood flow most prominent in posterior and inferior
brain regions of adolescents (Rao et al., 2007). Sheinkopf et al.

(2009) have shown that performance in a go-no go task adoles-
cents who were previously exposed to cocaine in utero showed
a greater activation of right inferior frontal and striatal regions
compared to controls who activated fusiform gyrus and occipi-
tal cortex more prominently, suggesting differences in cognition
and attention in the PCOC-exposed group. Correlations between
reduced frontal white matter and visuo-spatial and executive func-
tioning tests (Warner et al., 2006), right parietal volume loss with
visual attention, sensori-motor tasks, and syntax construction,
and left occipital volume loss with poor performance in visual
attention, recognition, and visuomotor tasks (Dow-Edwards et al.,
2006) suggest PCOC affects visual, sensori-motor, and executive
functions.

A deeper appreciation of the relevance of the persistent mole-
cular adaptations evident in animal models, including that which
we report here, to the results obtained in structural and func-
tional imaging studies performed in humans, will require a bet-
ter understanding of the mechanisms by which such molecular
changes are interactive with genetic factors including common
polymorphisms for genes such as BDNF, which independent of
PCOC exposure may confer enhanced vulnerability vs. resilience
to addiction. Such gene X (fetal) environment interactions may
contribute to aspects of the PCOC phenotype demonstrated in
humans by others, including some of those reported in this mono-
graph. Conceptualized this way, intrauterine cocaine exposure can
be thought of as a pharmacologic means of inducing a state of
“fetal reprogramming” (Barker, 1995) by which molecular path-
ways underlying ongoing brain development are permanently
altered, thereby enhancing an individual’s vulnerability to sub-
sequent disease, in this case addiction. Like with other diseases,
early detection of such enhanced vulnerabilities will provide a
rational starting point for behavioral and perhaps pharmacologic
interventions to prevent expression of disease, which in the case
of prenatal drug exposure may help prevent the problem from
begetting itself.

ACKNOWLEDGMENTS
We would like to thank Dr. Francis Lee for his generous donation
of recombinant BDNF protein.

REFERENCES
Accornero, V. H., Amado, A. J., Mor-

row, C. E., Xue, L., Anthony, J. C.,
and Bandstra, E. S. (2007). Impact
of prenatal cocaine exposure on
attention and response inhibition as
assessed by continuous performance
tests. J. Dev. Behav. Pediatr. 28,
195–205.

Alessandri, S. M., Bendersky, M., and
Lewis, M. (1998). Cognitive func-
tioning in 8- to 18-month-old drug-
exposed infants. Dev. Psychol. 34,
565–573.

Altar, C. A., and DiStefano, P. S. (1998).
Neurotrophin trafficking by antero-
grade transport. Trends Neurosci. 21,
433–437.

Avants, B. B., Hurt, H., Giannetta, J.
M., Epstein, C. L., Shera, D. M.,
Rao, H., Wang, J., and Gee, J. C.

(2007). Effects of heavy in utero
cocaine exposure on adolescent cau-
date morphology. Pediatr. Neurol.
37, 275–279.

Bada, H. S., Das, A., Bauer, C. R.,
Shankaran, S., Lester, B., LaGasse,
L., Hammond, J., Wright, L. L.,
and Higgins, R. (2007). Impact
of prenatal cocaine exposure
on child behavior problems
through school age. Pediatrics 119,
e348–e359.

Barker, D. J. (1995). Intrauterine pro-
gramming of adult disease. Mol.
Med. Today 1, 418–423.

Beeghly, M., Martin, B., Rose-Jacobs,
R., Cabral, H., Heeren, T., Augustyn,
M., Bellinger, D., and Frank, D. A.
(2006). Prenatal cocaine exposure
and children’s language function-
ing at 6 and 9.5 years: moderating

effects of child age, birthweight,
and gender. J. Pediatr. Psychol. 31,
98–115.

Behnke, M., Eyler, F. D., Conlon, M.,
Casanova, O. Q., and Woods, N. S.
(1997). How fetal cocaine exposure
increases neonatal hospital costs.
Pediatrics 99, 204–208.

Belin, D., and Everitt, B. J. (2008).
Cocaine seeking habits depend upon
dopamine-dependent serial con-
nectivity linking the ventral with
the dorsal striatum. Neuron 57,
432–441.

Berke, J. D., and Hyman, S. E. (2000).
Addiction, dopamine, and the mole-
cular mechanisms of memory. Neu-
ron 25, 515–532.

Chao, J., and Nestler, E. J. (2004). Molec-
ular neurobiology of drug addiction.
Annu. Rev. Med. 55, 113–132.

Conner, J. M., Lauterborn, J. C., Yan, Q.,
Gall, C. M., and Varon, S. (1997).
Distribution of brain-derived neu-
rotrophic factor (BDNF) protein
and mRNA in the normal adult
rat CNS: evidence for anterograde
axonal transport. J. Neurosci. 17,
2295–2313.

Crozatier, C., Guerriero, R. M., Mathieu,
F., Giros, B., Nosten-Bertrand, M.,
and Kosofsky, B. E. (2003). Altered
cocaine-induced behavioral sensiti-
zation in adult mice exposed to
cocaine in utero. Brain Res. Dev.
Brain Res. 147, 97–105.

Dow-Edwards, D. L., Benveniste, H.,
Behnke, M., Bandstra, E. S., Singer,
L. T., Hurd, Y. L., and Stanford, L.
R. (2006). Neuroimaging of prenatal
drug exposure. Neurotoxicol. Teratol.
28, 386–402.

www.frontiersin.org December 2011 | Volume 2 | Article 67 | 150

http://www.frontiersin.org
http://www.frontiersin.org/Child_and_Neurodevelopmental_Psychiatry/archive


Tropea et al. Altered molecular signaling following prenatal cocaine

Drago, J., Gerfen, C. R., Westphal, H.,
and Steiner, H. (1996). D1 dopamine
receptor-deficient mouse: cocaine-
induced regulation of immediate-
early gene and substance P expres-
sion in the striatum. Neuroscience 74,
813–823.

Everitt, B. J., and Robbins, T. W. (2005).
Neural systems of reinforcement for
drug addiction: from actions to
habits to compulsion. Nat. Neurosci.
8, 1481–149.

Fienberg, A. A., Hiroi, N., Mermelstein,
P. G., Song, W., Snyder, G. L., Nishi,
A., Cheramy, A., O’Callaghan, J. P.,
Miller, D. B., Cole, D. G., Corbett, R.,
Haile, C. N., Cooper, D. C., Onn, S.
P., Grace,A. A., Ouimet, C. C.,White,
F. J., Hyman, S. E., Surmeier, D. J.,
Girault, J., Nestler, E. J., and Green-
gard, P. (1998). DARPP-32: regula-
tor of the efficacy of dopaminer-
gic neurotransmission. Science 281,
838–842.

Friedman, E., and Wang, H. Y. (1998).
Prenatal cocaine exposure alters sig-
nal transduction in the brain D1
dopamine receptor system. Ann. N.
Y. Acad. Sci. 846, 238–247.

Gerfen, C. R., Paletzki, R., and Wor-
ley, P. (2008). Differences between
dorsal and ventral striatum in
Drd1a dopamine receptor coupling
of dopamine- and cAMP-regulated
phosphoprotein-32 to activation of
extracellular signal-regulated kinase.
J. Neurosci. 28, 7113–7120.

Guan, X., Tao, J., and Li, S. (2009).
Dopamine D1 receptor, but not
dopamine D2 receptor, is a crit-
ical regulator for acute cocaine-
enhanced gene expression. Neurol.
Res. 31, 17–22.

Haber, S. (2008). Parallel and integra-
tive processing through the Basal
Ganglia reward circuit: lessons
from addiction. Biol. Psychiatry 64,
173–174.

Harvey, J. A. (2004). Cocaine effects on
the developing brain: current status.
Neurosci. Biobehav. Rev. 27, 751–764.

Hyman, S. E. (2005). Addiction: a dis-
ease of learning and memory. Am. J.
Psychiatry 162, 1414–1422.

Hyman, S. E., and Malenka, R. C.
(2001). Addiction and the brain: the
neurobiology of compulsion and its
persistence. Nat. Rev. Neurosci. 2,
695–703.

Jiang, X., Zhou, J., Mash, D. C., Marini,
A. M., and Lipsky, R. H. (2009).
Human BDNF isoforms are differ-
entially expressed in cocaine addicts
and are sorted to the regulated secre-
tory pathway independent of the
Met66 substitution. Neuromolecular
Med. 11, 1–12.

Jones, L. B., Stanwood, G. D., Reinoso,
B. S., Washington, R. A., Wang, H. Y.,

Friedman, E., and Levitt, P. (2000).
In utero cocaine-induced dysfunc-
tion of dopamine D1 receptor sig-
naling and abnormal differentiation
of cerebral cortical neurons. J. Neu-
rosci. 20, 4606–4614.

Kalivas, P. W., Pierce, R. C., Cornish, J.,
and Sorg, B. A. (1998). A role for sen-
sitization in craving and relapse in
cocaine addiction. J. Psychopharma-
col. (Oxford) 12, 49–53.

Kosofsky, B. E., and Hyman, S. E. (2001).
No time for complacency: the fetal
brain on drugs. J. Comp. Neurol. 435,
259–262.

Kosofsky, B. E., Wilkins, A. S.,
Gressens, P., and Evrard, P. (1994).
Transplacental cocaine exposure:
a mouse model demonstrating
neuroanatomic and behavioral
abnormalities. J. Child Neurol. 9,
234–241.

Lester, B. M. (1998). The maternal
lifestyles study. Ann. N. Y. Acad. Sci.
846, 296–305.

Lester, B. M., LaGasse, L. L., and
Seifer, R. (1998). Cocaine exposure
and children: the meaning of subtle
effects. Science 282, 633–634.

Levine, T. P., Liu, J., Das, A., Lester,
B., Lagasse, L., Shankaran, S., Bada,
H. S., Bauer, C. R., and Higgins, R.
(2008). Effects of prenatal cocaine
exposure on special education in
school-aged children. Pediatrics 122,
e83–e91.

Lidow, M. S., and Song, Z. M. (2001).
Primates exposed to cocaine in utero
display reduced density and number
of cerebral cortical neurons. J. Comp.
Neurol. 435, 263–275.

Liu, Q. R., Lu, L., Zhu, X. G., Gong, J. P.,
Shaham, Y., and Uhl, G. R. (2006).
Rodent BDNF genes, novel promot-
ers, novel splice variants, and regu-
lation by cocaine. Brain Res. 1067,
1–12.

Ma, L., Hasan, K. M., Steinberg, J. L.,
Narayana, P. A., Lane, S. D., Zuniga,
E. A., Kramer, L. A., and Moeller,
F. G. (2009). Diffusion tensor imag-
ing in cocaine dependence: regional
effects of cocaine on corpus callo-
sum and effect of cocaine adminis-
tration route. Drug Alcohol Depend.
104, 262–267.

Malanga, C. J. III, and Kosofsky, B.
E. (1999). Mechanisms of action of
drugs of abuse on the developing
fetal brain. Clin. Perinatol. 26, 17–37,
v–vi.

Malanga, C. J., and Kosofsky, B. E.
(2003). Does drug abuse beget drug
abuse? Behavioral analysis of addic-
tion liability in animal models of
prenatal drug exposure. Brain Res.
Dev. Brain Res. 147, 47–57.

Malanga, C. J., Pejchal, M., and Kosof-
sky, B. E. (2007). Prenatal exposure

to cocaine alters the development
of conditioned place-preference to
cocaine in adult mice. Pharmacol.
Biochem. Behav. 87, 462–471.

Malanga, C. J., Ren, J. Q., Guerriero,
R. M., and Kosofsky, B. E. (2009).
Augmentation of cocaine-sensitized
dopamine release in the nucleus
accumbens of adult mice follow-
ing prenatal cocaine exposure. Dev.
Neurosci. 31, 76–89.

Malanga, C. J., Riday, T. T., Carlezon, W.
A. Jr., and Kosofsky,B. E. (2008). Pre-
natal exposure to cocaine increases
the rewarding potency of cocaine
and selective dopaminergic agonists
in adult mice. Biol. Psychiatry 63,
214–221.

Mayes, L. C. (2002). A behavioral terato-
genic model of the impact of prena-
tal cocaine exposure on arousal regu-
latory systems. Neurotoxicol. Teratol.
24, 385–395.

Mayes, L. C., Grillon, C., Granger, R.,
and Schottenfeld, R. (1998). Reg-
ulation of arousal and attention
in preschool children exposed to
cocaine prenatally. Ann. N. Y. Acad.
Sci. 846, 126–143.

Mazzucchelli, C., Vantaggiato, C.,
Ciamei, A., Fasano, S., Pakhotin, P.,
Krezel, W., Welzl, H., Wolfer, D. P.,
Pages, G., Valverde, O., Marowsky,
A., Porrazzo, A., Orban, P. C.,
Maldonado, R., Ehrengruber, M. U.,
Cestari, V., Lipp, H. P., Chapman,
P. F., Pouyssegur, J., and Brambilla,
R. (2002). Knockout of ERK1 MAP
kinase enhances synaptic plasticity
in the striatum and facilitates
striatal-mediated learning and
memory. Neuron 34, 807–820.

McCarthy, D. M., Zhang, X., Darnell,
S. B., Sangrey, G. R., Yanagawa, Y.,
Sadri-Vakili, G., and Bhide, P. G.
(2011). Cocaine alters BDNF expres-
sion and neuronal migration in the
embryonic mouse forebrain. J. Neu-
rosci. 31(38), 13400–13411.

McGinty, J. F., Shi, X. D., Schwendt, M.,
Saylor, A., and Toda, S. (2008). Reg-
ulation of psychostimulant-induced
signaling and gene expression in
the striatum. J. Neurochem. 104,
1440–1449.

Paxinos,G.,and Franklin,K. (2003). The
Mouse Brain in Stereotaxc Coordi-
nates, 2nd Edn. New York: Academic
Press.

Rao, H., Wang, J., Giannetta, J., Kor-
czykowski, M., Shera, D., Avants,
B. B., Gee, J., Detre, J. A., and
Hurt, H. (2007). Altered resting cere-
bral blood flow in adolescents with
in utero cocaine exposure revealed
by perfusion functional MRI. Pedi-
atrics 120, e1245–e1254.

Renthal,W., Kumar,A., Xiao, G.,Wilkin-
son, M., Covington, H. E. III, Maze,

I., Sikder, D., Robison, A. J., LaPlant,
Q., Dietz, D. M., Russo, S. J., Vialou,
V., Chakravarty, S., Kodadek, T. J.,
Stack, A., Kabbaj, M., and Nestler,
E. J. (2009). Genome-wide analysis
of chromatin regulation by cocaine
reveals a role for sirtuins. Neuron 62,
335–348.

Rivkin, M. J., Davis, P. E., Lemaster,
J. L., Cabral, H. J., Warfield, S. K.,
Mulkern, R. V., Robson, C. D., Rose-
Jacobs, R., and Frank, D. A. (2008).
Volumetric MRI study of brain in
children with intrauterine expo-
sure to cocaine, alcohol, tobacco,
and marijuana. Pediatrics 121,
741–750.

Rocha, B. A., Mead, A. N., and Kosof-
sky, B. E. (2002). Increased vul-
nerability to self-administer cocaine
in mice prenatally exposed to
cocaine. Psychopharmacology (Berl.)
163, 221–229.

Roussotte, F., Soderberg, L., and Sow-
ell, E. (2010). Structural, metabolic,
and functional brain abnormalities
as a result of prenatal exposure to
drugs of abuse: evidence from neu-
roimaging. Neuropsychol. Rev. 20,
376–397.

Self, D. W., Barnhart, W. J., Lehman,
D. A., and Nestler, E. J. (1996).
Opposite modulation of cocaine-
seeking behavior by D1- and D2-like
dopamine receptor agonists. Science
271, 1586–1589.

Sheinkopf, S. J., Lester, B. M., Sanes, J.
N., Eliassen, J. C., Hutchison, E. R.,
Seifer, R., Lagasse, L. L., Durston, S.,
and Casey, B. J. (2009). Functional
MRI and response inhibition in chil-
dren exposed to cocaine in utero.
Preliminary findings. Dev. Neurosci.
31, 159–166.

Spear, L. P., Silveri, M. M., Casale, M.,
Katovic, N. M., Campbell, J. O., and
Douglas, L. A. (2002). Cocaine and
development: a retrospective per-
spective. Neurotoxicol. Teratol. 24,
321–327.

Stanwood, G. D., and Levitt, P. (2007).
Prenatal exposure to cocaine pro-
duces unique developmental and
long-term adaptive changes in
dopamine D1 receptor activity and
subcellular distribution. J. Neurosci.
27, 152–157.

Trask, C. L., and Kosofsky, B. E.
(2000). Developmental considera-
tions of neurotoxic exposures. Neu-
rol. Clin. 18, 541–562.

Tropea, T. F., Guerriero, R. M., Willuhn,
I., Unterwald, E. M., Ehrlich, M.
E., Steiner, H., and Kosofsky, B. E.
(2008a). Augmented D1 dopamine
receptor signaling and immediate-
early gene induction in adult stria-
tum after prenatal cocaine. Biol. Psy-
chiatry 63, 1066–1074.

Frontiers in Psychiatry | Child and Neurodevelopmental Psychiatry December 2011 | Volume 2 | Article 67 | 151

http://www.frontiersin.org/Psychiatry
http://www.frontiersin.org/Child_and_Neurodevelopmental_Psychiatry
http://www.frontiersin.org/Child_and_Neurodevelopmental_Psychiatry/archive


Tropea et al. Altered molecular signaling following prenatal cocaine

Tropea, T. F., Kosofsky, B. E., and Rajad-
hyaksha, A. M. (2008b). Enhanced
CREB and DARPP-32 phosphoryla-
tion in the nucleus accumbens and
CREB, ERK, and GluR1 phosphory-
lation in the dorsal hippocampus is
associated with cocaine-conditioned
place preference behavior. J. Neu-
rochem. 106, 1780–1790.

Uhl, G. R., Hall, F. S., and Sora, I.
(2002). Cocaine, reward, movement
and monoamine transporters. Mol.
Psychiatry 7, 21–26.

Unterwald, E. M., Ivkovic, S., Cuntapay,
M., Stroppolo, A., Guinea, B., and
Ehrlich, M. E. (2003). Prenatal expo-
sure to cocaine decreases adenylyl
cyclase activity in embryonic mouse
striatum. Brain Res. Dev. Brain Res.
147, 67–75.

Walhovd, K. B., Westlye, L. T., Moe,
V., Slinning, K., Due-Tonnessen,
P., Bjornerud, A., van der Kouwe,
A., Dale, A. M., and Fjell, A. M.
(2010). White matter characteris-
tics and cognition in prenatally
opiate- and polysubstance-exposed
children: a diffusion tensor imaging
study. AJNR Am. J. Neuroradiol. 31,
894–900.

Wang, H. Y., Runyan, S., Yadin, E.,
and Friedman, E. (1995). Prena-
tal exposure to cocaine selectively
reduces D1 dopamine receptor-
mediated activation of striatal Gs
proteins. J. Pharmacol. Exp. Ther.
273, 492–498.

Warner, T. D., Behnke, M., Eyler,
F. D., Padgett, K., Leonard, C.,
Hou, W., Garvan, C. W., Schmal-
fuss, I. M., and Blackband, S.
J. (2006). Diffusion tensor imag-
ing of frontal white matter and
executive functioning in cocaine-
exposed children. Pediatrics 118,
2014–2024.

Wilkins, A. S., Genova, L. M., Posten,
W., and Kosofsky, B. E. (1998).
Transplacental cocaine exposure. 1: a
rodent model. Neurotoxicol. Teratol.
20, 215–226.

Wolf, M. E., and Ferrario, C. R. (2010).
AMPA receptor plasticity in the
nucleus accumbens after repeated
exposure to cocaine. Neurosci. Biobe-
hav. Rev. 35, 185–211.

Woo, N. H., Teng, H. K., Siao, C. J.,
Chiaruttini, C., Pang, P. T., Milner,
T. A., Hempstead, B. L., and Lu,
B. (2005). Activation of p75NTR

by proBDNF facilitates hippocampal
long-term depression. Nat. Neurosci.
8, 1069–1077.

Yang, J., Siao, C. J., Nagappan, G.,
Marinic, T., Jing, D., McGrath, K.,
Chen, Z. Y., Mark, W., Tessarollo,
L., Lee, F. S., Lu, B., and Hemp-
stead, B. L. (2009). Neuronal release
of proBDNF. Nat. Neurosci. 12,
113–115.

Zhang, D., Zhang, L., Lou, D. W.,
Nakabeppu, Y., Zhang, J., and Xu, M.
(2002a). The dopamine D1 receptor
is a critical mediator for cocaine-
induced gene expression. J. Neu-
rochem. 82, 1453–1464.

Zhang, J., Zhang, D., and Xu, M.
(2002b). Identification of chronic
cocaine-induced gene expression
through dopamine d1 receptors by
using cDNA microarrays. Ann. N. Y.
Acad. Sci. 965, 1–9.

Zhen, X., Torres, C., Wang, H. Y.,
and Friedman, E. (2001). Prena-
tal exposure to cocaine disrupts
D1A dopamine receptor function
via selective inhibition of protein
phosphatase 1 pathway in rab-
bit frontal cortex. J. Neurosci. 21,
9160–9167.

Conflict of Interest Statement: The
authors declare that the research was
conducted in the absence of any
commercial or financial relationships
that could be construed as a potential
conflict of interest.

Received: 30 June 2011; paper pend-
ing published: 19 July 2011; accepted:
12 November 2011; published online: 07
December 2011.
Citation: Tropea TF, Kabir ZD, Kaur
G, Rajadhyaksha AM and Kosofsky BE
(2011) Enhanced dopamine D1 and
BDNF signaling in the adult dorsal stria-
tum but not nucleus accumbens of prena-
tal cocaine treated mice. Front. Psychiatry
2:67. doi: 10.3389/fpsyt.2011.00067
This article was submitted to Frontiers in
Child and Neurodevelopmental Psychia-
try, a specialty of Frontiers in Psychiatry.
Copyright © 2011 Tropea, Kabir , Kaur,
Rajadhyaksha and Kosofsky. This is an
open-access article subject to a non-
exclusive license between the authors and
Frontiers Media SA, which permits use,
distribution and reproduction in other
forums, provided the original authors and
source are credited and other Frontiers
conditions are complied with.

www.frontiersin.org December 2011 | Volume 2 | Article 67 | 152

http://dx.doi.org/10.3389/fpsyt.2011.00067
http://www.frontiersin.org
http://www.frontiersin.org/Child_and_Neurodevelopmental_Psychiatry/archive


www.frontiersin.org	 April 2011  | Volume 2  |  Article 16  | 

REVIEW Article
published: 18 April 2011

doi: 10.3389/fpsyt.2011.00016PSYCHIATRY

Epigenetics of early child development
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Comprehensive clinical studies show that adverse conditions in early life can severely impact the 
developing brain and increase vulnerability to mood disorders later in life. During early postnatal 
life the brain exhibits high plasticity which allows environmental signals to alter the trajectories 
of rapidly developing circuits. Adversity in early life is able to shape the experience-dependent 
maturation of stress-regulating pathways underlying emotional functions and endocrine 
responses to stress, such as the hypothalamo–pituitary–adrenal (HPA) system, leading to long-
lasting altered stress responsivity during adulthood. To date, the study of gene–environment 
interactions in the human population has been dominated by epidemiology. However, recent 
research in the neuroscience field is now advancing clinical studies by addressing specifically 
the mechanisms by which gene–environment interactions can predispose individuals toward 
psychopathology. To this end, appropriate animal models are being developed in which early 
environmental factors can be manipulated in a controlled manner. Here we will review recent 
studies performed with the common aim of understanding the effects of the early environment 
in shaping brain development and discuss the newly developing role of epigenetic mechanisms 
in translating early life conditions into long-lasting changes in gene expression underpinning brain 
functions. Particularly, we argue that epigenetic mechanisms can mediate the gene–environment 
dialog in early life and give rise to persistent epigenetic programming of adult physiology and 
dysfunction eventually resulting in disease. Understanding how early life experiences can 
give rise to lasting epigenetic marks conferring increased risk for mental disorders, how they 
are maintained and how they could be reversed, is increasingly becoming a focus of modern 
psychiatry and should pave new guidelines for timely therapeutic interventions.
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(HPA) system – an integral component of the body’s stress 
response – leading to increased stress responsivity in adulthood 
(for review see Seckl and Meaney, 2004). Indeed, depressed 
patients with a history of childhood abuse or neglect are often 
characterized by hyperactivity of the HPA axis (for review see 
Heim and Nemeroff, 2002).

To understand gene–environment interactions in human popu-
lations, and to elucidate the pathways through which programming 
in response to early life experiences is mediated, researchers in the 
neuroscience field rely on animal models in which the early envi-
ronment can be manipulated in a controlled fashion. Current work 
suggests that so-called epigenetic mechanisms of gene regulation, 
which alter the activity of genes without changing the order of their 
DNA sequence, could explain how early life experiences can leave 
indelible chemical marks on the brain and influence both physical 
and mental health later in life even when the initial trigger is long 
gone (for review see Dudley et al., 2011).

In this review we highlight recent animal and human studies 
addressing epigenetic regulation of gene expression in sustaining 
the effects of early life experiences. Hereby, we focus on clinical and 
animal studies that have investigated how biological stress systems, 
particularly the HPA axis, are shaped by adversity and then provide 
a description of what we know about the function of epigenetic 
systems and their roles in brain development and disease. The 
dynamic nature of epigenetic mechanisms may have important 

Introduction
The close relationship between the quality of early life and mental 
health in later life is a longstanding certainty (Gluckman et  al., 
2008). Many studies in humans, primates, and rodents illustrate 
that aspects of the early environment can lead to dramatic changes 
in physical and mental development compromising cardiovascu-
lar and metabolic diseases, altered cognition, mood, and behav-
ior. In particular, adverse conditions during early life periods of 
development can shape individual differences in vulnerability to 
stress-related disorders throughout life (for review see Heim and 
Nemeroff, 2002), dependent on the degree of “match” and “mis-
match” between early and later life environments.

These findings raise the intriguing question of how these expe-
riences become incorporated at the cellular and molecular level in 
the brain architecture leading to long-term alterations in various 
functions ultimately culminating in an increased risk to mental 
disease. Developmental plasticity defines an organism’s ability 
to adapt to the environment during early life and to implement 
long-lasting changes in sets of key biological programs on the 
assumption that the environmental conditions during this early 
period will persist throughout later life (for review see Hochberg 
et al., 2010). Adverse maternal experience during early life might 
profoundly influence the experience-dependent maturation 
of structures underlying emotional functions and endocrine 
responses to stress, such as the hypothalamo–pituitary–adrenal 
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with the length of time spent in this type of postnatal environment 
(e.g., O’Connor and Rutter, 2000). These findings are supported by 
longitudinal studies of abuse and neglect that indicate increased risk 
of cognitive impairment, social and emotional difficulties, and risk 
of mental and physical disease, with those later manifesting post-
traumatic stress disorder showing smaller cerebellar and cerebral 
volumes correlating with earlier onsets and increased durations 
of abuse (e.g., De Bellis and Kuchibhatla, 2006). Furthermore, in 
adulthood, the experience of childhood abuse or neglect is tightly 
associated with increased HPA axis activity (e.g., Carpenter et al., 
2010).

Early life adversity shapes the HPA axis
On exposure to a stressor a body activates stress systems to pre-
pare for events that may threaten well-being or survival. The auto-
nomic nervous system initiates a rapid and relatively short-lived 
“fight-or-flight” response while the HPA axis is slower, instigating 
a more protracted response. The HPA axis is therefore core to the 
long-term regulation of systems controlling stress responsivity.

Following exposure to a stressor, the neuropeptides 
corticotropin-releasing hormone (CRH) and arginine vasopressin 
(AVP) are released from the paraventricular nucleus (PVN) of the 
hypothalamus into the portal vessel system. These neuropeptides 
bind to and activate specific receptors (the CRHR1 and V1b recep-
tors for CRH and AVP, respectively) on anterior pituitary cortico-
troph cells stimulating the release of adrenocorticotrophic hormone 
(ACTH) which then acts on the adrenal cortex to synthesize and 
release glucocorticoid hormones (cortisol in primates and corticos-
terone in rats). Glucocorticoids mobilize glucose from energy stores 
and increase cardiovascular tone, among further widespread effects. 
Feedback loops, primarily mediated by the PVN and pituitary cor-
ticotroph cells, through glucocorticoid receptors (GR) restrain 
responsiveness of the HPA axis to reset the system to baseline activity 
(Figure 1; for review see De Kloet et al., 1998). In short, the forward 
loop prepares the organism to anticipate and respond optimally to 
a threat, while the feedback loop ensures returning efficiently to a 
homeostatic balance when it is no longer challenged.

Following periods of sustained stress, negative feedback control 
of the HPA axis can become dysregulated and this may underlie the 
development of disorders such as major depression (for review see 
Holsboer, 2000). Indeed, altered activity of this circuit is one of the 
most commonly observed neuroendocrine symptoms in patients 
suffering from major depressive disorder (MDD) and dysregulation 
of cortisol secretion can be found in as many as 80% of depressed 
patients if subjects are clustered into different age ranges (Heuser 
et al., 1994).

In clinical studies early life stress has been shown to be a strong 
predictor of impaired inhibitory feedback regulation of the HPA 
axis (Heim et al., 2008) as deduced by dexamethasone/CRH chal-
lenge tests. Clinical findings give strong evidence to assume that 
depression is characterized by a hypothalamic overdrive of CRH 
and/or AVP systems. Postmortem studies of brain tissue reveal 
elevated CRH (Raadsheer et  al., 1994) and AVP (e.g., Meynen 
et  al., 2006) in the hypothalamus of depressed individuals. In 
cerebrospinal fluid increased concentrations of CRH have been 
reported to associate with depression, PTSD and obsessive–com-
pulsive disorder (e.g., Bremner et al., 1997;) while higher plasma 

implications when considering the possibility of therapeutic inter-
ventions, wherefore we conclude on current evidences of this new 
research field for the treatment of mental diseases.

Childhood decides
Sigmund Freud postulated that the trauma of birth – disrupting 
the physical symbiosis between fetus and mother – becomes a 
central force in our adult life. This fear and experience of abandon-
ment is a deep-rooted subject in psychology. According to Bowlby 
(1982), attachment processes are central to understanding anxi-
ety, as illustrated in his decades long studies of children and their 
attachments to their caregivers, where infants demonstrate distress 
upon impending departure of the mother as soon as they are old 
enough to sense signs that she is leaving – around 6–9 months 
(Sartre,1964).

It has been suggested that a mother’s external regulation of the 
infant’s developing immature emotional systems during selected 
critical periods may represent the essential factor influencing the 
experience-dependent growth of brain areas and structures impor-
tant in regulating mood and behavior. Attachment behaviors could 
therefore be considered a biological system, interrelated with the 
fear and stress system, evolved specifically to increase the likeli-
hood of infant–parent proximity which, in turn ensures increased 
chances of survival of the infant. Indeed, the attachment system 
is activated especially in times of stress, and the availability of an 
attachment figure such as the mother, has a great influence in reduc-
ing a child’s fearfulness (for review see Schore, 2000). However, 
frequent or prolonged bouts of abandonment can lead to the stress 
becoming a part of the infant’s and, later, the adult’s personality. 
Unfortunately, such situations are all too common where infants 
are inhibited from forming attachments by either being raised 
without the stimulation and attention of a regular caregiver, or 
suffering abuse or extreme neglect; conservative estimates suggest 
that each year in the United States, more than 1,000,000 children 
are exposed to such conditions (Sedlak and Broadhurst, 1996). The 
possible short-term effects of this are anger, despair, detachment, 
and temporary delay in intellectual development while long-term 
effects can include psychosomatic disorders, and increased risk of 
depression or anxiety.

Studies of institutionally reared children have been instrumental 
in understanding the long-term consequences of childhood social 
deprivation and have revealed the presence of cognitive, social, and 
physical deficits (e.g., Rutter, 1998), with good reason to consider 
emotional neglect as the major precipitating factor (for review 
see Tarullo and Gunnar, 2006). These observations are consistent 
with the view that early social interactions play a significant role 
in the development of basic affective processes, supporting learn-
ing through connections between cues, situations, and emotional 
experiences. In support, post-institutionalized children demon-
strate significant difficulty matching appropriate facial expres-
sions to happy, sad, and fearful scenarios (Fries and Pollak, 2004). 
Reports on post-institutionalized children from Romania reveal 
the development of difficulties in forming emotional attachments 
to adoptive caregivers, providing further validation for the attach-
ment disorder construct; moreover, these children display irregular 
glucose metabolic rates in brain regions controlling cognitive and 
emotional functions, and an increased HPA axis activity associated 
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sensitivity of GR-mediated negative feedback regulation of the 
HPA axis in depression, which would appear to result from a shift 
toward increased AVP secretion.

Modeling early adverse experiences
Given that early life stress may lead to enduring dysregulation of the 
HPA axis and the close link between HPA dysfunction and major 
depression it has been suggested that early life stress may predis-
pose individuals to psychiatric diseases in later life. Evidently there 
are ethical limitations to conducting prospective early life stress 
experiments in human participants. Therefore, animal models are 
invaluable in gaining insight into the behavioral and physiological 
mechanisms underlying the long-term effects of early experiences 
on emotional reactivity and the stress response.

Rodents are particularly well suited to studies of the effects of 
early life experience as it is possible to rear them in large numbers 
and under controlled environmental conditions. Even quite sub-
tle alterations in the experience of rats during the early postnatal 
or prenatal periods can provoke long enduring consequences in 
behavioral and endocrine phenotypes (for review see Holmes et al., 
2005). Acknowledging attachment theories, many of these models 
investigate adverse early life factors by focusing on the preeminent 
mother–infant relationship.

Early life stress
One of the most widely studied models for early life stress is mater-
nal separation (MS) in which rodents are separated for around 3 h 
per day for the first 2 weeks of life. Whether the exact psychologi-
cal cause of the effects of postnatal MS stress results as a direct 
effect of the pup itself, or indirectly though the manipulation of 
the mother is still not completely understood: either simulating 
maternal stroking and feeding during the separation period or pro-
viding the dams with a foster litter during the period of separation 
from their own pups can both dampen the effects of MS on later 
stress hyper-reactivity (e.g., van Oers et al., 1999; Huot et al., 2004). 
This procedure can result in persistent increases in anxiety-related 
behaviors and life-long hyperactivity of the HPA axis in response 
to stressors (for review see Holmes et al., 2005). Early life stress can 
also induce long-term effects on hippocampal associated cognitive 
function and memory (e.g., Eiland and McEwen, 2010) with grow-
ing evidence suggesting that the paradigm can disrupt development 
of neural systems mediating reward-related behaviors, as evident 
from increases in voluntary ethanol consumption and exaggerated 
responses to psychostimulants (e.g., Lopez et al., 2010), support-
ing the concept that maternal and infant attachment is a reward-
mediated behavior (e.g., Moles et al., 2004).

Elucidation of neuroendocrine changes underlying the persist-
ent effects of early life stress in rodents has become a major research 
area. A growing number of reports has documented permanent 
increases in neurotransmission and hypothalamic expression of 
CRH (e.g., Vazquez et al., 2006) and AVP (e.g., Veenema et al., 2006) 
following early life stress. In addition, the ability of hippocampal 
GRs to attenuate HPA axis may be persistently disrupted; rats sub-
jected to postnatal MS exhibit significantly reduced expression of 
forebrain GRs and an impairment of the synthetic glucocorticoid 
dexamethasone to suppress HPA axis activity in adults (e.g., Ladd 
et al., 2004).

levels of AVP have been noted in depression (e.g., Goekoop et al., 
2006). Receptors for the hormones also appear to be altered in 
depression with reduced CRH binding sites being detected in the 
frontal cortex (Nemeroff et al., 1988) and reduced ACTH responses 
to CRH (Rupprecht et al., 1989). A recent study further suggested 
that variations in the CRH receptor1 gene moderated the effect 
of childhood maltreatment on cortisol responses to a dexametha-
sone/CRH test (Tyrka et  al., 2009) and mutation screens have 
linked polymorphisms in the V1b and AVP genes with childhood-
onset depression (e.g., Dempster et al., 2009), supporting previous 
preclinical work in which selective inbreeding of rodents for high 
levels of anxiety-like behavior inadvertently enriches for altera-
tions in the AVP gene (Murgatroyd et al., 2004; Kessler et al., 2007; 
Bunck et al., 2009).

Studies in rodent models demonstrate that exposure to chronic 
stress can dramatically alter the balance between AVP and CRH 
control of the HPA axis. For instance, repeated exposure to a stres-
sor leads to enhanced expression of AVP in the PVN, an increase 
in the number of CRH-containing neurons that co-express AVP 
and elevation of V1b receptor mRNA in the pituitary – data con-
sistent with the hypothesis that under circumstances of sustained 
stress AVP becomes the driving force in regulation of the HPA 
axis (Aguilera and Rabadan-Diehl, 2000). In further support, in 
vitro studies have shown that stimulation of ACTH release by AVP 
is less sensitive to negative feedback control by glucocorticoids 
in comparison with ACTH responses to CRH (e.g., Bilezikjian 
et al., 1987). Conclusively, these data suggest a reduction in the 

Figure 1 | The hypothalamo–pituitary–adrenal (HPA) stress axis. The 
neuropeptides corticotropin-releasing hormone (CRH) and arginine 
vasopressin (AVP) are expressed in the parvocelluar neurons of the 
hypothalamic nucleus paraventricularis. The joint release of CRH and AVP into 
the portal blood vessels leads to potent stimulation of anterior pituitary ACTH 
secretion and in turn of corticosterone from the adrenal glands. The 
activational effects of the HPA axis are counteracted by the inhibitory effects 
of glucocorticoid receptors expressed in the hippocampus, hypothalamus, and 
anterior pituitary.
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arise during development and are subsequently retained through 
mitosis. The term epigenetics is now commonly used to describe 
the study of stable alterations in gene expression potential that arise 
during development, differentiation and under the influence of the 
environment (for review see Jaenisch and Bird, 2003). In contrast 
to DNA sequence that is identical in all tissues, the patterns of 
epigenetic marks are tissue-specific. Hence, a genome can be con-
sidered to contain two layers of information: the DNA sequence 
inherited from our parents which are conserved throughout life and 
mostly identical in all cells and tissues of our body, and epigenetic 
marks (i.e., chromatin and DNA methylation patterns) which are 
cell- and tissue-specific.

Epigenetic regulation of gene expression therefore allows the 
integration of intrinsic and environmental signals in the genome, 
thus facilitating the adaptation of an organism to changing envi-
ronment through alterations in gene activity. In this way, epige-
netics could be thought of as conferring additional plasticity to 
the hard-coded genome. In the context of the early life environ-
ment, epigenetic changes offer a plausible mechanism by which 
early experiences could be integrated into the genome to program 
adult hormonal and behavioral responses.

The epigenome refers to the ensemble of coordinated epigenetic 
marks that govern accessibility of the DNA to the machinery driving 
gene expression; inaccessible genes become silenced whereas acces-
sible genes are actively transcribed. Although the understanding of 
the interplay between epigenetic modifications is still evolving, the 
modification of core histones that package the DNA into chromatin 
and methylation of DNA at the cytosine side-chain in cytosine–
guanine (CpG) dinucleotides represent the best-understood epi-
genetic marks (Figure 2).

Histone signatures
Chromatin refers to a complex of DNA wrapped around histone 
proteins to form nucleosomes. These histone proteins are exten-
sively modified at their N-terminal tails by methylation, phos-
phorylation, acetylation, and ubiquitination as part of a histone 
signature serving to define accessibility to the DNA; densely pack-
aged “closed” chromatin is termed heterochromatin while acces-
sible “open” chromatin is termed euchromatin (Jenuwein and Allis, 
2001). Histone acetylation is known to be a predominant signal 
for active chromatin configurations while some specific histone 
methylation reactions are associated with either gene silencing or 
activation. Key to this chromatin remodeling are histone-modifying 
enzymes such as histone acetyltransferases (HAT) that acetylate 
histone tails, histone deacetylases (HDAC) which deacetylate and 
histone demethylases that remove methylation. These histone-
modifying enzymes are generally recruited through interactions 
with specific transcription factors that recognize and bind to cer-
tain cis-acting sequences in genes. In this way, signaling pathways 
registering environmental conditions and governing transcription 
factor activities, could serve as conduits for linking experiences to 
epigenetic modifications of genes.

DNA methylation – the sound of silence
DNA methylation refers to the chemical transfer of a methyl 
group to the 5′ position of cytosine rings, usually in the context 
of CpG dinucleotide sequences, and generally results in gene 

Early life care
Shorter periods of separation in rodents (e.g., 15 min) or “han-
dling,” appear to evoke qualitative changes in maternal care and 
have consequently been found to elicit effects on behavioral and 
stress-related responses that are opposite to MS, i.e., reduced anxi-
ety and attenuated HPA axis responses to stress when tested as 
adults (for review see Fernández-Teruel et al., 2002). This result 
would support the so called “maternal mediation” hypothesis 
(Smotherman et al., 1974) whereby the “emotional state” of the 
mother imprints the one of the offspring.

Indeed, there appears to be a direct relationship between vari-
ations in the levels of maternal care and the development of indi-
vidual differences in the behavioral and neuroendocrine responses 
to stress of the offspring. In particular, high levels of maternal care 
appear to be directly associated with reduced behavioral and neu-
roendocrine responses to novelty in the offspring (Liu et al., 1997). 
Data from rodent models indicate that the long-term effects of 
handling appear to depend upon changes in the differentiation of 
those neurons known to curtail the stress response (Meaney et al., 
1996). These alterations include increases in GR expression in the 
hippocampus, a region strongly implicated in glucocorticoid feed-
back regulation and reduced levels of hypothalamic CRH (Plotsky 
and Meaney, 1993).

Higher primate models
Primates are particularly interesting for studying the role of environ-
mental influences during early life; most psychopathology revolves 
around social functions and, compared to rodents, non-human 
primates display complex social behaviors and structures resem-
bling humans. The mother–infant bond in primates is the most 
fundamental early relationship and, as such, primate infants dem-
onstrate remarkable similarities to humans upon separation from 
their mother, with chronic and sustained separation in infanthood 
leading to anxiety-like behaviors, cognitive impairments and long-
term alterations in the HPA axis (e.g., Sanchez et al., 2010). It is also 
possible to deploy more subtle manipulations in early life experience 
in primates. One study, increased stress experiences of the mother 
through unpredictable disruption of food availability during forag-
ing. Such hardship led to infants developing increased concentra-
tions of cerebrospinal fluid CRH, reduced cortisol levels and fearful 
behaviors when compared to control infants. Furthermore, when 
followed into young adulthood, concentrations of CRH remained 
elevated, indicating that even relatively brief disturbances of the 
maternal–infant relationship can establish long-lasting changes in 
stress response systems in monkeys (Coplan et al., 2001).

New answers to old questions
The aforementioned studies demonstrate that various aspects of 
the early environment can lead to dramatic changes in neurodevel-
opmental trajectories and lead to differential risk of physical and 
psychiatric disorders. However, the question remains as to how 
early life exposure to stress is able to evoke such persistent altera-
tions in neuronal substrates, hormonal regulation, and behavioral 
responses in the adult?

Cells of a multicellular organism are genetically identical but 
structurally and functionally distinct owing to the differential 
expression of genes. Many of these differences in gene expression 
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i.e., duplicate their genome. Of the three DNA methyltransferases 
identified in mammals, DNMT1 shows preference for hemimethyl-
ated DNA in vitro, which is consistent with its role as maintenance 
DNMT, while DNMT3a and DNMT3b can methylate unmethylated 
DNA supportive of roles as de novo methylases. The activity of 
these enzymes is crucial to the vast array of developmental pro-
grams in mammals and is, therefore, tightly regulated. During early 
embryogenesis, epigenetic silencing of genes from either maternal 
or paternal origins occurs predominantly through the DNA meth-
ylation activity of the “maintenance” methyltransferase DNMT1 
while further tissue-specific gene expression and DNA methylation 
during later postnatal development requires also the activity of the 
“de novo” methyltransferases DNMT3a and DNMT3b (for review 
see Turek-Plewa and Jagodziński, 2005).

In general, the endpoint of both DNA methylation processes 
is either long-term silencing or fine-tuning of gene expression 
potential. Though methylated CpG dinucleotides can directly inter-
fere with transcription factor binding, most effects of repression 
seem to occur indirectly, via recruitment of methyl-CpG binding 
domain (MBD) proteins and their associated repressor complexes 
(for review see Jørgensen and Bird, 2002). The MBD family of 
proteins, comprising MBD1, MBD2, MBD3, MBD4, and Kaiso in 
addition to the founding member MeCP2 assemble at methyla-
tion marks to provide a platform for the recruitment of corepres-
sor complexes including HDACs that can rewrite histone marks 

silencing. Since DNA methylation represents a covalent bond, it is 
thought to be more stable than other epigenetic marks. Such CpG 
sequences are conspicuously under-represented in mammalian 
genomes with over 85% of these locating to repetitive sequences 
scattered throughout the genome and being heavily hypermethyl-
ated, possibly playing a crucial role in silencing these elements and 
thereby maintaining integrity of the genome. The remaining ∼15%, 
of CpG dinucleotides typically cluster within GC-rich regions 
known as “CpG islands” that locate within or around the promot-
ers of approximately 40% of genes in the genome (for review see 
Illingworth and Bird, 2009). Accounting for ∼1% of the genome, 
these CpG islands are largely unmethylated in the normal somatic 
cells while regions showing lower CpG density are more frequently 
methylated (Weber et al., 2007). In general, patterns of methylation 
tend to correlate with chromatin structure, i.e., active regions of 
the chromatin are associated with hypomethylated DNA whereas 
hypermethylated DNA is packaged in inactive chromatin (Razin 
and Cedar, 1977).

In mitotically active cells DNA methylation is not copied by 
the DNA replication machinery, but maintained by DNA meth-
yltransferase enzymes (DNMTs) that use S-adenosylmethionine 
as a methyl donor. The DNA methylation machinery first has to 
establish new cell-type-specific DNA methylation patterns during 
development and possibly during adulthood in response to new sig-
nals. These patterns have to be renewed once cells undergo division, 

Figure 2 | DNA wraps around histones to form a complex referred to as 
chromatin. The N-terminal tails of histones serve as sites for epigenetic marking 
by acetylation and methylation via chromatin remodeling enzymes (e.g., HDACs, 
HATs, HMTs, and HDMs). DNA methylation refers to the chemical transfer of 

methyl groups to CpG acceptor sites through a class of enzymes known DNA 
methyltransferases (DNMTs). Active marks (e.g., histone acetylation and DNA 
hypomethylation) characterize “open” chromatin, while repressive marks (e.g., 
histone methylation and DNA hypermethylation) occur at “closed” chromatin.
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expression of a large number of potentially unrelated genes, disrup-
tions in distinct epigenetic regulators seemingly lead to sympto-
matically similar mental retardation syndromes (Kramer and van 
Bokhoven, 2009). Ergo, it is conceivable that mental retardation 
does not take root in changes of specific target gene(s) but by the 
inability of concerned neurons to respond adequately to environ-
mental signals under conditions of greatly distorted transcriptional 
homeostasis (Ramocki and Zoghbi, 2008).

One of the most common causes of mental retardation in 
females is Rett syndrome, a progressive neurodevelopmental dis-
order resulting from mutations in the methyl-CpG binding protein 
MeCP2 located on the X chromosome. Interestingly, less disrup-
tive gene mutations or alterations in expression of this gene also 
appear to underlie some cases of autism (for review see Gonzales 
and LaSalle, 2010), along with further members of the MBD fam-
ily in a small number of cases (Cukier et al., 2010). Another severe 
X-linked form of mental retardation (ATRX; alpha thalassemia/
mental retardation syndrome X-linked) results from mutations of 
a gene coding for a member of the SNF2 subgroup of a superfamily 
of proteins involved in chromatin remodeling (Picketts et al., 1996). 
Further defects affecting proteins involved in histone modifica-
tion leading to mental retardation are mutations of CBP, a protein 
with HAT function, underlying Rubinstein–Taybi syndrome (Petrij 
et  al., 1995) and alterations in RSK2, involved in histone phos-
phorylation and interaction with CBP, leading to Coffin–Lowry 
syndrome, an X-linked mental retardation disorder characterized 
by psychomotor and growth retardation (Hanauer and Young, 
2002). Defects in proteins important for histone methylation are the 
H3K4-specific histone demethylase JARIDIC resulting in X-linked 
mental retardation (Jensen et al., 2005), the nuclear receptor set 
domain containing protein 1 (NSD1) gene causing Sotos syndrome 
and Weaver syndrome (Tatton-Brown and Rahman, 2007), the his-
tone lysine methyltransferase GLP/EHMT1 gene characterized by 
severe mental retardation (Kleefstra et al., 2006) and finally, MLLl, 
a H3K4-specific methyltransferase involved in hippocampal syn-
aptic plasticity, that might underlie in the cortical dysfunction of 
some cases of schizophrenia (for review see Akbarian and Huang, 
2009). The development of, often severe, mental retardation in 
these syndromes supports the importance of functional epigenetic 
machinery in the regulation of early brain development. Following 
on, it could be expected that perturbations in the regulation and 
expression of various epigenetic components might then lead to 
further mental pathologies.

Alterations in epigenetic regulation
There are a growing number of studies indicating aberrant epi-
genetic marks in the development of mental pathologies later in 
life, though whether changes originate during early development 
or in later life as a response to an environmental exposure remain 
important questions. For example, DNA hypomethylation at the 
promoter of the gene for catechol-O-methyltransferase (COMT), 
an enzyme regulating the level of dopamine, has been found to 
associate with schizophrenia and bipolar disorder (Abdolmaleky 
et al., 2006). At the promoter region of the RELN gene, encoding 
a protein implicated in long-term memory, a number of stud-
ies have evidenced hypermethylation, correlating with reduced 
expression, in schizophrenia (e.g., Grayson et al., 2005). Within 

evoking subsequent chromatin compaction and transcriptional 
suppression. These complexes can additionally recruit DNMTs to 
promote, maintain and enforce gene repression, compatible with 
a reciprocal cross talk between DNA methylation and chromatin 
marks in the regulation of gene transcription.

Although promoter and enhancer regions appear to attract most 
attention in regard to DNA methylation and gene transcription, 
it is becoming increasingly clear that methylation at other gene 
elements play important regulatory roles. For example, increased 
DNA methylation within the body of genes is typically associated 
with active transcription (Ball et al., 2009), while DNA methylation 
at 3′ and intragenic regions may play distinct roles on regulating 
gene expression (for review see Suzuki and Bird, 2008), possibly 
controlling activity of intragenic non-coding RNAs. Non-coding 
RNA are functional RNA molecules that are not translated into a 
protein and can be involved in a variety of RNA-mediated silencing 
pathways with increasing evidence indicating that the regulation of 
these factors could play key roles in neural development and in neu-
ropsychiatric disorders (for review see Qureshi and Mehler, 2010).

As a final point, a new epigenetic mark, 5-hydroxymethylcy-
tosine, has been recently discovered and hailed as the “6th base.” 
This modification of CpG dinucleotides appears to be particularly 
abundant in human and mouse brains and to increase during aging 
in mouse hippocampus and cerebellum (e.g., Song et al., 2011). 
Considering that it can be generated by enzymatic oxidation of 
methylated cytosine residues, it appears possible that such modi-
fications might regulate gene expression, though any possible role 
in brain development or function has yet to be explored in detail.

The emerging role of epigenetics in mental health
The billions of neurons in a single brain have the same DNA 
sequence yet are differentiated for their diverse functions through 
epigenetic programming during pre- and postnatal development 
and possibly throughout life. Epigenetic mechanisms are therefore 
gatekeepers to brain development, differentiation and maturation, 
and ultimately, associated disease processes.

Genetic defects in the epigenetic machinery
Deregulation of epigenetic pathways can lead to either silencing 
or inappropriate expression of specific sets of genes manifesting 
with diseases. A growing understanding in this field is leading to 
the identification of an expanding number of epigenetic diseases 
comprising various cancers, neurodegenerative disease, syndromes 
characterized by chromosomal instabilities, mental retardation, and 
imprinting disorders (for review see Halusková, 2010).

In the nervous system epigenetic marks govern basic cellular 
processes such as synaptic plasticity and complex behaviors like 
memory and learning. Genetic defects in the epigenetic machin-
ery, triggering faulty marking, can lead to severe defects in brain 
development, and manifest as devastating diseases such as the 
Rett syndrome, Rubinstein–Taybi syndrome, Fragile X syndrome, 
Alzheimer’s disease, Huntington’s disease, and psychiatric disor-
ders such as autism, schizophrenia, addiction, and depression (for 
review see Grafodatskaya et al., 2010).

There are a large number of genes encoding epigenetic regulators 
that, when mutated, can give rise to mental retardation. Though one 
might assume that different epigenetic factors would orchestrate the 
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dysregulation with age appears to be a highly tissue-dependent 
phenomenon. Furthermore, there appear to be subsets of genes 
that are tissue-specifically affected by age-associated DNA meth-
ylation changes, such as genes involved in metabolism and meta-
bolic regulation in liver and visceral adipose tissues (Thompson 
et  al., 2010) or CpG sites physically close to genes involved in 
DNA binding and regulation of transcription in various brain 
regions (Hernandez et al., 2011). This later study provides a par-
ticularly strong argument that specific age-related DNA methyla-
tion changes may have quite broad impacts on gene expression in 
the human brain. We may, however, have to readdress some of our 
preconceptions regarding age and aging in relation to epigenetic 
changes concerning a new study of various mouse tissues in which 
a majority of DNA methylation changes found in adulthood were 
preceded by similar DNA methylation changes in juveniles, and 
that the expression levels of genes near progressively methylated 
and demethylated CpG sites were already significantly up- or 
down-regulated, respectively, in young mice (Takasugi, 2011). 
This would imply that the epigenome maturates continuously 
throughout lifespan and that affects of aging emerge gradually 
over time.

Compatible with this view, a growing number of reports in 
the literature challenge the conventional view of a locked state 
for DNA methylation, demonstrating that DNA methylation 
remains an active process in post-mitotic cells (i.e., neurons). For 
example, DNMTs are expressed and regulated in the adult brain 
(e.g., Brown et al., 2008) and evidence continues to mount that 
epigenetic mechanisms are able to dynamically control changes 
in gene activity throughout the lifespan as a result of exposure 
to a variety of environmental factors during aging, as previously 
described.

Overall, these findings suggest the presence of several mecha-
nisms regulating methylation that are possibly adjusted at different 
steps during development, maturation and aging by processes that 
are responsive to numerous environmental and genetic factors.

The Epigenome and Early Life Adversity
Aside from controlling constitutive gene expression, epigenetic 
mechanisms can also serve to fine-tune gene expression potential 
in response to environmental cues. DNA methylation has been 
the most studied in regard to understanding early life experiences 
and the epigenetic programming of their neurobiological sequelae. 
Indeed, the stable nature of DNA methylation renders it an ideal 
template for underpinning sustained gene effects controlling brain 
function and behavior from early development to old age. Thus we 
and others have proposed that conditions of early life environment 
can evoke changes in DNA methylation facilitating epigenetic pro-
gramming of critical genes involved in regulating stress responsivity 
that may in turn manifest with neuroendocrine and behavioral 
symptoms in adulthood (e.g., McGowan et al., 2009; Murgatroyd 
et al., 2010a; Figure 3).

Maternal care and epigenetic programming of GR
One well-characterized model established to study the effects of 
early life environment on stress programming examines variations 
in the quality of early postnatal maternal care, as measured by levels 
of licking and grooming. Studies revealed that rat pups receiving 

the frontopolar cortex, a further study discovered DNA hypermeth-
ylation at the gamma-aminobutyric acid receptor alpha1 subunit 
(GABA-A) promoter region, in suicide and MDD brains that cor-
related with altered DNMT mRNA expression (Poulter et al., 2008), 
while another investigation reported alterations in DNA methyla-
tion and mRNA expression of the peptidylprolyl isomerase E-like 
(PPIEL) gene in monozygotic twins discordant for bipolar disorder 
(Kuratomi et al., 2008).

Monozygotic twin pairs share a virtually identical genome 
though may differ to various extents in their pre- and postnatal 
environments, making them highly informative in understanding 
how epigenetic variation could affect complex traits (for review 
see Bell and Spector, 2011). Indeed, twins frequently differ in their 
prevalence of mental disorders with a number of studies report-
ing differences in DNA methylation between monozygotic twins 
discordant for schizophrenia (e.g., Petronis et al., 2003) and a more 
recent report detecting lower levels of DNA methylation in the tem-
poral cortex of Alzheimer-affected twins (Mastroeni et al., 2009). A 
further genome-wide screen detected substantial variability in DNA 
methylation between twins (Kaminsky et  al., 2009), which may 
relate to the earlier findings, in which DNA methylation profiles 
of young monozygotic twin pairs were shown to be more epige-
netically similar than older monozygotic twins (Fraga et al., 2005). 
This would therefore suggest that epigenetic changes increase with 
age, following the view that epigenetic mechanisms such as DNA 
methylation deteriorate with age and may even accelerate the aging 
process (Murgatroyd et al., 2010b; Rodríguez-Rodero et al., 2010). 
However, the influence of genetic factors should also be considered 
as reports have found higher epigenetic variation in dizygotic than 
in monozygotic twins (Kaminsky et al., 2009) and intra-individual 
changes in DNA methylation showing degrees of familial clustering 
(Bjornsson et al., 2008). Finally, the possible influence of random 
stochastic factors may further complicate such studies with reports 
that even genetically identical laboratory animals living under the 
same controlled environmental conditions, nevertheless develop 
phenotypic and epigenetic differences (e.g., Vogt et al., 2008).

Epigenetics and aging
The relationship between DNA methylation and aging was origi-
nally proposed by Berdyshev, who discovered that genomic global 
DNA methylation decreases with age in spawning humpbacked 
salmon (Berdyshev et al., 1967). This was later backed-up by fur-
ther evidence for the presence of gradual global losses of methyla-
tion in various mouse, rat, and human tissues (e.g., Fuke et al., 
2004). Much of this global hypomethylation may result from the 
fact that different types of interspersed repetitive sequences, that 
make up the major bulk of genomes, appear to be targeted at single 
time-points to varying degrees by age-associated hypomethyla-
tion (Jintaridth and Mutirangura, 2010). In general terms, age-
associated hypermethylation is thought to preferentially affect loci 
at CpG islands, while loci devoid of CpG islands lose methylation 
with age. Although an increase in promoter methylation with 
aging is generally accepted, such as from studies in human prostate 
and colon tissues (e.g., Kwabi-Addo et al., 2007), recent evidence 
from Bjornsson et al. suggest a more complex picture with both 
increases and decreases in intra-individual global methylation 
levels over time (Bjornsson  et  al.,  2008). Certainly, epigenetic 
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exposed to early life adversity, or patients suffering from major 
depression only, revealed no epigenetic marking of hippocampal 
GR (Alt et al., 2010).

Maternal separation stress and epigenetic programming of 
AVP
Work in our lab evidenced that MS stress in mice, involving 
separating pups from their mothers for 3 h each day during the 
first 10 days of life, induced life-long sustained expression of 
hypothalamic AVP underlying elevated corticosterone secretion, 
heightened endocrine responsiveness to subsequent stressors, 
and altered feedback inhibition of the HPA axis. Starting at 
10 days of life, directly following the period of MS, and lasting 
for at least 1 year, elevated AVP expression was specific to the 
parvocellular subpopulation of PVN neurons while hypotha-
lamic CRH and hippocampal GR expression remained unal-
tered. Importantly, this altered expression associated with 
reduced levels of DNA methylation in the PVN at particular 
CpG dinucleotides within an enhancer region important for AVP 
gene activity (Murgatroyd et al., 2009). We further showed that 
hypomethylation at this region reduced the ability of MeCP2 to 
bind and recruit repressive histone complexes such as HDACs 
and DNMTs (Murgatroyd, unpublished), supporting previous 
evidences for a role of MeCP2 as an epigenetic platform upon 
which histone deacetylation, H3K9 methylation, and DNA 
methylation are carried out to confer transcriptional repression 
and gene silencing (e.g., Murgatroyd et al., 2010a).

We then examined the signals controlling MeCP2 occupancy 
at this early step. Experience-driven synaptic activity causes 
membrane depolarization and calcium influx into select neu-
rons, which in turn induce a wide variety of cellular responses, 
connecting neuronal activity to transcriptional regulation (Greer 
and Greenberg, 2008). Furthermore, neuronal depolarization has 
previously been shown to trigger Ca2+-dependent phosphoryla-
tion of MeCP2, causing dissociation of MeCP2 from the BDNF 
promoter and consequently gene derepression (e.g., Martinowich 
et  al., 2003). Subsequent studies revealed that CaMKII (Ca2+/
calmodulin-dependent protein kinase II) was able to mediate 
this phosphorylation of rat MeCP2 at serine 421 (Zhou et al., 
2006), and the homologous serine residue 438 in the mouse 
(Murgatroyd et  al., 2009). Analysis of 10-day-old early life 
stressed mice revealed increased CaMKII and phospho-MeCP2 
immunoreactivity that promoted MeCP2 dissociation at the AVP 
enhancer and depression. However, though early life stressed 
mice tested in adulthood (6 week) still showed reduced MeCP2 
binding at the AVP enhancer, the levels of MeCP2 phosphoryla-
tion and CaMKII activation in the PVN no longer differed to 
those of control animals. Instead, evolving differences in DNA 
methylation at this region underlie reduced MeCP2 occupancy 
in early life stressed mice. Taken together, the initial stimulus of 
early life stress initiates a loss of MeCP2 occupancy that subse-
quently leads to the hard-coding of the early life experience at 
the level of DNA methylation (Figure 4). Interestingly, in the 
control mice an age-associated demethylation also occurred 
though, critically, the region of the enhancer marked by early 
life stress was spared, supporting, the importance of this region 
in AVP regulation (Murgatroyd et al., 2010b).

high levels of maternal care during early life developed sustained 
elevations in GR expression within the hippocampus and decreased 
hippocampal sensitivity to glucocorticoid hormones (Liu et  al., 
1997). In addition, these rats showed decreased hypothalamic CRH 
levels and reduced HPA axis responses to stress (Francis et al., 1999) 
when compared to animals reared by mothers showing low levels 
of maternal care. Analysis of the molecular mechanisms underlying 
the long-lasting programming of the GR revealed an important 
role for epigenetic regulation. The investigators evidenced that the 
enhanced hippocampal GR expression in animals receiving high 
levels of maternal care associated with a persistent DNA hypometh-
ylation at specific CpG dinucleotides within the hippocampal GR 
exon 1

7
 promoter and increased histone acetylation. These epi-

genetic modifications facilitated binding of the transcriptional 
activator nerve growth factor-inducible protein A (NGF1a) to 
this region, providing a plausible mechanism for the epigenetic 
programming of gene function by maternal care during early life 
(Weaver et al., 2004). Interestingly, a further study using a different 
paradigm of MS in another species of rat found that corticosterone 
release and increased NGF1a expression failed to induce changes 
in DNA methylation levels at the same hippocampal GR promoter 
(Daniels et al., 2009), supporting again the idea that variations in 
the genetic make up, and environmental disparities, are critical 
determinants in organization of the epigenome. In support of this 
idea, subsequent studies detected altered GR promoter methylation 
in human postmortum hippocampal tissue of depressed suicide 
patients who suffered from a history of early life abuse and neglect 
(McGowan et al., 2009). In contrast, suicide patients who were not 

Figure 3 | Early life experience can persistently alter expression levels of 
key genes through epigenetic marking which can underpin changes in 
behavior, neuroendocrine, and stress responsivity throughout later life. 
Collectively, this process is referred to as epigenetic programming. The nature 
of the environment throughout later life, in addition to the impact of biological 
processes associated with aging and genetic sex, may exacerbate the effects 
of programming established during early life resulting in increased vulnerability 
to mood disorders.
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HPA axis by early life experiences extends to the pituitary gland 
(POMC) in addition to hippocampal (GR) and hypothalamic (AVP 
and CRH) tissues.

Epigenetic programming beyond the HPA axis
Aside from the HPA axis, additional pathways and epigenetic targets 
of early life stress seem to exist. For example, rats reared in a hos-
tile postnatal environment exhibited promoter hypermethylation 
associating with reduced expression of brain-derived neutrotrophic 
factor (BDNF) in the prefrontal cortex in adulthood (Roth et al., 
2009). BDNF is a neurotrophin that regulates neurodevelopment, 
neuroplasticity, and neuronal functions. It is further involved in 
the pathogenesis of psychiatric and neurodegenerative disorders 
and there is a growing body of literature linking epigenetic gene 
regulation of the BDNF gene with brain plasticity and cognitive 
function (e.g., Lubin et al., 2008).

Neuroendocrine systems associated with female sexual and 
maternal behavior and the development of the GABA system also 
appear to be influenced by alterations in the early life environment. 
Female rat offspring of high-maternal care mothers developed a 
hypomethylation of the estrogen receptor-alpha (ERα) promoter 
in the medial preoptic area correlating with increased binding 
of the transcription factor STAT5 and elevated ERα expression 

Additional targets for epigenetic programming of the HPA 
axis
A growing number of studies support the role of epigenetic modi-
fications in the control of genes regulating the HPA axis. Two 
recent ones demonstrate epigenetic programming of hypotha-
lamic CRH in response to stress in either the prenatal period or 
during adulthood. Pregnant mice subjected to chronic variable 
stressors during early gestation revealed a hypomethylation at the 
CRH promoter in the hypothalamus of the offspring in adult-
hood (Mueller and Bale, 2008). Moreover, chronic social stress 
in adult mice caused a hypomethylation of the CRH promoter 
in the PVN of a subset of animals displaying subsequent social 
avoidance (Elliott et al., 2010).

A number of studies describe epigenetic regulation of the POMC 
gene (pro-opiomelanocortin, coding for ACTH), which is a down-
stream target of AVP and CRH signaling. Hypermethylation of the 
promoter region leads to silencing of expression that appears to be 
regulated by cortisol (e.g., Mizoguchi et al., 2007). Recent studies 
suggest epigenetic programming of POMC by nutritional cues such 
as overfeeding or anorexia (e.g., Ehrlich et al., 2010), while other 
research suggested an association with alcohol craving (Muschler 
et al., 2010). These preliminary findings warrant further studies to 
address the question of whether epigenetic programming of the 

Figure 4 | Experience-dependent activation of neurons in the PVN during early life inhibits MeCP2 binding to and repressing the AVP gene in stressed 
mice. This further favors DNA hypomethylation underpinning reduced MeCP2 occupancy at the AVP enhancer and maintaining epigenetic control of AVP expression 
into later life.
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necessary to establish a causal link for this epigenetic modifica-
tion to general depressive behavior in humans. Furthermore, an 
independent follow-up study failed to identify similar DNA meth-
ylation at the GR promoter or alterations in major depression (Alt 
et al., 2010), again pointing to the importance of inter-individual 
genetic and environmental variations.

Overall, these studies suggest that epigenetic processes could 
mediate the effects of the early environment on gene expression 
and that stable epigenetic marks such as DNA methylation might 
then persist into adulthood and influence vulnerability for psycho-
pathology through effects on intermediate levels of function such 
as activity of the HPA axis.

Future Research
With the advent of new high-throughput sequencing technologies 
research is now beginning to move on from the single-gene scale 
to epigenome-wide analyses of all epigenetic marks throughout a 
genome in a specific tissue. Given that epigenetic modifications are 
sensitive to changes in the environment, it might be anticipated 
that these efforts will identify epigenomic signatures for mental 
disorders and molecular dysregulations resulting from early life 
stress (Albert, 2010). While such a strategy appears highly attrac-
tive in the field of cancer research addressing clonally expanded 
cell populations, rather than heterogenous tissues, the field of 
epigenetic association studies in mental illnesses might be more 
challenging. Epigenetic modifications reported to date in animal 
models and postmortem brain tissues are seldom “all or none” but 
gradual, and seem to occur in a highly cell-type-specific manner. 
In this view, the extraordinary complexity and heterogeneity of 
neural tissues poses a major hurdle to derive epigenetic biomarkers 
in psychiatric disease.

Epigenetic biomarkers
Ultimately, the identification of “epigenetic biomarkers” in dis-
tinct genomic regions may provide important information for the 
understanding of biological processes underlying mental diseases 
and thus allow for the development and design of new therapeutics. 
Though expression and DNA methylation changes in the brain 
are more obviously relevant to changes in behavior, comparable 
changes in blood might provide a clinically valuable surrogate, 
given the easy access to this tissue in patients. Some early studies 
have shown partial correlations in gene expression between vari-
ous brain regions and blood (e.g., Brown et al., 2001), which have 
been supported by following data demonstrating epigenetic differ-
ences in lymphocytes associating with the brain in Rett syndrome 
and Alzheimer’s disease (e.g., Wang et al., 2008). Recently it was 
described that chronic corticosterone exposure in mice stimulated 
parallel increases in FKBP5 expression between brain tissues and 
blood together with some, generally subtle, alterations in DNA 
methylation at the promoter of this gene (Lee et al., 2010). However, 
the other candidate HPA axis genes tested in this study – namely, 
NR3C1, HSP90, CRH, and CRHR1 – failed to show such effects 
while further studies in this area of research also describe little 
correlation (e.g., Yuferov et al., 2011). Consequently, the prospect 
of diagnostic epigenetic testing for mental diseases using mark-
ers in the blood appears so far unresolved, and certainly further 
research is required.

(Champagne et al., 2006). This study indicates that epigenetic pro-
gramming can take place in a sex-specific manner which could shed 
new light on the long standing question of a sex bias in numer-
ous diseases (for review see Menger et al., 2010) Additionally, rat 
pups receiving high-maternal care showed enhanced hippocam-
pal glutamic acid decarboxylase 1 (GAD1) mRNA expression, 
decreased cytosine methylation, and increased histone 3-lysine 9 
acetylation (H3K9ac) of the GAD1 promoter (Zhang et al., 2010). 
Furthermore, DNMT1 expression was also significantly lower in 
the offspring of those rats that received high-maternal care (Zhang 
et al., 2010). This is interesting, as a number of studies suggest the 
regulation of components of the epigenetic machinery in response 
to stressors. For example, recent work has shown that chromatin 
remodeling in various brain regions, including the hippocampus, 
is associated with the effects of stress in a variety of models (e.g., 
Hunter et al., 2009).

Digressing from the literature of early life induced epigenetic 
changes; one recent study found that traumatic stress during adult-
hood can also drive epigenetic changes in the brain. Adult rats 
exposed to severe chronic psychosocial stress showed increased 
BDNF promoter methylation in the hippocampal regions associat-
ing with reduced expression of this gene (Roth et al., 2011). Another 
neurotrophin known to be important for the regulation of brain 
plasticity and implicated in depression, is glial cell-derived neuro-
trophic factor (GDNF). Examining two genetically distinct mouse 
strains exhibiting different behavioral responses to chronic stress, 
researches recently discovered GDNF in the nucleus accumbens 
to be epigenetically silenced following adulthood stress only in 
the stress-vulnerable mice (Uchida et  al., 2011), again support-
ing the importance of dynamic epigenetic changes in response to 
environmental cues lasting into adulthood.

Clinical studies of epigenetic programming by early life 
adversity
Evidence is beginning to emerge that the findings of epigenetic 
programming in animal models may extrapolate to human stud-
ies and psychopathologies associated with severe abuse or neglect 
during childhood. McGowan et  al. (2008) found that suicide 
subjects who had a history of early childhood neglect or abuse 
exhibited with hypermethylation at the ribosomal RNA (rRNA) 
promoter. rRNA genes encode ribosomal RNA, important for 
protein synthesis, leading to the consideration that such reduc-
tions in rRNA levels might reflect a reduced capacity for protein 
synthesis in the hippocampus of suicide victims. Though how 
this may contribute to the pathology is yet to be determined. 
Subsequent studies of postmortum tissue by the same researchers 
further evidenced a hypermethylation of the GR gene promoter 
among suicide victims with a history of abuse in childhood, but 
not among controls or suicide victims who did not suffer such 
early life stress (McGowan et al., 2009). This data appear consist-
ent with previous studies demonstrating that the epigenetic status 
of the homologous GR gene promoter is regulated by parental care 
during early postnatal development in rats (Weaver et al., 2004). 
Although indirect, this correlation in the human study suggests 
that epigenetic mechanisms, thought to play a role in vulner-
ability to stress-related conditions in rodents, might extrapolate 
to humans. However, it should be noted that further work is 
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A matter of timing
Many of the studies surveyed in this review highlight the impor-
tance of the temporal nature of brain developmental processes in 
relation to the effects that environmental stressors can have on 
epigenetic programming of long-term changes in neurodevelop-
ment and behavior. Developing brain regions typically pass through 
critical “windows” of sensitivity that stretch over different perinatal 
periods. Therefore, it stands to reason that the impact of stressors 
at different time-points will confer more pronounced and long-
lasting effects within brain regions that are actively developing at 
that particular time. For example, late prenatal and early postnatal 
life is the critical period for hippocampal development, possibly 
explaining why environmental exposures during this time strongly 
associate with cellular, morphological and epigenetic changes 
within these structures (for review see McCrory et al., 2010). In 
contrast, environmental exposures during later life tend to con-
fer their phenotypic effects by altering other areas of the brain. 
For example, repeated restraint stress in adult rats fails to cause 
long-term hippocampal-related effects such as those observed fol-
lowing similar stress exposure during prenatal and early postnatal 
life (Conrad et al., 1999). On the other hand, substantial cortical 
development and differentiation is known to continue well into 
adolescence (e.g., Wang and Gao, 2009), possibly explaining why 
these regions are more susceptible to epigenetic changes in response 
to later life environmental factors.

In addition to the temporal nature of brain development, we 
should also consider the temporal and gene-specific manner in 
which epigenetic marks are established. This will be of crucial 
importance in understanding how experience-dependent epige-
netic marks may undergo the transition from a preliminary labile 
state to a hard-coded stable print. Indeed, in our studies epigenetic 
marking of the methylation landmarks in the AVP enhancer per-
sisted under vasopressin receptor blockade in adult (3 month) mice 
consistent with the concept that the early life stress had already 
engraved a lasting cellular memory (Murgatroyd et  al., 2010a). 
The question however remains of whether critical “windows” for 
timely psychotherapeutic and pharmacological interventions fol-
lowing exposure to severe trauma might exist at periods prior to the 
establishment of stable epigenetic marks. In this view, therapeutic 
interventions might then re-stimulate or inhibit those same neu-
rons and genes epigenetically programmed earlier in life and reverse 
these changes. Apparently, timing, quality and duration of such 
environmental stimulations might be highly specific and context-
dependent in regard to the exact nature of the early life stressor.

Nevertheless, studies in rats have demonstrated that envi-
ronmental enrichment during puberty can alleviate some of the 
anxiety-related effects of ELS (e.g., Imanaka et al., 2008). This 
result appears consistent with observations from the clinic. For 
example, infants who have experienced previous maltreatment, 
if placed in environments in which positive parenting strategies 
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Puberty is a critical period for the maturation of the fronto-limbic and fronto-striate brain
circuits responsible for executive function and affective processing. Puberty also coin-
cides with the emergence of the prodromal signs of schizophrenia, which may indicate an
association between these two processes.Time-domain analysis and wavelet based time–
frequency analysis was performed on electroencephalographic (EEG) data of 30 healthy
control (HC) subjects and 24 individuals at familial risk (FR) for schizophrenia. All participants
were between the ages of 13 and 18 years and were carefully matched for age, gender,
ethnicity, education, andTanner Stage. Electrophysiological recordings were obtained from
32 EEG channels while participants performed a visual oddball task, where they identified
rare visual targets among standard “scrambled” images and rare aversive and neutral dis-
tracter pictures. The time-domain analysis showed that during target processing the FR
group showed smaller event-related potentials in the P2 and P3 range as compared to the
HC group. In addition, EEG activity in the theta (4–8 Hz) frequency range was significantly
reduced during target processing in the FR group. Inefficient cortical information process-
ing during puberty may be an early indicator of altered brain function in adolescents at FR
for schizophrenia and may represent a vulnerability marker for illness onset. Longitudinal
assessments will have to determine their predictive value for illness onset in populations
at FR for psychotic illness.

Keywords: schizophrenia, familial risk, P300, ERP, wavelet analysis, time–frequency decomposition, theta frequency,

phase-locking factor

INTRODUCTION
Little is known about how or why psychotic disorders like
schizophrenia develop. Although structural brain abnormalities
occurring early in life may be necessary for the future emergence of
psychotic symptoms, the notion that psychotic symptoms do not
typically manifest until after puberty has led researchers to believe
that neurodevelopmental processes active during this period may
also play a role in the pathogenesis of schizophrenia (Feinberg,
1982; Weinberger, 1987). Adolescence represents a period of active
brain development, during which increases in neuronal efficiency
are accompanied by a reduction (i.e., pruning) of excess synapses
and by myelination of axonal connections in regions critical for
higher order cognition, particularly the prefrontal cortex (Hut-
tenlocher, 1979; Keshavan et al., 1994; Woods, 1998). The behav-
ioral expression of schizophrenia-related neural disturbances also
seems to vary with maturation, and becomes more “psychosis-
like” the closer to the onset of a psychotic episode (Cannon,
2005). The fact that schizophrenia is increasingly viewed as a
neurodevelopmental disorder suggests that potential precursors
to psychotic illness may be detectable in individuals at famil-
ial risk (FR) for developing schizophrenia. Although, the idea
of examining individuals at FR for developing schizophrenia is
not new (e.g., Fish et al., 1992; Marcus et al., 1993; McNeil
et al., 1993) to date there has been relatively little study into

the neurodevelopmental changes occurring around puberty, and
comparing those to the changes occurring in subjects at FR for
developing schizophrenia. Focusing attention on young at-risk
individuals provides a unique window on the unfolding patho-
physiology of the illness, and does not suffer from the clouding
effects of disease chronicity or long-term treatment that plague
studies of patients with established illness. Longitudinal assess-
ments of young at-risk relatives also provides an opportunity
to determine whether biological or biobehavioral differences are
present prior to typical onset of schizophrenia in those individuals
who progress. These differences hold the potential to serve as vul-
nerability markers or predictors of illness, and may inform targets
for prevention.

Electroencephalography (EEG) has long been used in search
for biomarkers of schizophrenia through the analysis of event-
related potentials (ERPs). ERPs can provide detailed information
about neuronal events underlying sensory, cognitive, or motor
functions. One of the most reliably demonstrated ERP abnor-
malities in schizophrenia is the amplitude reduction of the P3
(e.g., Ford, 1999; Jeon and Polich, 2003). The P3 is a late scalp-
positive ERP component usually recorded in an auditory or visual
“oddball” experimental paradigm in which a subject detects an
infrequent deviant or task-relevant “target” stimulus randomly
presented within a series of frequent non-target or “standard”
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stimuli. The P3 in oddball task paradigms has been associated
with attention and memory processes (e.g., Donchin and Coles,
1998; Polich and Herbst, 2000). Evidence for the idea that the
P3 indexes a genetic and biological vulnerability to schizophrenia
has come from family based high-risk studies showing that this
ERP component is also impaired in clinically unaffected family
members who, by reason of their family history, are at high-
risk for developing schizophrenia (see Bramon et al., 2005 for
a meta-analysis). Few studies have examined the P3 in adoles-
cents at FR for schizophrenia and the results of these studies
have been mixed (e.g., Friedman et al., 1988; Schreiber et al.,
1992). However, recent advances in neurophysiological techniques
provide new opportunities to measure abnormal brain func-
tion in adolescents at FR for schizophrenia. Traditional ERP
analysis assumes that the EEG response to relevant task pro-
cessing is contained within a background of irrelevant neuro-
electric noise. By averaging a large number of EEG trials, the
background neuroelectric noise is minimized allowing only the
“relevant” neural signal to remain. However, a growing body of
evidence suggests that the activity removed in the ERP averag-
ing process is not random or irrelevant, and that event-related
changes in the magnitude and phase of the EEG signal across
all frequencies may be relevant to information processing (e.g.
Kolev and Yordanova, 1997; Demiralp et al., 1999; Makeig et al.,
2004). A more thorough understanding of neuronal events can be
gained through time–frequency decomposition of (single-trial)
EEG data.

Time–frequency decomposition comprises many methods and
can reveal the time evolution of the magnitude and phase of the
EEG signals in different frequency bands in response to particu-
lar events. When the magnitude values of each time–frequency
point are squared and then averaged over trials, all the signal
change in the post-event period is captured irrespective of their
phase angles. This measure quantifies the total activity [or total
power (TP)] after event onset and is comprised of both phase-
locked and non-phase-locked event-related EEG activity. Comput-
ing the time–frequency transform of the trial-averaged ERP and
then squaring the magnitude values associated with each time–
frequency point captures activity that is phase-locked to the event
only since averaging across trials tends to cancel out the non-
phase-locked activity [also known as evoked power (EP)]. When
the magnitude values of each time–frequency point are unit nor-
malized and then averaged across trials, a measure of cross-trial
phase synchrony [or phase-locking factor (PLF)] is obtained. This
measure describes the consistency of phase angles with respect
to an event’s onset. Time–frequency decomposition of the ERP
to target trials in oddball task paradigms has shown that the late
scalp-positive P3 ERP occupies the delta (1–4 Hz) and theta (4–
8 Hz) frequency range (e.g. Kolev et al., 1997; Spencer and Polich,
1999; Demiralp and Ademoglu, 2001) and abnormal activity in
these low-frequency ranges has been observed during oddball task
paradigms in patients with schizophrenia (e.g., Roschke and Fell,
1997; Ergen et al., 2008; Ford et al., 2008; Doege et al., 2009).
Slow frequency EEG activity has been associated with long range
interactions in larger scale brain networks (von Stein et al., 2000).
Since the core cognitive domains affected in schizophrenia are the
attention and memory systems that involve the activation of larger

scale brain networks, it has been hypothesized that the cognitive
deficits observed in schizophrenia can be attributed to abnormal-
ities in the synchronization and efficiency of neural processes
that integrate information from different brain regions. Time–
frequency decomposition of (single-trial) EEG data could provide
additional insight into whether abnormalities in the synchro-
nization and efficiency of neural processes are compromised in
schizophrenia.

In the current study we employed a visual oddball task in
conjunction with EEG measurements to assess brain function
associated with executive processing in a group of adolescents at FR
for schizophrenia and a group of adolescents without such risk.
We applied traditional time-domain analysis and wavelet based
time–frequency analysis to the EEG data obtained from target
response trials in order to assess potential group differences in
ERPs and time–frequency decomposition measures between both
groups. We hypothesized that compared to the HC group the FR
group would show a reduction of the P3 amplitude accompa-
nied by a reduction of low-frequency EEG activity in response to
the target stimuli. We further aimed to establish whether these
reductions are produced by deficits in (a) synchronization mech-
anisms, which would be reflected by a decrease in the EP and
PLF measures, (b) by a decrease in the power of signals gener-
ated by underlying neural mechanisms, which would be reflected
in a decrease in the TP measure, or (c) by a combination of
both.

MATERIALS AND METHODS
PARTICIPANTS
Subjects consisted of 24 adolescents at FR for schizophrenia
and 30 HC subjects. All subjects were between the ages of 13–
18 years and in Tanner Stage 3 or higher according to the Tanner
Stage growth chart (Marshall and Tanner, 1969, 1970). Partic-
ipants with FR were recruited from a referral network includ-
ing community-based health providers and the UNC PRIME
(Prevention through Risk Identification, Management and Edu-
cation) research clinic. No participants with FR were seek-
ing treatment. Controls were recruited from local schools and
the general community. The groups did not significantly dif-
fer according to age, gender, race, education, handedness, and
Tanner Stage (see Table 1). FR was defined as having a first-
degree family member (sibling or parent) with a diagnosis of
schizophrenia or schizoaffective disorder, as determined by the
Family Interview for Genetics conducted with the participant’s
parent (Maxwell, 1992). Diagnosis of the affected relative was
confirmed by the Structured Interview for DSM-IV Disorders
for adults and the Washington University Kiddie Schedule for
Affective Disorders and Schizophrenia for children (Orvaschel
et al., 1982). Of the 24 subjects with FR, six had an affected
parent and 18 had an affected sibling. Race was classified by par-
ticipant self-report at the time of screening by options defined
by the investigators in order to match between groups. Tan-
ner Stages were determined by a physical exam performed by a
licensed medical physician, a questionnaire answered by a parent,
or a cartoon illustration depicting the stages completed by the
participant.
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Table 1 | Demographic and clinical characteristics of study groups.

Characteristic Familial risk subjects

(N = 24)

Healthy control

subjects (N = 30)

One-way ANOVA or Chi-square test

F or χ2 df p

Age 16.29 ± 1.45 15.64 ± 1.35 2.85 1, 52 0.097

Gender (m/f) 10/14 11/19 0.140 1 0.708

Handedness (r/l) 19/5 26/4 0.540 1 0.462

Education (years) 9.46 ± 1.84 8.87 ± 1.36 1.85 1, 52 0.180

Tanner stage 3.88 ± 0.711 3.67 ± 0.711 1.145 1, 52 0.290

SCALE OF PRODROMAL SYMPTOMS

Positive subscale 2.42 ± 2.45 1 ± 1.66 6.39 1, 52 0.015

Negative subscale 3.42 ± 3.36 0.7 ± 1.37 16.29 1, 52 <0.001

Disorganization subscale 1.38 ± 1.79 0.38 ± 0.85 7.45 1, 52 0.009

General subscale 2.04 ± 2.42 0.6 ± 1.13 8.37 1, 52 0.006

Exclusion criteria for the FR group included presence of a
past or current DSM-IV Axis I psychotic or bipolar affective dis-
order. Because FR for schizophrenia is associated with a high
likelihood of premorbid disorders (Keshavan et al., 2008), we
chose not to exclude high-risk individuals with other Axis I dis-
orders. In our sample, 14 participants with FR had other diag-
noses including attention-deficit hyperactivity disorder, learning
disorder, conduct disorder, adjustment disorder, specific pho-
bia, depressive disorder – not otherwise specified, and anxiety
disorder. Other exclusion criteria for the FR group included
central nervous system disorder (e.g., seizure disorder) or men-
tal retardation (IQ less than 65), current treatment with an
antipsychotic medication, and past history of over 12 weeks
lifetime cumulative treatment with an antipsychotic. Exclusion
criteria for the control group included history of a DSM-IV
Axis I psychiatric disorder, any psychiatric disorder in a first-
degree relative, neurological disorder, and substance abuse dis-
order. After complete description of the study to the subjects,
written informed assent (or consent, if age 18) was obtained,
with parents providing written consent as approved by the Uni-
versity of North Carolina at Chapel Hill Institutional Review
Board.

The presence of positive, negative, disorganization, and gen-
eral symptoms was assessed for all participants using the sched-
ule of prodromal symptoms (SOPS; Miller et al., 1999). The
FR group showed significantly more symptoms than the control
group in positive,negative,disorganization,and general symptoms
(Table 1).

EXPERIMENTAL PROCEDURE
Participants were seated in a dimly illuminated and sound atten-
uated room 80 cm in front of a computer monitor. Electrophys-
iological data were collected while subjects performed a visual
oddball task with novel distracters. Subjects attended to a series
of four types of visual stimuli and where required to press a
button to the infrequently occurring target stimulus only. The
four stimulus types consisted of frequent “standard” scrambled
images (N = 1040, 87.4%), aversive novel images (N = 50, 4.2%),

neutral novel images (N = 50, 4.2%), and simple colored “tar-
get” circles (N = 50, 4.2%). The aversive and neutral novel stimuli
were chosen from the International Affective Picture System data-
base, which consists of complex pictures with standardized ratings
from adults for arousal (calm to exiting) and valence (unpleasant
to pleasant; Lang et al., 2005). The aversive IAPS pictures were
selected to be age-appropriate for the children and adolescents in
the study. The average valence and arousal ratings for the aversive
stimuli were 3.38 (SD = 1.78) and 6.14 (SD = 2.08), respectively.
Average valence and arousal ratings for the neutral stimuli were
6.21 (SD = 0.26) and 3.72 (SD = 2.15). All images were pseudo-
randomized, with target or novel stimuli never occurring twice
in a row. All stimuli were presented centrally for 500 ms on a
black background, with a white fixation cross appearing during
inter-stimulus intervals. The stimuli were presented on an Intel
Core2 Quad computer, using Presentation software (Neurobe-
havioral Systems, Inc., Albany, CA, USA). The images occupied
a maximum of 11.4˚ of visual angle vertically and 16.2˚ of visual
angle horizontally. The inter-stimulus interval varied from 1050
to 1450 ms, with an average of 1200 ms. The task consisted of
40 unique aversive images (with 10 images being repeated twice,
resulting in a total of 50 aversive images), 50 unique neutral
images,50 unique targets, and 140 unique“standard”images which
repeated throughout the experiment. Total task time was 25 min,
divided up into 10 time blocks of approximately two and a half
minutes each. Here we report on the results obtained from the
target trials only. Results for the novel stimuli will be presented
elsewhere.

ELECTROPHYSIOLOGICAL RECORDING
The EEG was recorded from 30 electrode positions (Fp1, Fp2, F7,
F3, Fz, F4, F8, FT7, FC3, FCz, FC4, FT8, T7, C3, Cz, C4, T8, TP7,
CP3, CPz, CP4, TP8, P7, P3, Pz, P4, P8, O1, Oz, and O2) using
an elastic cap (Electro-Cap International Inc.). The right mastoid
served as the reference electrode and AFz as the ground. Bipo-
lar recordings of the vertical and horizontal electro-oculogram
were obtained by electrodes placed above and below the right
eye and on the outer canthus of each eye, respectively. The EEG
and electro-oculogram were amplified, bandpass filtered between
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0.15 and 70 Hz (notch filter at 60 Hz), and digitized at 500 Hz.
The EEG was acquired with a Neuroscan 4.3 (Neurosoft, Inc.,
Sterling, VA, USA) system and analyzed with Neuroscan Edit 4.4
and custom MATLAB scripts built on the open source EEGLAB
(Delorme and Makeig, 2004) and FieldTrip (Oostenveld et al.,
2011) toolboxes.

BEHAVIORAL DATA ANALYSIS
Behavioral performance measures consisted of the percentage
of correctly detected targets (hit rate) and the time needed to
respond correctly to targets (reaction time). Only button-press
responses occurring between 200 and 1000 ms after target onset
were considered correct responses.

EEG DATA ANALYSIS
Electroencephalography data sets from each participant were cor-
rected for eye-movements using regression analysis as imple-
mented in Neuroscan Edit 4.4 (Semlitsch et al., 1986) Continuous
EEG data from all channels were subsequently segmented into
epochs ranging from 4 s before target stimulus onset to 4 s after
onset. The extended length of the epochs was necessary in order
to perform the time–frequency analyses. EEG epochs associated
with incorrect behavioral responses and responses occurring faster
than 200 ms or slower than 1000 ms after target onset and con-
taining amplitudes exceeding ±100 μV at any scalp electrode were
excluded. Finally, epochs containing abnormally distributed data
(i.e., joint probability or kurtosis >5 SD from expected mean val-
ues) were rejected. Extended infomax independent component
analysis (ICA) using a weight change <10-7 as stop criterion was
applied to the continuous data of one subject to remove heart rate
artifact (Jung et al., 2000). Independent components representing
heart rate were removed from the EEG data by back-projecting
all but these components. Channel F7 was interpolated on two
subjects and channel FP1 was interpolated on another subject
to remove artifact caused by faulty electrodes. After data pre-
processing, an average of 41 trials for the FR group and 45 trials
for the control group remained for final analysis [F(1,52) = 4.57,
p = 0.037].

Time-domain computations
Baseline correction was implemented by subtracting the average
amplitude computed from the 200-ms interval immediately pre-
ceding the stimulus onset from each epoch. ERPs were obtained
by averaging the baseline corrected EEG epochs for targets of each
participant. After filtering the data with a low-pass 15 Hz filter an
automatic peak detection procedure identified the most positive
peak ranging from 300 to 700 ms to quantify the P3 amplitudes.
A second time window identified the most positive peak ranging
from 150 to 300 ms to quantify the P2 amplitudes1. Both peaks
were identified on electrode channels F3, Fz, F4, C3, Cz, C4, P3,
Pz, and P4 and were then manually checked to ensure correct
selection.

1Based on previous research in adults with schizophrenia our main ERP of interest
was the P3 ERP. Since our data also seemed to show a group difference around the
time of the P2 peak we also quantified group differences in this earlier time window.

Time–frequency computations
Time–frequency analysis was performed using a complex Mor-
let wavelet transform as implemented by the FieldTrip toolbox
for MATLAB. Conceptually, a Morlet wavelet transformation is
related to a windowed short-term Fourier transformation. By
applying the wavelet transform to successive intervals of EEG
data, both temporal and spectral information can be extracted
from the signal. The Morlet wavelet f(t ) is obtained by mul-
tiplying a complex sinusoidal waveform with a Gaussian enve-
lope. The Morlet wavelet is characterized by a center frequency
f0, a temporal SD σt , a center position t c and a width W:

f (t |tc , f0, W ) = ei2π f0t e−(t−tc )
2/2σ 2

t |t −tc | < W , and f is zero oth-
erwise. The Morlet wavelet is simultaneously localized in time (σt )
and frequency (σf). These quantities are related as σt = 1/(2πσf),
therefore an increased temporal specificity of the transform com-
promises spectral specificity, and vice versa. In the time–frequency
literature (see Roach and Mathalon, 2008, for an overview), the
parameters σt and the width W of the wavelet are commonly
expressed in terms of two parameters: c = f0/σf = 2π(σt /T 0) (or
2π multiplied by the number of cycles that fit in the Gaussian
envelope) and m = W /σt , which is the width of the wavelet in
terms of the width of the Gaussian envelope. In this analysis
we used c = 7 (more than one cycle in the Gaussian envelope)
and m = 3 (a wavelet width that is three times the length of the
Gaussian envelope). These values represent an appropriate trade-
off between frequency and time resolution (Roach and Mathalon,
2008).

The Morlet wavelet was convolved with the EEG data at spec-
ified time (tc) and frequency (f0) center points, yielding for each
trial n a wavelet spectrogram WSn(tc, f0); a two dimensional
matrix of complex values. The measure of TP, as a function of
frequency and time relative to stimulus onset, was derived by
taking the squared absolute value of each point in the wavelet
spectrogram and subsequently averaging across trials. We also esti-
mated the PLF, which quantifies phase consistency across trials in
response to the event (Tallon-Baudry et al., 1996). To calculate
PLF, for each trial the complex value of the wavelet spectro-
gram is normalized to unit length and averaged across trials,
taking the absolute value of the product. In mathematical terms:
PLF(tc , f0) = | ∑Nt

n=1 eiϕn(tc ,f0)|/ ∑Nt
n=1 |eiϕn(tc ,f0)|, here Nt is the

number of trials and |. | denotes the absolute value. A PLF of 1
represents complete phase coherence, whereas a value of 0 reflects
a completely random distribution of phases across trials. The
measure of EP was obtained by applying the Morlet wavelet trans-
formation to the averaged ERP calculated using epochs aligned to
the onset of the visual targets.

The time–frequency analysis procedure was applied using a
1300-ms (ranging from −500 ms before to 800 ms after) window
within each epoch, whose location was shifted in steps of 10 ms.
The wavelet’s central frequencies f0 ranged from 1.5 to 60 Hz in
0.5 Hz steps. In order to highlight changes in TP, it was divided
by the mean baseline TPbaseline (the power in the 500-ms pre-
ceding stimulus onset, averaged across trials) and expressed in
decibels, specifically 10 log10 (TP/TPbaseline). Therefore, the color
scale in the TP figures reflects the deviation of the power from
the baseline in decibels at each frequency and time point from
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the stimulus. For each subject, the maximum value of TP, PLF,
and EP was identified during an early (150–300 ms) and a later
(300–700 ms) time window after target onset at electrode loca-
tions F3, Fz, F4, C3, Cz, C4, P3, Pz, and P4. These two analyses
windows were centered on the maxima of the P2 and the P3
peak respectively. Five frequency bands were analyzed: 1.5–3.5 Hz
(delta), 4–8 Hz (theta), 8–16 Hz (alpha), 16–30 Hz (beta), and 30–
50 Hz (gamma). These frequency windows were selected a priori
based on the well know “natural frequencies” that occur in the
brain in response to various cognitive functions (Basar et al.,
2001). For each subject the TP, PLF, and EP mean values were
quantified as the mean value in a window surrounding the TP,
PLF, and EP peak. The window width was specifically tailored to
each frequency band with slower oscillating bands having a larger
window width than faster oscillating ones (i.e., ±95 ms for delta,
±75 ms for theta, ±50 ms for alpha, ±30 ms for beta, and ±20 ms
for gamma).

STATISTICAL ANALYSIS
All statistical analyses were performed using SPSS (SPSS Inc.,
Chicago, IL, USA). In order to cope with the different correlations
between electrode sites (Vasey and Thayer, 1987) individual means
and latencies of EP, PLF, and TP for each frequency band of inter-
est were subjected to a repeated measure multivariate analyses of
variance (MANOVA) with Region (Frontal, Central, Parietal) and
Laterality (Left, Middle, Right) as the within-subjects factors and
Group as the between subjects factor. Follow-up separate ANOVAs
were conducted for each electrode position to examine further the
main effect of group for that electrode position. ERP amplitude
and latency measures were subjected to the same analysis. Cohen’s
d was computed to determine effect sizes if results on individual
electrodes were significant.

RESULTS
PERFORMANCE DATA
Table 2 shows behavioral performance data for both subject
groups. Reaction times to target stimuli did not differ between
groups [F(1,52) = 0.87, p = 0.356] but subjects with a FR for
schizophrenia had a significant lower hit rate to target stimuli
[F(1,52) = 8.90, p = 0.004] than the HC group.

TIME-DOMAIN DATA
Figure 1 depicts the ERPs to target stimuli at electrodes F3, Fz, F4,
C3, Cz, C4, P3, Pz, and P4 for both groups.

Table 2 | Means and SD (in parentheses) of behavioral performance

data.

Group Reaction time Hit rate

HC 521 (81) 97(4)*

FR 543 (99) 91(10)

HC, healthy control; FR, familial risk. Reaction time is given in milliseconds after

stimulus presentation. Hit rate is given in percent correct.

*Bold numberings denote significant group difference with p < 0.05.

P2
P2 peak amplitude was larger at the central and parietal electrode
locations than at the frontal electrode locations [F(2,51) = 10.81,
p < 0.001], and was larger at the midline electrode loca-
tions than at the lateral electrode locations [F(2,51) = 7.68,
p = 0.001] for both groups. Post hoc analyses revealed that
P2 amplitude was significantly smaller in the FR group than
in the HC group on electrode locations: F3 [F(1,52) = 5.42,
p = 0.024; d = 0.65], Fz [F(1,52) = 4.67, p = 0.035; d = 0.60],
F4 [F(1,52) = 5.83, p = 0.020; d = 0.67], C3 [F(1,52) = 5.89,
p = 0.019; d = 0.68], C4 [F(1,52) = 4.73, p = 0.034; d = 0.61],
Cz [F(1,52) = 4.58, p = 0.037; d = 0.60], P3 [F(1,52) = 5.59,
p = 0.022; d = 0.66], and Pz [F(1,52) = 5.65, p = 0.021; d = 0.66].
There were no group effects observed for P2 latency at these
electrode locations.

P3
The P3 amplitude showed the characteristic scalp distribution with
a parietal maximum [F(2,51) = 86.04, p < 0.001] and midline
amplitudes being larger than lateral amplitudes [F(2,51) = 12.40,
p < 0.001] for both groups (e.g., Duncan-Johnson and Donchin,
1977). Post hoc analyses showed that the P3 amplitude was larger
in the HC group than in the FR group for the parietal elec-
trode locations only: P3 [F(1,52) = 4.68, p < 0.035; d = 0.60],
Pz [F(1,52) = 4.40, p < 0.041; d = 0.59], P4 [F(1,52) = 5.32,
p = 0.025; d = 0.64]. No differences in P3 latency were observed.
Means and SD of the P2 and the P3 amplitude and latency for nine
electrode channels are listed in Table A1 in Appendix.

FIGURE 1 | Grand-average event-related potentials to targets (15 Hz

low-pass filtered) for the healthy control (HC) and familial risk (FR)

groups for electrodes F3, Fz, F4, C3, Cz, C4, P3, Pz, and P4. Amplitude is
indicated on the y -axis and ranges from +20 to −10 μV (positive plotted
upward). Time is indicated on the x -axis and ranges from −0.2 to 0.8 s.
Target onset is at time = 0 s.
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TIME–FREQUENCY DATA
Figures 2–4 depict group comparisons of EP, PLF, and TP for
both groups. Since group differences in EP, PLF, and TP were most
prominent in the lower frequency ranges we restricted our statisti-
cal analyses to the delta, theta and alpha frequency ranges. Means
and latencies for the EP, PLF, and TP peaks for the early (150–
300 ms) and late (300–700 ms) time windows were assessed across
delta, theta, and alpha frequency bands at nine electrode positions
are listed in Tables A2 and A3 in Appendix.

Evoked Power
Figure 2 shows EP plots for nine electrode locations for both
groups. Group differences in EP values were observed in the
theta frequency range only. For both groups EPtheta in the
early time window was largest at the central electrode loca-
tions [F(2,51) = 10.50, p < 0.001] and was larger at the midline
electrode positions compared to the lateral electrode positions
[F(2,51) = 90.57, p < 0.001]. Post hoc analyses showed that com-
pared to the HC group EPtheta was significantly reduced in the FR
group on electrode position Pz only [F(1,52) = 5.27, p = 0.026;
d = 0.64]. EPtheta in the later time window was also largest at
the central electrode locations [F(2,51) = 11.98, p < 0.001] and
was larger at the midline electrode position compared to the
lateral electrode locations [F(2,51) = 95.10, p < 0.001]. Post hoc
analyses showed that compared to the HC group EPtheta was sig-
nificantly reduced in the FR group on electrode position Pz only
[F(1,52) = 4.98, p = 0.030; d = 0.62]. There were no group dif-
ferences in EPtheta peak latency during the early time window
but during the later time window EPtheta peaked slightly earlier
in the HC group than in the FR group on electrode positions
Cz [F(1,52) = 4.43, p = 0.040; d = −0.57] and Pz [F(1,52) = 4.20,
p = 0.045; d = −0.58].

Phase-Locking Factor
Figure 3 shows PLF plots for nine electrode locations for both
groups. Group differences in PLF values were also confined to
the theta frequency range. For both groups PLFtheta during the
earlier time window was largest across the central electrode loca-
tions [F(2,51) = 35.02, p < 0.001] and was smaller at the left
electrode locations compared to the central and right electrode
locations [F(2,51) = 21.95, p < 0.001]. Post hoc analyses showed
that PLFtheta during the early time window was significantly
smaller in the FR group than in the HC group on electrode loca-
tions F3 [F(1,52) = 4.47, p = 0.039; d = 0.59], Fz [F(1,52) = 4.58,
p = 0.037; d = 0.60], F4 [F(1,52) = 5.38, p = 0.024; d = 0.65],
C3 [F(1,52) = 4.72, p = 0.034; d = 0.61], Cz [F(1,52) = 6.27,
p = 0.015; d = 0.70], and C4 [F(1,52) = 4.67, p = 0.035; d = 0.60].
PLFtheta during the later time window was also largest at the
central electrode locations [F(2,51) = 23.89, p < 0.001] and was
smaller at the left electrode locations compared to the cen-
tral and right electrode locations [F(2,51) = 9.58, p < 0.001] for
both groups. Post hoc analyses showed that PLFtheta during the
later time window was significantly smaller in the FR group
than in the HC group on electrode locations F3 [F(1,52) = 4.16,
p = 0.046; d = 0.57], Fz [F(1,52) = 5.29, p = 0.025; d = 0.64],
F4 [F(1,52) = 7.04, p = 0.011; d = 0.74], C3 [F(1,52) = 4.03,

p = 0.050; d = 0.56], and Cz [F(1,52) = 5.55, p = 0.022; d = 0.66].
There were no group effects observed for PLFtheta latency at
these electrode locations during either the early or the later time
window.

Total Power
Figure 4 shows TP plots for nine electrode locations for both
groups. Group differences in TP values were observed in the
alpha frequency range only. For both groups TPalpha during
the early time window was most negative (i.e., reduced com-
pared to baseline activity) at the parietal electrode locations
[F(2,51) = 22.76, p < 0.001] and was more negative at the left
and right electrode positions compared to the midline elec-
trode positions [F(2,51) = 9.59, p < 0.001]. Post hoc analyses
showed that TPalpha in the earlier time window was signifi-
cantly less negative in the FR group than in the HC group on
electrode positions P3 [F(1,52) = 7.08, p = 0.010; d = −0.74], Pz
[F(1,52) = 7.01, p = 0.11; d = −0.74], and P4 [F(1,52) = 5.59,
p = 0.022; d = −0.66]. TPalpha during the later time window was
also most negative (i.e., reduced compared to baseline activity) at
the parietal electrode locations [F(2,51) = 90.91, p < 0.001] and
more negative at the left and right electrode positions than at the
midline electrode positions [F(2,51) = 3.99, p = 0.021] for both
groups. Post hoc analyses showed that TPalpha in the later time win-
dow was significantly less negative in the FR group than in the HC
group on electrode position Pz only [F(1,52) = 5.07, p = 0.029;
d = −63]. There were no group effects observed for TPalpha peak
latency at these electrode locations during either the early or the
later time window.

ADDITIONAL ANALYSES
In order to determine if there was a relationship between clini-
cal variables and the electrophysiological measures, we computed
correlations between the SOPS scores (positive, negative, organiza-
tional, and general scales) and the P2, P3, EP, PLF, and TP peaks for
the delta, theta and alpha frequency bands for both groups. How-
ever, none of these correlations were significant below a p-level of
0.01.

To differentiate the effects of comorbidity in the FR group,
all analyses were also conducted on a subgroup that had no
other psychopathologies. In spite of the fact that the remain-
ing FR group was small (N = 10) our most important result
remained stable. That is, PLF in the theta frequency range was
still significantly smaller across the majority of the frontal and
central electrode positions during both the early time window:
F3 [F(1,38) = 3.22, p = 0.080], Fz [F(1,38) = 4.13, p = 0.049], F4
[F(1,38) = 4.78, p = 0.035], C3 [F(1,38) = 4.58, p = 0.039], Cz
[F(1,38) = 4.85, p = 0.034] and C4 [F(1,38) = 4.43, p = 0.042]
and the later time window: F3 [F(1,38) = 2.97, p = 0.093], Fz
[F(1,38) = 4.00, p = 0.053], F4 [F(1,38) = 6.30, p = 0.016], C3
[F(1,38) = 4.30, p = 0.045], Cz [F(1,38) = 4.21, p = 0.047] and C4
[F(1,38) = 4.71, p = 0.036].

DISCUSSION
The aim of this study was to examine whether neurophysiolog-
ical response patterns associated with executive processing in a
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FIGURE 2 | Grand-average evoked power (EP) time–frequency

transformations for healthy control (HC) and familial risk (FR) groups

at electrodes F3, Fz, F4, C3, Cz, C4, P3, Pz, and P4. EEG frequency is
indicated on the y -axis for all panels ranging from 1.5 Hz to 16 Hz. Time is

indicated on the x -axis and ranges from −0.5 to 0.8 s. Target onset is at
time = 0.0 s. EP value is indicated on the far right and ranges from 0 to
12000. Greater EP values with respect to target onset are shown in warm
colors.
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FIGURE 3 | Grand-average phase-locking factor (PLF) time–frequency

transformations for healthy control (HC) and familial risk (FR) groups

at electrodes F3, Fz, F4, C3, Cz, C4, P3, Pz, and P4. EEG frequency is
indicated on the y -axis for all panels ranging from 1.5 Hz to 16 Hz. Time is

indicated on the x -axis and ranges from −0.5 to 0.8 s. Target onset
is at time = 0.0 s. PLF value is indicated on the far right and ranges from
0 to 0.6. Greater PLF values with respect to target onset are shown in
warm colors.
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FIGURE 4 | Grand-average total power time–frequency

transformations for healthy control (HC) and familial risk (FR)

groups at electrodes F3, Fz, F4, C3, Cz, C4, P3, Pz, and P4. EEG
frequency is indicated on the y -axis for all panels ranging from 1.5 Hz to

16 Hz. Time is indicated on the x -axis and ranges from −0.5 to 0.8 s.
Target onset is at time = 0.0 s. TP value is indicated on the far right and
ranges from −4 to 5. Greater TP values with respect to target onset are
shown in warm colors.
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group of adolescents at FR for schizophrenia would differ from
a group of adolescents without such risk. We examined tradi-
tional time-domain measures and wavelet based time–frequency
domain measures of EEG data obtained during target trials in
a visual oddball task. The results demonstrated that adolescents
at FR for schizophrenia process target stimuli in an oddball
task differently from healthy control subjects. The ERP results
showed that the FR group had diminished P2 amplitudes across
the frontal and central electrode locations as well as diminished
P3 amplitudes across the parietal electrode locations compared
to the healthy control (HC) group. Wavelet transformation of
the averaged ERP to target trials showed that EP in the theta
frequency range (4–8 Hz) was significantly reduced in the FR
group at the midline parietal electrode location. Wavelet trans-
formation of the single-trial target data showed that PLF in
the theta frequency range was significantly smaller in the FR
group than in the HC group across central and frontal elec-
trode locations. The single-trial based TP computations did not
show differences between groups in the theta frequency range
but showed differences in the alpha frequency range instead. The
FR group exhibited less of a reduction in alpha TP after target
stimulus occurrence at parietal electrode locations than the HC
group.

Significant group effects were observed in the P2 and P3 ERPs
amplitude measures and in theta range EP and theta range PLF,
but not in theta range TP. This finding suggests that weaker
theta synchronization across target trials in the FR group is dri-
ving the observed differences as opposed to a decrease in the
strength of the theta signal. Scalp topography of theta EP had
a more posterior maximum whereas theta PLF had a more ante-
rior maximum, suggesting that these measures are not reflecting
identical processes. In spite of the fact that both measures are
biased toward phase-locked EEG activity they could be reflec-
tive of a different cognitive and/or different neuroelectric process.
On the other hand, a difference in scalp topography alone is
not sufficient to assume a different neuroelectric source is dri-
ving them. Activity generated by the same neuroelectrical source
could manifest itself on the scalp surface as being different by
means of volume conduction effects. The functional meaning
of the P2 ERP in visual task paradigms is ill-described but has
been related to stimulus categorization processes (e.g., Pernet
et al., 2003), while the P3 ERP has been associated with atten-
tion and memory processes (Donchin and Coles, 1998; Polich
and Herbst, 2000). Both theta PLF and theta EP were reduced
in the FR group in the absence of a reduction in theta TP, sug-
gesting that cortical theta band timing with respect to stimulus
presentation may be impaired and not the production of theta
band activity. Theta band activity after target detection has been
related to processes associated with focused attention and sig-
nal detection (e.g., Basar-Eroglu et al., 1992). Yordanova et al.
(2000) have proposed that theta activity is related to cortico-
hippocampal feedback loops related to the evaluation of stimuli
that become activated in case of physical context deviations, which
may lead to a subsequent controlled processing in the frontal
cortex. Abnormal neural synchrony has been associated with aber-
rant neurodevelopmental changes that alter myelination and affect

synchronous brain function. Accordingly, multiple genetic and
environmental factors may interfere with the neurodevelopmen-
tal processes, resulting in a dysregulation of the complemen-
tary changes occurring in gray and white matter. These changes
result in insufficient capacity to maintain temporal synchrony of
widely distributed neural networks (Bartzokis, 2002). More recent
studies have further demonstrated that a core deficit in fronto-
temporal connectivity may indeed be associated with abnormal
theta band synchronization in schizophrenia (Sigurdsson et al.,
2010). Hence the smaller P2 and P3 amplitude and reduced theta
activity observed in the FR group may be indicative of impaired
stimulus categorization and/or attention allocation processes in
this group and may reflect neurodevelopmental abnormalities in
fronto-temporal connectivity.

It remains to be determined if abnormalities in fronto-temporal
connectivity is really the cause of our observed findings, but our
results are not in disagreement with such an account. If there
is a malfunction in the feedback loop between frontal and hip-
pocampal brain areas, a reduction in theta band inter-trial phase
synchrony such as we reported here may be expected. The obser-
vation that alpha TP after target onset was reduced less in the
FR group than in the HC group is not necessarily inconsistent
with the observation of reduced theta findings. A reduction in
alpha TP might actually be indicative of an increase in activa-
tion of the underlying neural sources. Since our task required
visual attention to target stimuli it can be expected that cor-
tical areas involved in the processing of visual stimuli should
become more active after a visual stimulus is being presented.
TP reductions in the alpha frequency range were progressively
larger at electrode positions close to the visual cortex than at
electrodes farther removed from it. The HC group might be
better able to allocate their attention to the visual target stimu-
lus and hence alpha activity was more suppressed in the short
period that follows stimulus presentation in this group than it
was in the FR group. This effect was primarily observed for the
alpha TP measure and not for the alpha EP or PLF measures
suggesting that it is the strength of the alpha activity, not its tim-
ing that is diminished in response to the occurrence of a visual
stimulus.

The present results are in line with previous findings demon-
strating that patients with full blown schizophrenia show reduced
P3 amplitudes as well as reduced low-frequency EEG activity
during target processing in oddball tasks compared to healthy
control groups (e.g., Roschke and Fell, 1997; Ergen et al., 2008;
Ford et al., 2008; Doege et al., 2009). Our findings extend these
observations to adolescents at FR for schizophrenia and there-
fore hold promise to unfold the pathophysiology of the illness.
It is important to acknowledge some limitations to the present
study. First, group sizes were relatively small, and the findings
require replication in larger subject samples before firm conclu-
sions can be drawn. Second, the results might be compromised
by confounding comorbid disorders. Finally, this cross-sectional
study does not address the predictive value of the observed find-
ings for illness onset in populations at FR for psychotic illness.
Longitudinal follow-up will determine the true predictive value of
our findings.
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APPENDIX

Table A1 | Means and SD (in parentheses) for ERP measures at nine electrode locations.

Electrode position Group P2 amplitude P2 latency P3 amplitude P3 latency

F3 HC 5.15(4.40)* 218(11) 2.61(4.68) 575(163)

FR 2.73(2.86) 217(17) 2.22(4.54) 546(154)

Fz HC 5.64(4.99) 216(11) 1.95(5.14) 564(156)

FR 3.07(3.32) 216(13) 1.97(4.80) 526(152)

F4 HC 5.59(4.66) 217(11) 3.12(4.70) 565(155)

FR 2.88(3.28) 215(13) 2.63(4.08) 543(142)

C3 HC 6.29(4.04) 218(10) 8.34(5.91) 480(130)

FR 3.76(3.50) 219(16) 6.21(5.14) 495(117)

Cz HC 8.25(4.98) 216(10) 10.42(6.98) 487(126)

FR 5.51(4.28) 218(13) 8.46(5.49) 489(118)

C4 HC 6.83(4.01) 217(10) 10.27(5.98) 482(112)

FR 4.67(3.09) 220(13) 8.32(4.92) 489(123)

P3 HC 7.43(4.94) 237(23) 16.45(7.42) 437(47)

FR 4.40(4.35) 235(25) 12.24(6.71) 451(67)

Pz HC 8.15(5.06) 231(17) 19.39(8.73) 429(35)

FR 5.04(4.39) 225(13) 14.70(7.40) 444(64)

P4 HC 7.74(4.80) 236(22) 16.71(7.29) 430(32)

FR 5.85(3.80) 237(25) 12.51(5.72) 451(64)

HC, healthy control; FR, familial risk.

*Bold numberings denote significant group difference with p < 0.05.

Table A2 | Means and SD (in parentheses) for time–frequency decomposition measures. Time range 150–300 ms.

TF Pos Grp Frequency band

Delta Theta Alpha

Value Latency Value Latency Value Latency

EP F3 HC 8301(3434) 282(48) 4862(2039) 263(37) 1658(823) 203(62)

FR 7775(3257) 297(14) 4601(3190) 268(50) 1572(1884) 219(61)

Fz HC 8958(3341) 294(28) 6193(2593) 269(37) 1780(818) 216(66)

FR 8160(3673) 300(0) 5750(3983) 267(52) 1695(1917) 217(61)

F4 HC 7164(2762) 292(31) 4611(1870) 260(39) 1465(676) 218(66)

FR 6721(3300) 294(31) 4180(2833) 259(53) 1395(1453) 216(59)

C3 HC 8132(3176) 295(27) 5654(2481) 267(40) 2234(1381) 198(62)

FR 7502(3459) 295(20) 4691(3136) 259(53) 2124(2333) 225(57)

Cz HC 11000(4237) 295(27) 8604(3674) 266(42) 2542(1380) 211(63)

FR 9751(4383) 299(6) 6580(4123) 269(48) 2256(2251) 232(59)

C4 HC 7560(3173) 295(27) 5593(2731) 263(41) 2152(1717) 215(62)

FR 6857(3338) 296(18) 4502(2865) 264(42) 1867(1838) 243(48)

P3 HC 10226(4459) 286(40) 5518(3219) 268(44) 2789(1978) 169(42)

FR 8396(4332) 294(31) 4114(2804) 283(27) 2444(2478) 207(53)

Pz HC 11952(5111) 289(35) 6885(3935)* 266(47) 3305(2477) 183(51)

FR 9917(5196) 288(42) 4665(2939) 281(35) 2538(2417) 214(55)

P4 HC 8662(3687) 286(41) 4918(3361) 269(46) 2426(2124) 185(53)

FR 7823(4346) 280(48) 3830(2589) 278(40) 2066(1888) 215(58)

(Continued)
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Table A2 | Continued

TF Pos Grp Frequency band

Delta Theta Alpha

Value Latency Value Latency Value Latency

PLF F3 HC 0.3416(0.099) 249(66) 0.5152(0.110) 184(40) 0.2842(0.083) 207(58)

FR 0.3388(0.068) 280(48) 0.4531(0.103) 171(24) 0.2565(0.098) 215(65)

Fz HC 0.3506(0.089) 248(63) 0.5312(0.111) 182(38) 0.2888(0.088) 212(58)

FR 0.3546(0.065) 288(35) 0.4675(0.105) 168(22) 0.2644(0.096) 200(54)

F4 HC 0.3635(0.106) 262(56) 0.5479(0.115) 182(35) 0.2883(0.089) 197(52)

FR 0.3493(0.082) 280(41) 0.4768(0.107) 167(21) 0.2697(0.099) 207(55)

C3 HC 0.3411(0.111) 294(23) 0.5243(0.093) 207(45) 0.2655(0.075) 208(57)

FR 0.3302(0.098) 289(27) 0.4611(0.119) 209(44) 0.2574(0.096) 208(60)

Cz HC 0.3403(0.113) 275(51) 0.5503(0.093) 192(32) 0.2700(0.080) 213(59)

FR 0.3419(0.091) 289(29) 0.4818(0.107) 180(36) 0.2698(0.077) 195(50)

C4 HC 0.3461(0.117) 287(40) 0.5641(0.090) 201(38) 0.2775(0.072) 217(55)

FR 0.3511(0.101) 295(24) 0.5050(0.110) 193(31) 0.2717(0.091) 200(55)

P3 HC 0.4097(0.116) 294(24) 0.4304(0.098) 238(53) 0.2535(0.079) 216(49)

FR 0.3874(0.116) 285(42) 0.4287(0.105) 230(39) 0.2565(0.094) 199(51)

Pz HC 0.4265(0.129) 293(29) 0.4542(0.105) 241(49) 0.2484(0.068) 219(55)

FR 0.4134(0.105) 298(6) 0.4516(0.111) 211(38) 0.2703(0.104) 212(58)

P4 HC 0.4217(0.108) 292(31) 0.4511(0.112) 239(48) 0.2717(0.074) 222(58)

FR 0.3915(0.107) 290(29) 0.4461(0.109) 237(40) 0.2735(0.117) 220(59)

TP F3 HC 0.89(0.70) 295(27) 2.52(1.28) 262(36) 0.34(1.13) 232(61)

FR 1.01(0.78) 279(51) 2.24(1.51) 268(50) 0.42(1.26) 225(61)

Fz HC 1.10(0.65) 299(5) 2.98(1.28) 269(37) 0.54(1.25) 236(67)

FR 1.19(0.71) 294(3) 2.68(1.71) 274(45) 0.67(1.44) 213(60)

F4 HC 1.01(0.65) 297(18) 2.93(1.26) 259(39) 0.51(1.33) 241(64)

FR 1.01(0.75) 283(46) 2.41(1.63) 266(47) 0.56(1.27) 233(60)

C3 HC 0.89(0.75) 295(27) 2.74(1.37) 267(40) 0.16(1.15) 239(64)

FR 0.97(0.79) 283(44) 2.40(1.36) 259(53) 0.39(1.10) 248(62)

Cz HC 1.13(0.74) 300(0) 3.37(1.45) 266(42) 0.56(1.40) 235(65)

FR 1.16(0.86) 286(42) 2.95(1.52) 274(41) 0.80(1.43) 243(53)

C4 HC 1.08(0.73) 297(16) 3.21(1.42) 263(41) 0.39(1.33) 233(66)

FR 1.07(0.73) 283(46) 2.87(1.55) 259(44) 0.58(1.09) 235(41)

P3 HC 1.14(0.77) 291(31) 2.09(1.20) 273(38) −1.18(1.61) 272(56)

FR 1.07(0.81) 294(31) 1.96(1.30) 281(36) −0.15(1.14) 259(51)

Pz HC 1.35(0.83) 295(22) 2.42(1.38) 266(47) −0.87(1.68) 267(51)

FR 1.23(0.94) 294(29) 2.45(1.53) 283(29) 0.22(1.26) 237(58)

P4 HC 1.19(0.71) 291(32) 2.33(1.38) 269(47) −1.15(1.66) 273(43)

FR 0.96(0.91) 292(32) 2.28(1.61) 273(48) −0.11(1.54) 249(54)

TF, time–frequency measure; Pos, electrode position; Grp, group; EP, evoked power; PLF, phase-locking factor; TP, total power; HC, healthy control; FR, familial risk.

*Bold numberings denote significant group difference with p < 0.05.
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Table A3 | Means and SD (in parentheses) for time–frequency decomposition measures. Time range 300–700 ms.

TF Pos Grp Frequency band

Delta Theta Alpha

Value Latency Value Latency Value Latency

EP F3 HC 8859(3898) 493(126) 4798(2035) 313(42) 1636(1083) 439(187)

FR 8543(3617) 558(110) 4485(2796) 353(100) 1437(1385) 404(155)

Fz HC 9657(3781) 510(111) 6195(2703) 333(85) 1812(1209) 393(159)

FR 8960(3981) 545(93) 5662(3613) 357(89) 1588(1560) 413(153)

F4 HC 7516(2844) 471(111) 4526(1849) 310(40) 1393(734) 366(133)

FR 7341(4105) 523(113) 4032(2518) 343(80) 1283(1225) 398(137)

C3 HC 8522(3386) 477(109) 5510(2362) 310(25) 1942(1177) 328(99)

FR 8075(3716) 502(110) 4548(2910) 331(63) 1844(1793) 358(126)

Cz HC 11573(4657) 460(84) 8413(3585) 308(14) 2304(1211) 344(121)

FR 10415(4614) 493(95) 6429(3782) 328(50) 1987(1725) 314(40)

C4 HC 7927(3358) 447(85) 5460(2609) 305(9) 1925(1447) 350(121)

FR 7195(3459) 474(98) 4370(2636) 312(25) 1833(1860) 317(35)

P3 HC 10466(4551) 409(91) 5338(2898) 316(28) 2233(1633) 352(136)

FR 8735(4462) 453(100) 4104(2707) 344(75) 2130(2258) 302(6)

Pz HC 12286(5272) 413(82) 6592(3454)* 313(22) 2664(1978) 328(101)

FR 10328(5461) 438(87) 4649(2797) 335(53) 2293(2292) 301(4)

P4 HC 8919(3776) 412(98) 4713(2803) 315(25) 1906(1527) 347(122)

FR 8040(4397) 414(99) 3772(2407) 334(45) 1876(1748) 306(18)

PLF F3 HC 0.3754(0.086) 546(164) 0.4486(0.102) 355(138) 0.2688(0.057) 519(183)

FR 0.3914(0.080) 612(130) 0.3935(0.093) 331(104) 0.2608(0.067) 524(174)

Fz HC 0.3895(0.080) 588(139) 0.4620(0.104) 338(115) 0.2734(0.056) 489(178)

FR 0.4175(0.069) 626(92) 0.3990(0.095) 373(148) 0.2558(0.078) 556(152)

F4 HC 0.4013(0.094) 536(168) 0.4803(0.103) 341(122) 0.2802(0.053) 517(181)

FR 0.4160(0.080) 628(76) 0.4076(0.096) 317(82) 0.2610(0.079) 523(167)

C3 HC 0.3949(0.106) 616(101) 0.4808(0.082) 320(74) 0.2666(0.073) 511(172)

FR 0.3888(0.104) 604(101) 0.4285(0.110) 364(130) 0.2685(0.071) 530(167)

Cz HC 0.3897(0.109) 583(143) 0.4965(0.091) 316(74) 0.2752(0.076) 543(166)

FR 0.3936(0.100) 583(111) 0.4340(0.103) 331(102) 0.2644(0.067) 540(160)

C4 HC 0.4008(0.112) 611(108) 0.5153(0.084) 318(76) 0.2936(0.081) 512(182)

FR 0.4075(0.101) 589(107) 0.4640(0.106) 318(74) 0.2751(0.084) 533(179)

P3 HC 0.4399(0.112) 504(105) 0.4202(0.088) 354(113) 0.2659(0.064) 496(183)

FR 0.4188(0.119) 530(98) 0.4192(0.100) 359(115) 0.2485(0.086) 530(162)

Pz HC 0.4599(0.122) 540(97) 0.4409(0.095) 336(103) 0.2640(0.067) 531(173)

FR 0.4380(0.107) 538(80) 0.4363(0.108) 355(112) 0.2582(0.067) 519(182)

P4 HC 0.4511(0.106) 503(97) 0.4434(0.099) 341(101) 0.2840(0.055) 534(181)

FR 0.4194(0.1059) 514(115) 0.4291(0.105) 350(109) 0.2644(0.077) 545(165)

TP F3 HC 1.05(1.03) 555(119) 2.13(1.93) 366(140) −0.95(2.16) 553(136)

FR 1.46(0.89) 557(107) 1.98(2.03) 393(139) −0.56(1.88) 533(160)

Fz HC 1.33(0.99) 549(101) 2.83(1.65) 346(108) −0.92(2.28) 564(150)

FR 1.61(0.91) 544(90) 2.51(2.26) 390(129) −0.27(2.09) 525(171)

F4 HC 1.18(0.87) 486(114) 2.59(1.88) 346(108) −0.85(2.31) 518(160)

FR 1.33(0.99) 521(113) 1.74(2.67) 409(153) −0.87(1.84) 572(150)

C3 HC 1.03(0.98) 504(112) 2.15(2.31) 362(133) −2.77(2.29) 593(122)

FR 1.26(0.96) 530(112) 1.57(2.51) 414(162) −2.25(2.38) 572(137)

Cz HC 1.29(0.99) 473(87) 3.02(2.14) 335(101) −1.85(2.71) 542(149)

FR 1.47(0.95) 491(94) 2.15(2.78) 394(148) −1.25(2.44) 526(166)

(Continued)
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Table A3 | Continued

TF Pos Grp Frequency band

Delta Theta Alpha

Value Latency Value Latency Value Latency

C4 HC 1.21(1.01) 485(103) 2.61(2.56) 358(137) −2.75(2.62) 589(135)

FR 1.24(0.93) 510(116) 2.15(2.78) 377(149) −2.44(2.17) 597(135)

P3 HC 1.10(1.08) 475(127) 0.80(2.79) 444(179) −4.18(1.99) 607(80)

FR 1.18(1.01) 506(126) 0.78(2.77) 488(182) −3.56(1.87) 604(80)

Pz HC 1.34(1.14) 474(124) 1.05(3.19) 439(175) −4.58(2.06) 614(71)

FR 1.32(1.19) 494(120) 1.75(2.72) 413(157) −3.37(1.82) 608(95)

P4 HC 1.21(1.02) 463(128) 1.30(2.98) 432(175) −3.94(2.19) 594(101)

FR 1.01(1.17) 482(130) 1.23(2.98) 444(168) −3.06(2.45) 612(117)

TF, time–frequency measure; Pos, electrode position; Grp, group; EP, evoked power; PLF, phase-locking factor; TP, total power; HC, healthy control; FR, familial risk.

*Bold numberings denote significant group difference with p < 0.05.
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of interdisciplinary research projects that 
crossed the natural and social sciences. These 
interviews all occurred within the United 
Kingdom. Their purpose was to explore the 
ways in which researchers with different 
disciplinary backgrounds approached the 
framing of interdisciplinary questions. They 
pointed out that “the differences in research 
cultures and established habits implied very 
different starting points for the initiation of 
a research idea” making the case for framing 
as a tool to facilitate these differences from 
becoming problematic. This paper built 
upon their 2006 research and concluded 
successful projects were able to maintain 
strong communication over the life time 
of a project and that self-awareness, and a 
willingness to be questioned by others was 
essential components for team building. 
They emphasized the need to relate different 
epistemologies and methods not president 
in disciplinary focused projects to support 
an expanded approach to understanding 
how people work well together if research 
teams are to be strong.

Sa (2008) points out that interdiscipli-
nary strategies in U. S. research universi-
ties, emphasized the need for universities to 
change their current structures by reducing 
barriers to investigations where research 
crosses disciplines. He looked at the two 
recent reports from the National Academy 
of Sciences (2005) and the Association 
of American Universities (2005) on how 
universities can facilitate interdisciplinary 
research. Innovation calls for new pathways 
to be opened; engaging scholars with each 
other so that “leaps in scientific progress can 
be made and greater economic and social 
benefits to society” can occur. In his paper 
he speaks to the ongoing conflict between 
traditional disciplinary approaches that 
lead to a continuum of fragmentation of 
knowledge and the formation of depart-
ment silos as opposed to centers and 
research units fostering collaboration. To 

Health Clinical Translational Science Award 
(CTSA) initiative has increased funding 
opportunities in support of translational 
research efforts.

Although there is increased interest and 
support for interdisciplinarity to occur, it is 
not without problems. As Lee et al. (2009) 
suggest, scientists are often unwilling to 
share and trust each other in today’s highly 
competitive funding world. To help deal 
with these types of issues, the University of 
North Carolina at Chapel Hill has estab-
lished a formal publication and data shar-
ing policy in support of eliminating barriers 
often associated with collaborative efforts. 
An unwillingness to adapt research tools 
that are unfamiliar adds to the difficulty of 
utilizing necessary core technologies (Hara 
et al., 2003). Team members are frequently 
hampered by distance and unless a strong 
infrastructure is in place there is often a day 
to day communication disconnect allowing 
for disparate systems to dictate workflow 
rather than having a synergistic approach 
(Gibbons et al., 1994).

To assure the success of interdisciplinary/
translational research requires agencies and 
foundations to provide a strong funding 
base making it possible for a research team 
to tackle such problems (Jeffery, 2003). 
In addition, training opportunities must 
be provided by the large federal agencies 
such as The National Institutes of Health 
Roadmap (NIH; www.roadmap.nih.gov) 
and The National Science Foundation 
(NSF) to increase institutional understand-
ing and to ensure output of experts trained 
in appropriate methodologies.

Bracken and Oughton’s (2009) paper 
on interdisciplinary research made a case 
for framing and reframing questions and 
approaches. They highlighted the changing 
climate on research funding as an impe-
tus for the expansion of interdisciplinary 
approaches. They provided data from 12 
semi-structured interviews with leaders 

In today’s complex funding world, research-
ers, especially biomedical researchers, are 
looking toward solving societal problems 
using powerful new technologies. Exploring 
problems and questions not confined to a 
single discipline has set the environment to 
support collaborative approaches leading 
to interdisciplinary solutions (Drake and 
Donohue, 1996). Multidisciplinary teams 
have always provided unique opportunities 
for researchers across disciplines to com-
municate with one another (Gray, 1989). 
Interdisciplinary approaches set the stage 
for innovation by uniting together to cre-
ate new tools, develop new disciplines and 
ultimately open new avenues of research.

While multidisciplinary research brings 
disciplines together, interdisciplinary 
research cuts across the disciplines and fos-
ters the integration of ideas. Lee et al. (2009) 
paper, look at incorporating collaborator 
concepts into informatics in support of 
translational interdisciplinary biomedical 
research. They discuss the complexities of 
taking this approach to doing research and 
look into the environmental factors needing 
to be in place to support complex collabo-
rations (i.e., data integration and analysis, 
data sharing, management, and security. In 
addition, they discuss the need for appro-
priate training and long-term planning 
as necessary factors to achieving success. 
Increasing support at the institutional level 
begins the process of shattering the tower 
of babble.

As interdisciplinary projects gain recog-
nition and visibility through publications 
in major journals (e.g., Science, Nature) 
because they often offer novel approaches to 
traditional problems, federal agencies have 
increased funding opportunities for inter-
disciplinary research through the creation 
of centers of excellence and the encourage-
ment of building consortia in anticipation 
for translational research (Finholt and 
Olson, 1997). The National Institutes of 
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address this type of fragmentation and 
to help create linkages throughout the 
campus, the University of North Carolina 
at Chapel Hill, developed an Office of 
Research Development in 1996. The pur-
pose of this new program was to establish 
a pan-university unit that could fill the role 
of an academic “think tank.” The goal of the 
office was to set an environment for schol-
ars to engage with each other using entre-
preneurial “out of the box” approaches in 
building multi/interdisciplinary research 
across the campus. The Unit was placed 
within the Office of the Vice Chancellor 
for Research and Economic Development 
to assure it would be seen as being neutral, 
not associated with any specific college. The 
Office of Research Development is now in 
its 17th year and is viewed as being highly 
successful in facilitating research develop-
ment within the University and in build-
ing partnerships externally while placing an 
emphasis on translational research.

The funding of translational projects 
whose goals include collaborations with 
communities and industry, having shared 
resources and equipment, and ultimately 
leading to the effective dissemination of 
new knowledge and discovery is impor-
tant. To achieve this, it is essential that 
inter-departmental and inter-college col-
laborations become institutionalized (e.g., 
educational plans, faculty reward and rec-
ognition, and funding support). He points 
out that as science becomes more expen-
sive, interdisciplinary research is one way to 
rationalize institutional resources and deal 
with the ongoing pressure to enhance the 
academic research enterprise. Establishing 
a paradigm shift in academia must insure 
respect for scholars to operate within their 
own cultures. “One size fits all” is a fail-
ing approach to building interdisciplinary 
research structures. Sa’s (2008) paper pro-
vides an identification of organizational 
strategies that foster the interdisciplinary 
environment while looking at the implica-
tions of changes that occurred.

Pless et al. (2010) reported a case study 
of a consortium model to establish a new 
field. He pointed out the impact of poten-
tially isolated studies being transformed, 
through team interactions, into a coher-
ent body of work. He suggested in his case 
report, team contribution stimulated a pre-
viously underdeveloped field of research 

void of peers or mentors. He also reported 
that as the new field emerged, the group 
members were seen as experts helping them 
to be recognized and promoted within 
their respective institutions. Outcomes 
of their work pointed to improved meas-
ures, new concepts and interventions and 
policy. In their case, problems needing to 
be addressed revolved around group versus 
individual projects, policy analysis versus 
intervention research, and issues relating 
to research and practice. They concluded 
that the longevity of the consortium and 
its endurance required that their research-
ers understood that collaborative thinking 
integrating research enhances collective 
accomplishment. Everyone wins! A similar 
consortium model supported through a 
program project grant from NIDA to the 
University of North Carolina, established a 
multi-disciplinary, multi-institute effort to 
study cocaine effects on maternal behavior 
in humans and animal models. This recently 
funded consortium has led to the establish-
ment of data management and biostatistics 
core facilities within the partner institu-
tions. These cores help foster multidisci-
plinary efforts leading to interdisciplinary 
outcomes through points of convergence 
and interactions across diverse projects. 
These models are excellent examples of 
translational research.

Recommendations from the Pless et al. 
(2010) paper also included the need for 
foundations and government agencies to 
provide support on topics and areas of 
inquiry not popular or not having sustained 
funding priority to open doors for creativity 
and innovation.

Establishing measures of success for 
interdisciplinary research still needs 
addressing. Comparative studies pointing 
to mechanisms providing measures along 
with studies to better understand campus 
cultures and factors that influence faculty 
research behavior are important if posi-
tive change is to occur (Zerhouni, 2005). 
Institutions must take into account that 
targeted resource allocation often com-
municates inequity among faculty whose 
fields are not seen as a priority and find 
positive ways to bridge this gap. True inter-
disciplinary research increases opportu-
nity for collaboration providing a place at 
the table for all disciplines. The 2005 report 
from the National Academy goes into great 

detail of finding legitimate and desirable 
methods to reform campus policies in 
facilitating interdisciplinarity including 
studies that compare the experience tra-
jectories of faculty.

Considering widely different norms for 
evaluation while building consensus, aug-
menting institutional prestige, and address-
ing the needs of students to develop the 
expertise necessary to participate in these 
endeavors is essential.

Interdisciplinary research is a mode of 
research by teams or individuals from two 
or more disciplines or bodies of special-
ized knowledge that integrate informa-
tion, data, techniques, tools, perspectives, 
concepts, and/or theories to advance fun-
damental understanding or to solve prob-
lems whose solutions are beyond the scope 
of a single discipline (National Academy 
of Sciences, 2005 report). Translational 
research is the process of applying ideas, 
insights, and discoveries generated 
through basic scientific inquiry. It is the 
leveraging of these two approaches and 
the integration and the sharing of data 
across disciplines that fosters collaborative 
models. Only with support from funding 
agencies and the restructuring of higher 
educational institutions validating faculty 
involvement can we widen the door for 
new discoveries thus breaking down the 
towers of babble.
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Sex differences are seen in stress responsivity and in the behav-
ioral responses to opioids in rats. Female rats show larger stress 
hormone and behavioral responses to foot shock compared to 
male rats (Beatty and Beatty, 1970; Kosten et al., 2006) and greater 
analgesic responses to various opioids (Craft, 2003). There are also 
sex differences in the reinforcing effects of opioids. In most cases, 
female rats show greater operant self-administration (Lynch and 
Carroll, 1999; Carroll et al., 2002; Cicero et al., 2003) and place 
conditioning effects of opioids (Cicero et al., 2000) although not 
in all cases (Stewart et al., 1996). These sex differences may reflect 
activational or organization effects of gonadal hormones (Kitay, 
1961; Viau and Meaney, 1991; Cicero et al., 2002; McCormick et al., 
2002) and may relate to the higher density or binding of mu-opioid 
receptors in female rats and humans relative to males (Hammer, 
1990; Zubieta et al., 1999).

Mu-opioid receptors are involved with mother–infant attach-
ment (Nelson and Panksepp, 1998). Administration of morphine or 
other opioid agonists reduces the rat pups’ ultrasonic vocalizations 
(USV; Kehoe and Blass, 1986; Carden et al., 1991) provoked by iso-
lation from the dam and decrease vocalizations of the infant non-
human primate after separation from its mother (Kalin et al., 1988). 
Although this neuropharmacological relationship was called into 
question (Winslow and Insel, 1991), recent molecular genetic work 

Introduction
Males and females differ in incidences of several behavioral disor-
ders. Autism, antisocial personality and addictive disorders are more 
common in men, whereas depressive and anxiety disorders are more 
common in women (Fombonne, 2003; Grant et al., 2009; Vigod and 
Stewart, 2009). Although alcoholism and drug addiction are more 
common in men, women progress more quickly from initial use to 
abuse and dependence (Greenfield et al., 2010). Further, women 
are just as likely as men to use or abuse prescription opiate drugs 
(McCabe et al., 2005). In addition, stress exposure, that can precipi-
tate behavioral disorders (Sinha, 2001; Caspi et al., 2003), has greater 
effects in women than men (Kudielka and Kirschbaum, 2005).

Stress exposure activates the hypothalamic–pituitary–adrenal 
(HPA) axis. A cascade of events occurs in which corticotrophin-
releasing factor release from the paraventricular nucleus of the 
hypothalamus stimulates the pituitary to cleave proopiomelano-
cortin into adrenocorticotropic hormone (ACTH) and the endog-
enous opioid, beta-endorphin as well as other peptides. ACTH is 
released into the blood stream causing secretion of the glucocor-
ticoid, corticosterone, from the adrenal cortex (Rivier and Plotsky, 
1986; Dunn and Berridge, 1990). Beta-endorphins interact with 
opioid receptors, particularly mu-type receptors, both centrally 
and in the periphery.

Litter gender composition and sex affect maternal behavior 
and DNA methylation levels of the Oprm1 gene in rat offspring
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The mu-opioid receptor is encoded by the Oprm1 gene and contributes to mother–infant 
behaviors. Rodent dams lick male pups more than female pups in the anogenital region. This 
behavior is linked to stress responsivity in the offspring that may be mediated by epigenetic 
changes. We hypothesized that maternal behavior may affect DNA methylation levels of the 
Oprm1 gene and show sex differences. To further explore sex differences in mother–pup 
behaviors and DNA methylation levels, we altered the litter gender composition (LGC) of rats. 
Litters were culled to eight all male, all female, or four male/four female pups on postnatal 
(PN) day 1. On PN4, 7, and 10, a dam was placed in a test cage with a pup for a 10-min period. 
Latency to pup contact was determined as were times spent licking the anogenital and other 
body regions of the pup. Frequencies of other behaviors were tabulated. On PN35, samples 
from various brain regions were obtained. DNA methylation at specific CpG sites in the Oprm1 
promoter region were measured by direct sequencing of bisulfite-treated DNA. LGC and sex 
interacted with day for latency to pup contact. Latencies were longest on PN4 for single-sex 
males and on PN10 for single-sex females. Dams licked male pups more than female pups 
in both the anogenital and other body areas. Sex differences were seen in other behaviors. 
LGC altered DNA methylation at specific CpG’s of Oprm1 in hippocampus with higher levels 
in single-sex rats. In nucleus accumbens, single-sex males showed hypermethylation levels, a 
trend seen in caudate–putamen. Results confirm and extend sex differences in maternal care 
with modest LGC effects. That both LGC and sex have enduring effects on DNA methylation of 
the Oprm1 gene in brain regions associated with addiction, stress regulation, motivation, and 
cognition may suggest one factor that contributes to gender differences in these behaviors.

Keywords: mu-opioid, epigenetics, CREB, female, attachment behavior

Edited by:
Josephine Johns, University of North 
Carolina at Chapel Hill, USA

Reviewed by:
Elizabeth Mccone Byrnes, Tufts 
University Cummings School of 
Veterinary Medicine, USA
Lisa Schrott, LSU Health Sciences 
Center – Shreveport, USA

*Correspondence:
Therese A. Kosten, Menninger 
Department of Psychiatry and 
Behavioral Sciences, Baylor College of 
Medicine, 2002 Holcombe Boulevard, 
Houston, TX 77030, USA.  
e-mail: tkosten@bcm.edu

187

http://www.frontiersin.org/
http://www.frontiersin.org/child_and_neurodevelopmental_psychiatry/archive
http://www.frontiersin.org/Psychiatry/editorialboard
http://www.frontiersin.org/Psychiatry/
http://www.frontiersin.org/Psychiatry/about
http://www.frontiersin.org/child_and_neurodevelopmental_psychiatry/10.3389/fpsyt.2011.00021/abstract
http://www.frontiersin.org/child_and_neurodevelopmental_psychiatry/10.3389/fpsyt.2011.00021/abstract
http://www.frontiersin.org/people/davidnielsen_1/31781
http://www.frontiersin.org/people/theresekosten/14679


Frontiers in Psychiatry  |  Child and Neurodevelopmental Psychiatry	 	 May 2011  | Volume 2  |  Article 21  | 

Hao et al.	 Maternal behavior affects Oprm1 methylation

Materials and Methods
Subjects and housing
Male and female rats (Sprague-Dawley, Charles River, MA, USA) 
were housed in polypropylene cages in a temperature- and humid-
ity-controlled vivarium maintained on a 12:12 light/dark cycle 
(lights on at 0700 hours). Food and water were available ad libitum. 
All procedures were approved by the Baylor College of Medicine 
Institutional Animal Care and Use Committee (IACUC) in strict 
accordance with guidelines set forth by the National Institutes of 
Health.

Sets of one male and two females were paired for breeding. When 
pregnancy was suspected, females were transferred to individual 
cages. Litters found before 1700 hours were considered born on 
that day (Postnatal Day 0; PN0). On PN1, litters were weighed and 
culled to eight pups. Pups that were not needed for the study were 
euthanized humanely at this time.

Groups
Litter gender composition was manipulated by cross-fostering lit-
ters to either single-sex (male or female) or mixed-sex (half male 
and half female). A total of 42 litters were studied including 10 
single male, 12 single female, and 20 mixed-sex litters. Only one 
pup per litter was sampled. Half of the mixed-sex litters were used 
to sample a male pup and the other half were used to study the 
female pup in the mother–pup behavior study. However, in the 
DNA methylation study, tissue samples were obtained from one 
male and one female in each of the mixed-sex litters (i.e., n’s = 20) 
and one pup was chosen from each single-sex litter. One of the 
single male litters was lost so for this analysis, there were nine 
single male litters.

Mother–pup behavior procedure
Ratings of mother–pup behaviors were performed between 
0900 and 1200 in the following manner. The dam was removed 
from the home cage and placed in a glass observation tank (13′ 
H × 20′ L × 16.5′ W) contained in a sound-attenuating cubicle 
equipped with a video camera for 30-min. One of her pups was 
then removed from the home cage and placed in the observation 
tank for 10-min. The remaining pups in the litter were kept in the 
home cage and placed under a heat lamp during the observation 
period. Video was recorded as soon as the pup was placed in the 
tank. Video files were coded so that the rater would be blind to 
litter condition, sex of pup, and postnatal day. This procedure 
was performed at three time points, PN4, PN7, and PN10, to 
allow for ontogenetic effects based on previous work (Richmond 
and Sachs, 1984). The pup was weighed prior to placing it in the 
observation tank with the exception of the first four litters (one 
from each condition).

Video files were rated by tabulating the frequency of various 
behaviors using a time sampling procedure. The rater listened to 
a recording that beeped every 30-s at which time she would record 
which behaviors were occurring. The behaviors tabulated are listed 
and defined in Table 1. Data on frequencies of each behavior were 
summed across the entire 10-min session on each of the three test 
days (PN4, PN7, PN10) in order to examine the effects of LGC and 
sex on each behavior. In addition to rating these behaviors, latency 
to the initial contact with the pup and the total times spent licking 

confirms the role of mu-opioid receptors in attachment behavior in 
both rodents and non-human primates. After separation from their 
dam, mice lacking the mu-opioid receptor gene, Oprm1, emit fewer 
USVs (Moles et al., 2004). Maternal separation-induced vocaliza-
tions in infant primates associates with a polymorphism of the 
OPRM1 gene (Barr et al., 2008). These studies not only reaffirm 
the role of the mu-opioid receptor in mother–infant attachment 
but also suggest a genetic basis for variations in maternal behaviors. 
However, it is possible that manipulating maternal behavior may 
affect this gene expression.

Emerging evidence suggests that changes in gene expression 
resulting in stable phenotypic alterations can be induced by early 
life manipulations. Genes may be silenced during development 
through DNA methylation (Jones and Taylor, 1980). Once a methyl 
group is attached to DNA, transcriptional factors cannot access 
the gene and it is silenced (Razin, 1998). The methylation status 
of the Gr1

7
 promoter in hippocampus was found to be associated 

with variations in the maternal behavior of anogenital licking and 
binding of the transcription factor nerve growth factor-inducible 
factor A (Ngfi-a) in the offspring (Champagne et al., 2003; Weaver 
et al., 2004). Further, this altered gene expression associates with 
hormonal and behavioral responses to stress in the adult offspring. 
Other early life manipulations, such as limited nesting material or 
high-fat diet, affect DNA methylation of other genes (Roth et al., 
2009; Vucetic et al., 2010, 2011). Thus, the structure of DNA can 
be modified by early life manipulations resulting in a change in the 
phenotype of the offspring.

Maternal behavior differs by sex of the pup. Dams spend more 
time in active nursing, nest-building, and licking male pups in the 
anogenital region compared to female pups (Moore and Morelli, 
1979; Richmond and Sachs, 1984; Moore and Chadwick-Dias, 1986; 
Alleva et al., 1989; Cirulli et al., 1997). Licking the anogenital area 
stimulates urine and feces elimination of the pup (Gubernick and 
Alberts, 1983) and helps suppress HPA activity (Stanton et al., 1988; 
Suchecki et al., 1995; Levine, 2001). Suppression of the HPA axis 
and the ensuing increase in corticosterone levels may be particularly 
important for a pup because it can prevent glucocorticoid and min-
eralocorticoid receptor stimulation in hippocampus. Stimulation 
of these receptors could have deleterious effects (Sapolsky and 
Meaney, 1986) on the developing hippocampus (Rice and Barone, 
2000; Dumas, 2005), a region that is important for modulating 
stress responses (Chrousos and Gold, 1992), and also for learning, 
memory (Scoville and Milner, 1957; McGaugh, 2000), and emotion 
(Gray, 1982; McHugh et al., 2004; Barkus et al., 2010).

The sex-dependent effects of maternal behavior can be altered 
by modifying the litter gender composition (LGC) in which off-
spring of single-sex litters are compared to offspring of mixed-sex 
litters (Moore and Morelli, 1979; Alleva et al., 1989; Cirulli et al., 
1997; Laviola et al., 1999). LGC affects various behaviors of the 
offspring including analgesic responses to morphine in juvenile 
male mice with mixed-sex males showing longer response latencies 
than single-sex males (Alleva et al., 1986). In the present study, we 
further examined if LGC affects the sex dependency of mother–
pup behaviors assessed after a short separation. At 7-weeks of age 
(PN35), brain tissue samples were obtained from hippocampus, 
nucleus accumbens (NAc), and other areas to test for DNA meth-
ylation levels of the Oprm1 gene.
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and 15 s at 68°C, 3 cycles of 15 s at 94°C, 15 s at 49°C, and 15 s at 
68°C, 3 cycles of 15 s at 94°C, 15 s at 46°C, and 15 s at 68°C, 3 cycles 
of 15 s at 94°C, 15 s at 43°C, and 15 s at 68°C, followed by a final 
elongation step at 68°C for 7 min. Unincorporated nucleotides and 
primers were degraded by mixing 4 μl of the final PCR reaction 
mixture with 1 μl ExoSAP-IT (USB Corp., Cleveland, OH, USA) 
followed by incubation at 37°C for 30 min and 80°C for 15 min. For 
sequencing, 1 μl ExoSAP-IT-treated DNA was added to 11 μl 8 pM 
primer M-RATOPRM1-1F or M-RATOPRM1-1R. Sequencing was 
performed at GENEWIZ, Inc. (South Plainfield, NJ, USA) on an ABI 
3730 XL sequencer using the ABI 3730POP7SR basecaller (Applied 
Biosystems). Trace files (.ab1) were analyzed using the ESME ver-
sion 3.2.1 software from Epigenomics AG (Berlin, Germany; Lewin 
et al., 2004). Nucleotides are numbered relative to the A of the ATG 
of the Oprm1 translation start site. The rat Oprm1 promoter region 
was analyzed for predicted transcription factor binding sites using 
TESS: Transcription Element Search System (Schug and Overton, 
1977).

Data analysis
The sums of the frequencies of each behavior on each day were 
analyzed in separate 2 × 2 × 3 ANOVAs using litter as the experimen-
tal unit for analysis. This represents the between group factors of 
LGC (single-sex or mixed-sex litter) and sex (male or female) with 
repeated measures on postnatal day. Total times (seconds) spent 
licking (anogenital region and other body regions) were analyzed in 
the same manner. Body weight was analyzed using weight on PN1 
as a co-variate although there was no difference in body weights 
across litter conditions on this day. DNA methylation levels were 
analyzed using separate 2 × 2 × 7 ANOVAs by brain region. This 
represents the same between group factors with repeated measure 
on CpG site. Post hoc univariate tests were used to follow-up on 
significant effects. Significance was set at 0.05 and trend toward 
significance was set at 0.10.

Results
Body weight
Body weight was measured on PN1, 4, 7, and 10. These data are 
shown in Figure 1. As seen in the figure, body weight increased over 
days as supported by the Day effect, F(3,114) = 1,144.48; P < 0.0001. 
Neither LGC nor Sex affected body weight (P’s > 0.10).

the anogenital region and other parts of the body were recorded in 
seconds over the entire 10-min session each day. These behaviors 
are defined in Table 1.

DNA Methylation
Tissue samples of hippocampus, NAc, caudate–putamen (CP), 
and cerebellum were obtained from one rat per condition and 
sex on PN35 with the purpose of measuring DNA methylation 
levels of the Oprm1 gene. We chose this age because it allows 
enough post-weaning time to test if potential effects on DNA 
methylation are long-lasting. Rats were anesthetized (Ketamine) 
then decapitated. Tissue samples were rapidly dissected in slices 
of 1.5-mm using a Rodent Brain Matrix (RBM-4000C, ASI 
Instruments, Warren, MI, USA) and immediately placed on dry 
ice. Samples were stored at −80°C until they were processed for 
DNA. DNA was isolated from the tissue using the Gentra Purgene 
DNA isolation method (Qiagen, Valencia, CA, USA) according to 
manufacturer’s protocol.

DNA methylation levels were quantified using the methods 
detailed previously (Nielsen et al., 2009). Nucleotide sequence of 
the rat Oprm1 gene promoter region [chr1:37533440-37536440, 
Rat Nov. 2004 (Baylor 3.4/rn4)] was downloaded from the UCSC 
Genome Browser website (genome.ucsc.edu). The predicted 
bisulfite-treated sequence was determined using the Methyl Primer 
Express 1.0 software (Applied Biosystems, Foster City, CA, USA) 
and exported to Vector NTI Advance 11 (Invitrogen, Carlsbad, CA, 
USA). Primers for amplification of the bisulfite-treated DNA were 
designed with Vector NTI Advance 11, and synthesized (Midland 
Reagent Co., Midland, TX, USA).

To determine percent cytosine methylation, genomic 
DNA (300  ng) was sodium bisulfite-treated using the EZ-96 
DNA Methylation Kit D5004 (Zymo Research, Orange, 
CA, USA) and amplified with primers M-RATOPRM1-1F 
(5′-TTTTGGTTTTATTAGGGTTG-3′) and M-RATOPRM1-1R 
(5′-ACCAAAAACCAAATACTAAA-3′). Amplification was per-
formed with 2  μl bisulfite-treated DNA, 1  μM of each primer, 
200 μM each of dATP, dCTP, dGTP, and TTP, 18 mM ammonium 
sulfate, 2 mM MgSO

4
, 0.5 units Platinum® Taq DNA Polymerase 

High Fidelity (Invitrogen), and 60 mM Tris–SO
4
 (pH 8.9) in 25 μl. 

Amplification consisted of 1 min at 94°C, 3 cycles of 15 s at 94°C, 
15 s at 55°C, and 15 s at 68°C, 3 cycles of 15 s at 94°C, 15 s at 52°C, 

Table 1 | List and definitions of mother–pup behaviors that were either rated for frequency of occurrence or timed during the 10-min observation 

sessions conducted on PN4, PN7, and PN10.

Variable	 Definition	 Analysis

Carry	 Dam picks up pup by dorsal skin with her incisors and carries it to another place	 Rate frequency

Blanket nursing	 Dam engages in blanket nursing in which she is over the pup in a bilaterally symmetrical	 Rate frequency 

	 manner and is relatively immobile with or without limb support

Burrowing 	 Dam displaces cage bedding with nose or paws	 Rate frequency

Climbing	 Dam places one or both forepaws on wall of cage	 Rate frequency

Rearing	 Dam stands on hindlimbs without touching cage wall	 Rate frequency

Grooming	 Dam licks, scratches, or chews any part of own body	 Rate frequency

Latency	 Time it takes for the dam to touch the pup with forepaws or nose	 Time (s)

Anogenital licking	 Time dam spends licking the pup’s anogenital region exclusively	 Time (s)

Body licking	 Time dam spends licking the pup’s body except for anogenital region	 Time (s)
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Latency to pup contact
The latencies to contact the pup over days are shown in Figure 2. 
There is a trend for dams to contact male pups more quickly than 
female pups as supported by the trend toward significance for the 
Sex effect, F(1,76) = 3.21; P < 0.10. Although the main effects of 
LGC and Day are not significant (P’s > 0.10), there is a significant 

Frequencies of behaviors
The effects of LGC and sex on these behaviors on PN4, 7, and 10 are 
shown in Tables 2–4, respectively. None of these behaviors supported 
significant main effects of LGC or Sex or their interaction (P’s > 0.10). 
However, some behaviors show Day or Sex × Day effects. There is a sig-
nificant interaction of Sex × Day for Carry, F(2,76) = 3.83; P < 0.05. As 
seen in Tables 2–4, this interaction likely reflects that the dam increased 
carrying male pups over days and decreased carrying female pups 
over days. Burrowing also shows a significant Sex × Day interaction, 
F(2,76) = 3.50; P < 0.05. Dams with female pups show decreases in 
burrowing over days whereas dams with male pups burrow about the 
same amount over days. There is a trend for a significant effect of Day 
for Climbing, F(2,76) = 2.41; P < 0.10. The data in Tables 2–4 suggest 
that this reflects a tendency to increase on PN7 over what is seen on 
PN4 and then decrease on PN10. The dam’s behavior of grooming 
herself shows a trend toward significance for the Sex × Day interaction, 
F(2,76) = 2.38; P < 0.10 and this likely reflects that her grooming tends 
to decrease over days with male pups but tends to increase over days 
with female pups. There are no significant effects of Day or its interac-
tions with LGC or Sex for blanket nursing or for rearing (P’s > 0.10).

Figure 1 | Mean (±SEM) body weight (g) is presented for mixed- (squares) and single- (circles) sex litters for female (open symbols) and male (closed 
symbols) rats over postnatal days. All groups gained weight over this period with no effect of LGC or Sex seen.

Table 2 | Mean (±SEM) total frequencies of each behavior across 10-min 

sessions conducted on PN4.

Variable	 Mixed-sex litters	 Same-sex litters

	 Male	 Female	 Male	 Female

Carry	 1.9 (1.1)	 1.3 (0.4)	 2.0 (0.6)	 1.6 (0.4)

Blanket	 2.8 (1.3)	 2.9 (1.1)	 1.2 (0.6)	 0.1 (0.01)

Burrowing 	 3.9 (1.4)	 6.7 (1.2)	 5.7 (1.3)	 6.9 (1.3)

Climbing	 7.9 (1.3)	 7.8 (1.0)	 8.8 (1.2)	 9.2 (1.1)

Rearing	 5.8 (1.0)	 4.2 (1.0)	 5.0 (1.0)	 5.0 (1.4)

Grooming	 6.8 (1.2)	 3.0 (0.7)	 5.4 (1.1)	 4.5 (0.9)
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P < 0.005, but did not differ by Sex (P > 0.10). Methylation levels 
also differ significantly by CpG site, F(6,342) = 4.90; P < 0.001. 
Post hoc univariate comparisons reveals significant LGC effects at 
CpG sites −59, −20, and 33 (P’s < 0.05). Compared to mixed-sex 
litters seen in Figure 5A, hypermethylation at most CpG sites can 
be seen in Figure 5B for single-sex litters. For ease of presentation, 
Figure 5C shows the means across CpG sites by LGC and Sex in 
Hippocampus.

In NAc, single-sex males have the highest mean DNA methyla-
tion level over the Oprm1 gene promoter region and this is sup-
ported by the significant LGC × Sex interaction, F(1,57) = 4.33; 
P  <  0.05. Neither the LGC nor Sex main effect is significant 
(P’s > 0.10) but methylation levels differ significantly by CpG site, 
F(6,342) = 4.33; P < 0.001. Post hoc univariate comparisons reveal 
a significant LGC × Sex effect at CpG site −107 (P < 0.05). This 
is shown in Figure 6A for mixed-sex litters and in Figure 6B for 
single-sex litters. The means across CpG sites for all four groups 
are shown in Figure 6C.

LGC × Sex × Day effect, F(2,76) = 8.14; P < 0.001. Post hoc univariate 
statistics revealed significant LGC × Sex effects on PN4 and PN10 
(P’s < 0.01). As seen in Figure 2A, dams with mixed-sex male pups 
take less time to contact their pup compared to dams with mixed-
sex female pups. and this LGC effect is not seen on PN7 or PN10. In 
contrast, as seen in Figure 2B, dams with single-sex male pups take 
longer to contact their pup on PN4 compared to dams with single-
sex female pups. However, latencies decrease on PN10 for dams with 
single-sex male pups and increase for dams of mixed-sex female pups.

Anogenital and body licking
The total times spent licking the pup in the anogenital region and 
in other body regions are shown in Figures 3 and 4 respectively. 
Anogenital licking times differ by Sex, F(1,38) = 4.76; P < 0.05, but 
not by LGC and do not change over Days (P’s > 0.10). Dams lick 
their male pups more than female pups as shown in Figure 3A for 
mixed-sex litters and in Figure 3B for single-sex litters. Dams also 
lick other body parts of their male pups more than of their female 
pups as seen in Figure 4. This is supported by the significant effect 
of Sex, F(1, 38) = 4.85; P < 0.05 and can be seen for mixed-sex lit-
ters in Figure 4A and for single-sex litters in Figure 4B. There are 
no significant effects of LGC or Day or their interactions for body 
licking (P’s > 0.10).

DNA Methylation of the Oprm1 gene
DNA methylation of the Oprm1 gene promoter region in hip-
pocampus is greater in single-sex litters compared to mixed-sex 
litters as supported by the significant LGC effect, F(1,57) = 8.81; 

Table 3 | Mean (±SEM) total frequencies of each behavior across 10-min 

sessions conducted on PN7.

Variable	 Mixed-sex litters	 Same-sex litters

	 Male	 Female	 Male	 Female

Carry	 2.3 (0.9)	 2.4 (0.9)	 2.0 (0.7)	 1.9 (0.5)

Blanket	 1.8 (1.1)	 1.4 (0.6)	 1.0 (0.6)	 2.0 (1.2)

Burrowing 	 4.6 (1.1)	 5.6 (0.9)	 7.6 (1.6)	 4.5 (1.0)

Climbing	 10.2 (1.7)	 6.7 (1.2)	 9.3 (2.8)	 9.0 (4.7)

Rearing	 4.9 (1.2)	 4.0 (0.9)	 4.3 (1.1)	 5.1 (1.3)

Grooming	 4.0 (0.8)	 3.7 (0.8)	 5.9 (1.0)	 6.8 (1.3)

Table 4 | Mean (±SEM) total frequencies of each behavior across 10-min 

sessions conducted on PN10.

Variable	 Mixed-sex litters	 Same-sex litters

	 Male	 Female	 Male	 Female

Carry	 3.0 (0.8)	 1.0 (0.5)	 2.4 (0.5)	 0.6 (0.4)

Blanket	 2.0 (1.0)	 3.0 (1.3)	 1.5 (1.0)	 2.2 (1.1)

Burrowing	 4.2 (1.5)	 6.1 (1.5)	 2.3 (1.2)	 6.3 (1.2)

Climbing	 7.0 (1.6)	 7.3 (1.5)	 5.9 (1.7)	 8.0 (1.4)

Rearing	 4.0 (1.5)	 3.9 (3.2)	 4.6 (1.7)	 3.5 (0.9)

Grooming	 4.3 (1.0)	 3.9 (0.8)	 3.8 (1.0)	 4.3 (0.7)

Figure 2 | Mean (±SEM) latencies (s) for the dam to contact the pup are 
presented for mixed- [squares; (A)] and single- [circles; (B)] sex litters for 
male (closed symbols) and female (open symbols) rats over postnatal 
days. Dams with single-sex litters took longer to contact their male pups on 
PN4 and their female pups on PN10 relative to other days and to dams of 
mixed-sex litters. Dams tended to take longer to contact female vs. male 
pups. See text for statistics.
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in hippocampus compared to rats raised in mixed-sex litters. It is 
unlikely that these effects can be explained by gross developmental 
differences because we found that neither sex nor LGC altered body 
weight gain. These data are the first to demonstrate that sex and 
composition of the family unit is associated with epigenetic altera-
tions in the DNA methylation of Oprm1 gene promoter region. 
These levels of methylation may reflect differences in the levels of 
maternal care received.

The present study confirms and extends prior work because 
we demonstrated sex dependency of some mother–pup behav-
iors. As others reported (Moore and Morelli, 1979; Richmond 
and Sachs, 1984; Moore and Chadwick-Dias, 1986), we showed 
that dams licked their male pups more in the anogenital region 
compared to their female pups. We also found that dams with 
male pups licked other regions of the body more than dams 
with female pups. Sex differences were seen in the behavior 
of carrying or handling the pup. Moore and Morelli (1979) 
reported that introducing a new male pup to the litter increased 
the dam’s handling pups with her forepaws. We saw that dams 
with male pups showed increasing times carrying them over 
postnatal days compared to dams with female pups that showed 
decreasing carrying times over days. Latency to contact a pup 
tended to be shorter for male pups than for female pups in our 
study although Moore and Morelli (1979) found no sex differ-
ences in this measure.

Single-sex males tend to have the highest mean DNA methylation 
level over the Oprm1 gene promoter region in CP. This statement 
is supported by the trends toward significance of the main effect 
of Sex, F(1,57) = 3.77; P < 0.10 and the interaction of LGC × Sex, 
F(1,57) = 3.07; P < 0.10. The CpG effect was not significant, P > 0.10, 
in this brain region. These data are shown in Figures 7A–C. We 
find no significant effects on DNA methylation in cerebellum for 
LGC or Sex or CpG site or any significant interactions (P’s > 0.10; 
data not shown).

Discussion
These experiments provide important new data on epigenetic 
alterations linked to the subtle early life manipulation of modify-
ing LGC as well as to sex differences both of which affected mater-
nal behavior. Results from the present study confirm and extend 
prior work showing sex differences and modest LGC effects on 
mother–pup behaviors as well as support for the involvement of the 
mu-opioid system in these behaviors. We demonstrate that dams 
provide more maternal care to their male pups than to their female 
pups and that LGC interacts with sex of pup and postnatal day to 
alter latency to pup contact. Further, both sex of pup and LGC 
had significant effects on DNA methylation levels of the Oprm1 
gene promoter region. Male rats raised in single-sex litters show 
Oprm1 hypermethylation, particularly in NAc and CP, and rats 
of both sexes raised in single-sex litters show hypermethylation 

Figure 3 | Mean (±SEM) times the dam spent licking the anogenital 
region of her pup are presented for mixed- [squares; (A)] and single- 
[circles; (B)] sex litters for male (closed symbols) and female (open 
symbols) rats over postnatal days. Dams lick the anogenital region of male 
pups more than female pups. See text for statistics.

Figure 4 | Mean (±SEM) times the dam spent licking the body of her 
pup except in the anogenital region are presented for mixed- [squares; 
(A)] and single- [circles; (B)] sex litters for male (closed symbols) and 
female (open symbols) rats over postnatal days. Dams lick the body of 
male pups more than female pups. See text for statistics.

192

http://www.frontiersin.org/child_and_neurodevelopmental_psychiatry/
http://www.frontiersin.org/child_and_neurodevelopmental_psychiatry/archive


www.frontiersin.org	 May 2011  | Volume 2  |  Article 21  | 

Hao et al.	 Maternal behavior affects Oprm1 methylation

single-sex litters increased on PN10 whereas latencies decreased 
on this day for dams of mixed-sex females. The day effect seen for 
male pups is similar to findings from Moore and Morelli (1979). In 
their procedure, the litter remained with the dam and a new pup 
(male or female) was introduced. If a male pup was introduced to 
dam with all male pups, the latency to retrieve was very high on 
PN3 and decreased to very low levels on PN10. We can speculate 
that the dam’s ability to discriminate the sex of her pups may be 
facilitated by the presence of pups of both sexes so that if she has 
only males in her litter, it may take a few days for her to retrieve 
or contact male pups as efficiently as dams with mixed-sex litters.

There are some methodological differences in procedures 
used to assess sex or LGC effects on maternal behavior between 
our study and those of others. Observations of mother–pup 
interactions were made in the home cage in the previous studies 
whereas in the present study, observations were made in a separate 
test room with dam and one pup placed in a test cage after a short 

Similar to previous work (Moore and Morelli, 1979; Alleva et al., 
1989; Cirulli et al., 1997), we found that LGC had modest effects 
on mother–pup behaviors. Dams of male mice raised in single-sex 
litters spent more time engaged in nest-building and in arched-
back or active nursing compared to dams of single-sex females or 
mixed-sex litters (Alleva et al., 1989; Cirulli et al., 1997). We did 
not see active nursing in our 10-min sessions although we rated 
blanket nursing and found no significant LGC or Sex effects. In fact, 
only one measure showed an LGC effect in the present study and 
it interacted with Sex and Day. Dams of male pups in mixed-sex 
litters showed the lowest latencies to pup contact and it remained 
low across the 3 postnatal days assessed. However, if the dams’ male 
pups were in single-sex litters, then the latency to contact was high 
on PN4 and not unlike the levels seen for dams of female pups. 
On subsequent days, single-sex male pups were then contacted in 
a short time frame not unlike the times seen for mixed-sex male 
pups. In contrast, the dams’ latencies to retrieve female pups from 

Figure 5 | Mean (±SEM) DNA methylation levels of the Oprm1 gene promoter 
region in hippocampus are presented for mixed- [squares; (A)] and single- 
[circles; (B)] sex litters for male (closed symbols) and female (open symbols) 

rats over CpG site. Mean DNA methylation levels across CpG sites are shown in 
(C). Levels are higher in single- vs. mixed-sex litters and differ by CpG site. Post hoc 
analyses reveal significant effects at −59, −20, and 33 sites. See text for statistics.
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in cerebellum. In NAc single-sex male litters showed hypermeth-
ylation, an effect that trended toward significance in the CP. The 
Oprm1 gene codes for the mu-opioid receptor that is widespread in 
the central nervous system. It is the site of action of beta-endorphins 
as well as for several opioid drugs such as morphine and heroin. 
This system is involved in many physiological and behavioral func-
tions most notably in analgesia, drug addiction, and motivation to 
seek natural rewards (Kreek et al., 2005; Koob and Le Moal, 2008). 
The contribution of the mu-opioid system to attachment behavior 
is particularly relevant to the present study. Early pharmacologi-
cal studies suggested that endogenous opioids are released in the 
infant during caretaking and that this serves to motivate it to seek 
out and maintain closeness to its caregiver (Kehoe and Blass, 1986; 
Kalin et al., 1988; Carden et al., 1991; Nelson and Panksepp, 1998).

More recent molecular genetic studies support the contribu-
tion of the mu-opioid system in infant–mother attachment. Mice 
lacking the Oprm1 gene emit fewer USVs after separation from 

separation period. The former procedure allowed assessing behav-
ior under natural and undisturbed conditions whereas the latter 
procedure was likely disruptive to the dam and pup. However, such 
a disruption can stimulate a bout of maternal behavior that may 
enhance the ability to find significant effects of the experimental 
manipulations. Also, the dam, and possibly the pup, may habitu-
ate to these effects over subsequent test days (Kosten and Kehoe, 
2010). The reason we chose to use this procedure is that, unlike 
previous studies, it allowed us to study sex and LGC independ-
ently. That is, we employed twice as many mixed-sex litters and 
used half to sample a pup of each sex. The previous studies had 
only one mixed-sex group to compare to single-sex female and 
single-sex male litters and thus could not assess the effect of sex 
alone or its interaction with LGC.

Both LGC and sex affected DNA methylation levels of the Oprm1 
gene promoter region in the present study. We found hypermeth-
ylation in single-sex litters in hippocampus with no changes seen 

Figure 6 | Mean (±SEM) DNA methylation levels of the Oprm1 gene 
promoter region in nucleus accumbens are presented for mixed- [squares; (A)] 
and single- [circles; (B)] sex litters for male (closed symbols) and female (open 

symbols) rats over CpG site. Mean DNA methylation levels across CpG sites are 
shown in (C). Levels are highest in males of single-sex litters and differ by CpG site. 
Post hoc analyses reveal a significant LGC × Sex effect at 107. See text for statistics.
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of parental relationship and fewer parental arguments (Copeland 
et  al., 2011). Perhaps this reflects that these children expressed 
greater attachment behaviors as infants as suggested by the non-
human primate study.

In general, DNA methylation means that transcriptional fac-
tors are not accessed and less gene promoter is expressed (Razin, 
1998). In the case of the Oprm1 gene, DNA hypomethylation asso-
ciates with increased OPRM1 transcription (Andria and Simon, 
1999; Hwang et al., 2009). In fact, another early life manipula-
tion, exposure to a high-fat diet, also increased methylation of 
the Oprm1 gene and this is associated with decreased mRNA 
expression of the mu-opioid receptor in reward regions of the 
brains of mice (Vucetic et al., 2011). The increase in Oprm1 DNA 
methylation seen in male rats in the present study, particularly 
those raised in single-sex litters, suggests that they too have lower 
mu-opioid receptor availability. Such rats would be predicted to 

their dam, a behavior that is not modulated by morphine in the 
knock-out as it is in the wild-type mouse (Moles et  al., 2004). 
Further, a polymorphism of the OPRM1 gene in infant primates 
(C77G) associates with vocalizations and expression of attach-
ment behaviors (e.g., clinging behavior; Barr et al., 2008). That is, 
infants with a G allele show persistence in vocalization emissions 
and increasing social contact after repeated separations from the 
mother whereas infant primates with the C/C genotype do not 
(Barr et al., 2008). In humans, the G allele of the OPRM1 A118G 
variant has been shown to relate to lower potency of analgesic 
effects of opioids and greater pain experiences as well as greater 
distress after social rejection (Chou et al., 2006; Way et al., 2009). 
The G allele of the OPRM1 gene is associated with reduced levels 
of mu-opioid receptor mRNA and protein compared to the A allele 
(Kroslak et al., 2007). Among children living in disruptive family 
environments, the 118G allele is associated with greater quality 

Figure 7 | Mean (±SEM) DNA methylation levels of the Oprm1 gene 
promoter region in caudate–putamen are presented for mixed- [squares; 
(A)] and single- [circles; (B)] sex litters for male (closed symbols) and 

female (open symbols) rats over transcription site. Mean DNA methylation 
levels across CpG sites are shown in (C). Levels tend to be highest in males, 
particularly those from single-sex litters. See text for statistics.
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Maternal genetic mutations as gestational and early life 
influences in producing psychiatric disease-like phenotypes 
in mice
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Risk factors for psychiatric disorders have traditionally been classified as genetic or environmental. 
Risk (candidate) genes, although typically possessing small effects, represent a clear starting 
point to elucidate downstream cellular/molecular pathways of disease. Environmental effects, 
especially during development, can also lead to altered behavior and increased risk for disease. 
An important environmental factor is the mother, demonstrated by the negative effects elicited 
by maternal gestational stress and altered maternal care. These maternal effects can also 
have a genetic basis (e.g., maternal genetic variability and mutations). The focus of this review 
is “maternal genotype effects” that influence the emotional development of the offspring 
resulting in life-long psychiatric disease-like phenotypes. We have recently found that genetic 
inactivation of the serotonin 1A receptor (5-HT1AR) and the fmr1 gene (encoding the fragile X 
mental retardation protein) in mouse dams results in psychiatric disease-like phenotypes in their 
genetically unaffected offspring. 5-HT1AR deficiency in dams results in anxiety and increased 
stress responsiveness in their offspring. Offspring of 5-HT1AR deficient dams display altered 
development of the hippocampus, which could be linked to their anxiety-like phenotype. Maternal 
inactivation of fmr1, like its inactivation in the offspring, results in a hyperactivity-like condition 
and is associated with receptor alterations in the striatum. These data indicate a high sensitivity 
of the offspring to maternal mutations and suggest that maternal genotype effects can increase 
the impact of genetic risk factors in a population by increasing the risk of the genetically normal 
offspring as well as by enhancing the effects of offspring mutations.
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suggesting that a change in enzyme activity in mothers during preg-
nancy may be related to the increased likelihood of autism in their 
children. By using a similar approach, maternal (but not offspring 
or paternal) TPH1 (tryptophan hydroxylase) mutations have been 
shown to increase the risk for ADHD (Halmoy et al., 2011). There are 
additional examples supporting the effect of maternal mutations on 
gestational development, but they are all based on statistical data from 
relatively small populations that will need to be replicated (Johnson, 
2003). On the other hand, the list of maternal genes that affect off-
spring development could be expanded to include those that have an 
effect on maternal behavior prepartum and during early postnatal 
life. Experimental data in animals clearly show a significant impact 
of maternal care on the development of psychiatric disease-like con-
ditions (Meaney, 2001). Also, clinical studies indicate that maternal 
anxiety, depression, and ADHD increase the risk of psychopathol-
ogy (Halligan et al., 2004, 2007; Murray and Johnston, 2006; Davis 
and Tremont, 2007; Van den Bergh et al., 2008; Yehuda et al., 2008; 
Figueiredo and Costa, 2009; Brummelte and Galea, 2010; Murray 
et al., 2010). Although it is possible that these postnatal maternal 
effects may also have a genetic component, no maternal mutations 
have been identified in either human or animal models.

Since most association studies do not include the mother’s 
genotype, it is likely that the prevalence of maternal genotype 
effects is greatly underestimated in pedigrees and in populations. 

Maternal genotype effects can contribute to the 
high heritability of psychiatric diseases
A large number of studies indicate that the pre/postnatal maternal 
environment can increase the offspring’s risk for psychopathology. 
Although some of these maternal effects may have a genetic basis 
or are at least influenced by genes, only a few examples of “maternal 
genotype effects” are currently known/confirmed in humans and 
in animal models (Doolin et al., 2002; Rouse and Azen, 2004). A 
classical example is maternal phenylketonuria (high blood pheny-
lalanine levels due to the lack of phenylalanine hydroxylase) that 
leads to mental retardation, seizures, microcephaly, and growth 
retardation in the offspring. Also, maternal mutations in methio-
nine biosynthesis (G allele of methionine synthase A2756G and 
methionine synthase reductase A66G polymorphisms) can lead to 
spina bifida in the offspring. Reports also indicate that maternal 
genotype effects contribute not only to neurological disorders but 
also to common psychiatric conditions such as autism and attention 
deficit hyperactivity disorder (ADHD). Glutathione S-transferases 
(GST), a protective factor against reactive oxygen species, is expressed 
in multiple forms and polymorphic variants. Maternal transmis-
sion disequilibrium tests showed that the Val allele of the Ile105Val 
(A313G) polymorphism in GSTP1 (a pi class GST) is overtrans-
mitted to mothers of autistic children (Williams et al., 2007). The 
variation at position 105 affects thermostability and catalytic activity 
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Maternal serotonin 1A receptor and offspring anxiety
The serotonin (5-HT1A) receptor has been implicated in anxiety 
and depression through receptor binding and pharmacological 
studies (Drevets et al., 1999; Lemonde et al., 2003; Strobel et al., 
2003; Neumeister et  al., 2004). The 5-HT1A receptor knockout 
mouse model demonstrates increased anxiety-related behavior in 
several behavioral assays, on multiple genetic backgrounds (Heisler 
et al., 1998; Parks et al., 1998; Ramboz et al., 1998). However, the 
interpretation of the anxiety phenotype of 5-HT1A receptor KO 
mice is complicated by the fact that following a typical heterozy-
gote × heterozygote (H × H) breeding, the offspring is exposed to a 
receptor deficient maternal environment. Considering the associa-
tion between the 5-HT1A receptor and depression (Van den Hove 
et al., 2006; Spinelli et al., 2010), including postpartum depression 
(Moses-Kolko et al., 2008), and the importance of maternal care on 
the normal emotional development of the offspring, the maternal 
receptor genotype itself may modulate anxiety-like behavior in 
the WT offspring and/or could interact with the null allele in the 
KO offspring, making the dissociation between the maternal and 
offspring genotype effects on offspring anxiety levels difficult. By 
studying maternal–offspring 5-HT1A receptor genotype interac-
tions, Weller et al. (2003) found reduced adult anxiety when the 
behavior of the H offspring of KO dams were compared to that of 
the WT dams suggesting an anxiolytic-like effect of the maternal 
KO alleles on offspring behavior. Since the offspring themselves 
were receptor deficient, the effect of maternal receptor deficiency 
as a single factor on offspring behavior could not be determined.

We recently showed that partial or complete 5-HT1A receptor defi-
ciency in Swiss Webster (SW) mouse dams can cause increased anxi-
ety-related behavior and enhanced stress reactivity in their offspring, 
independently of offspring genotype (Gleason et al., 2010; Figure 1) 
Genetically WT offspring of 5-HT1A receptor deficient mice displayed 
increased anxiety-related behavior in the elevated plus maze. This 
phenotype was found to require prenatal maternal 5-HT1A receptor 
deficiency, as mice which developed from WT embryos implanted into 
5-HT1A receptor deficient mothers and raised by either 5-HT1A defi-
cient or WT mothers after birth displayed increased anxiety-related 
behavior (Figure 1). This phenotype was also shown to be dependent 
on strain background (Gleason et al., 2010). In contrast, increased 
anxiety-related behavior in the open field, a less stressful assay for 
unconditioned anxiety, was found to be dependent on offspring 
5-HT1A receptor genotype. Finally, we demonstrated that maternal 
5-HT1A receptor deficiency leads to reduced immobility time in the 
Porsolt Forced Swim Test, which can be interpreted as a lack of normal 
coping skills and an increase in reactivity to inescapable stress. The 
development of this phenotype is independent of offspring genotype 
and requires both prenatal and postnatal maternal receptor deficit, as 
shown by embryo transfer and cross-fostering experiments.

In addition, we examined early postnatal development of the ven-
tral dentate gyrus of the hippocampus in mice exposed to maternal 
5-HT1A receptor deficiency, because the ventral hippocampus and 
this time period have been linked to the development of anxiety 
(Gross et al., 2002; Bannerman et al., 2003). We identified several 
developmental changes that correlate with later life anxiety-related 
behavior, including an increased volume of the ventral granule cell 
layer (GCL) during the first postnatal week, which normalized by 
the age of 4  weeks (in the absence of changes in the number of 

Indeed, maternal genotype effects could significantly contribute 
to the high heritability of common disorders including psy-
chiatric diseases. It is striking that despite the high heritability 
in these disorders (proportion of variability in a population 
attributable to genetic variation among individuals), only 
a small percentage of the risk can be explained by identified 
genetic variants, a phenomenon often referred to as missing 
heritability (Manolio et al., 2009). Since they are apparent at the 
pedigree and population level but not detectable at the genetic 
level, maternal genotype effects could be one of the mecha-
nisms that explain “missing heritability.” Therefore, maternal 
genotype effects may have major significance in understanding 
and treating common diseases, including psychiatric conditions 
discussed in this review.

Animal models can help identify mechanisms 
underlying maternal genotype effects
Although an altered prenatal environment due to maternal genetic 
variability has been shown as a risk factor in psychiatric diseases 
such as autism and ADHD (Williams et al., 2007; Halmoy et al., 
2011), the underlying disease mechanisms are difficult to identify 
because of the limitations associated with human studies. Animal 
(rodent) models have been invaluable tools in studying diseases, 
especially at the mechanistic level. Many rat and mouse lines are 
considered inbred – or lacking genetic differences between indi-
viduals – and therefore genetic mutations/modifications in the 
dams are not likely modified by between-subject genetic back-
ground variability. In addition to the highly controllable genetic 
background, rodent models allow for high degree of control of 
environmental factors. This control is of critical importance 
because environmental influences could interfere with the mater-
nal genotype effect. Lastly, the advantages of rodent models include 
the availability of methods to determine if a particular behavioral 
change in the offspring is dependent on prenatal and/or postnatal 
parental or maternal environment. Cross-fostering, a procedure 
in which rodent pups are placed with a foster mother within the 
first postnatal day, can be used to determine whether a phenotype 
requires a postnatal maternal contribution, which may be either 
behavioral or physiological, transmitted through maternal milk. 
The advantages of animal models are clearly demonstrated in a 
work that explored the effect of a maternal mutation in Peg-3 
(paternally expressed gene 3). The maternal allele of this gene 
is imprinted and silenced and therefore the offspring of mutant 
mothers and wild-type (WT) fathers are essentially WT (expressing 
the paternal allele) allowing to study the maternal genotype effect 
without the interference of or interaction with the mutation in the 
offspring. The offspring of mutant mothers displayed increased 
neophobia and decreased exploration, although these effects were 
seen only in females (Champagne et al., 2009). Furthermore, an 
association was found between the offspring behavioral abnor-
malities and the reduced postpartum maternal care of Peg-3 KO 
dams (Curley et al., 2008).

To demonstrate the feasibility of mouse models in studying 
maternal genotype effects and their mechanisms, we present our 
research on two maternal mutations that alter specific behavioral 
phenotypes and correlated cellular or pharmacologic properties in 
the genetically unaffected offspring.
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It is important to note that the offspring were more sensitive 
to the maternal than to their own receptor gene dosage as a par-
tial maternal receptor deficit was sufficient to elicit a full anxiety 
phenotype while a strong anxiety phenotype developed only in the 
homozygote knockout offspring (in the absence of maternal effect). 
The significance of this finding is that while a complete loss of the 
receptor has not been observed in humans, a 40–50% reduction in 
receptor binding, associated with stress and psychiatric disease, is 
relatively common (Lesch et al., 1992; Lopez et al., 1998; Drevets 
et al., 1999, 2007; Mann, 1999; Arango et al., 2001; Moses-Kolko 
et al., 2008). Therefore, a maternal 5-HT1AR deficit could be more 
relevant than an offspring deficit to human anxiety.

proliferating cells) and a maturational delay of developing neurons 
in the ventral GCL at postnatal day 7. To provide a possible link 
between the developmental delay in the ventral dentate gyrus and 
the maternal 5-HT1A receptor mediated anxiety-related behavior, 
we examined the effect of inactivating a candidate gene involved in 
neuronal precursor maturation, p16Ink4a. We found that deletion of 
this gene phenocopies both the ventral GCL volume increase in the 
first postnatal week, and the increased anxiety-related behavior in the 
elevated plus maze. These data indicate that the maternal 5-HT1A 
receptor deficit alters hippocampal development in the offspring, and 
that these developmental changes could contribute to the increased 
anxiety-like behavior in the elevated plus maze (Figure 2).

A

B

WT(WT) WT(H) KO(H) KO(KO)

WT HET KO

WT

KO WT

Offspring exposed to PRENATAL KO 
                     environment

Donor

Postnatal motherRecipient Prenatal mother

WT KO

Offspring exposed to POSTNATAL KO 
                       environment

ANXIOUS ANXIOUS ANXIOUS

KO
KO

Offspring exposed to PRE- and 
POSTNATAL KO environment

ANXIOUS

ANXIOUS

Figure 1 | Diagram showing breeding and embryonic cross-fostering 
schemes for the 5-HT1A receptor deficient line. (A) WT mice are bred together 
to generate WT(WT) control animals with neither a maternal nor an offspring 
5-HT1A receptor effect. Homozygous 5-HT1A receptor knockout mice are bred 
together to generate KO(KO) mice with both a maternal and an offspring 5-HT1A 
receptor genotype effect, which display increased anxiety-related behavior in the 
elevated plus maze. WT and 5-HT1A receptor homozygous knockout mice are 
bred together to generate 5-HT1A receptor heterozygotes, which are 
intercrossed to generate both WT(H) and KO(H) mice, both of which also display 

increased anxiety-related behavior. WT(H) mice have a maternal but not offspring 
5-HT1A receptor genotype effect, while KO(H) mice have both a maternal and 
offspring 5-HT1A receptor genotype effect. (B) WT embryos (indicated by the 
oocyte in the donor) are implanted into WT and 5-HT1A receptor homozygous KO 
pseudopregnant mothers. Within 24 h after birth, pups are cross-fostered to WT 
or 5-HT1A receptor homozygous KO mothers, resulting in offspring raised with a 
prenatal, postnatal, or combined pre and postnatal maternal KO environment. 
Mice with either a prenatal or combined pre and postnatal maternal 5-HT1A 
receptor genotype effect exhibit increased anxiety-related behavior.
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tonic dopamine activity promoted by D2 autoreceptors and high 
phasic dopamine neurotransmission (Grace, 2001). Activation of 
D2 autoreceptors, by reducing the amount of DA released into the 
synapse (presynaptically) and reducing the excitability of the DA 
neurons (in the somatodendritic compartment), inhibits locomo-
tor activity in rodents (Starke et al., 1989; Cory-Slechta et al., 1996; 
Usiello et al., 2000; Figure 3). When we probed the dopamine sys-
tem using quinpirole at a D2 autoreceptor preferring dose, we found 
that the hyperactive offspring of FMRP deficient dams, regardless 
of their own genotype, had attenuated behavioral responses to 
quinpirole. This indicates a functional downregulation of the D2 
autoreceptor that can explain or contribute to the hyperactivity 
phenotype (Figure 4). While the functional D2 receptor downregu-
lation was not affected by the offspring genotype, the KO offspring 
of heterozygote fmr1 KO dams had a higher level of hyperactivity 
than their WT offspring indicating that only the maternally induced 
component of the hyperactivity may be explained by the downregu-
lation of presynaptic D2 receptors. In addition to the D2 autorecep-
tors, the presynaptic GABA

B
 receptors also inhibit DA release while 

receptors located somatodendritically reduce the firing rate of DA 
neurons (Engberg et al., 1993; Smolders et al., 1995; Madden and 
Johnson, 1998; Labouebe et al., 2007; Figure 3). Administration of 
the GABA

B
 agonist baclofen at doses that had no sedative effects 

resulted in a more prominent reduction in locomotor activity in the 
offspring of fmr1 heterozygote KO dams as compared to offspring 
of WT dams (Zupan and Toth, 2008b; Figure 4). Again, this change 
was maternal but not offspring genotype dependent. This indi-
cated a maternal genotype-dependent sensitization of the GABA

B
 

receptor in the offspring that may compensate for the hyperactivity 
related to the D2 receptor downregulation. Taken together, these 
data indicate that the maternal genotype effect can be linked not 
only to behavioral alterations but also to neurochemical changes 
which can ultimately help elucidate the underlying mechanisms.

Fmrp has been directly linked to FXS, as the sole cause of this 
Mendelian disorder. However, FMRP, at least in the mouse model, 
may have an additional function as its partial or complete deficit 

Maternal fragile X mental retardation protein and 
offspring hyperactivity
Our second mouse model of human disease is produced by the inac-
tivation of the fmr1 gene encoding the fragile X mental retardation 
protein (FMRP). This model reproduces key behavioral features of 
the human fragile X syndrome (FXS; Consortium TD-BFX, 1994). 
FMRP is an RNA binding protein that affects multiple stages of 
RNA translation and is involved in the regulation of both local 
and global protein synthesis (Kao et al., 2010). Mice lacking Fmrp 
exhibit a number of FXS-like phenotypes including locomotor 
hyperactivity, sensory hyper-reactivity, cognitive defect, and mac-
roorchidism (D’Hooge et al., 1997; Peier et al., 2000; Chen and 
Toth, 2001; Spencer et al., 2005; Yun et al., 2006). In addition, Fmrp  
deficient mice reproduce some of the autistic-like behaviors seen 
in FXS. Interestingly, the manifestation of autistic-like behaviors 
is genetic background dependent, consistent with the observation 
that autistic behaviors in FXS vary considerably, presumably as a 
result of genetic modifiers (Spencer et al., 2011).

Although FMRP has been identified as the singular cause of 
FXS, a typical Mendelian disease, we found that the maternal Fmrp  
deficit can contribute to the development of some of the disease-
associated phenotypes. Specifically, we found that the genetically 
unaffected adult male offspring of heterozygote fmr1 KO dams 
displayed increased constitutive locomotor activity and that the 
combination of maternal and offspring genotype effects in the FXS 
mouse model had an additive effect on locomotor activity (Zupan 
and Toth, 2008a). This finding suggests that even a partial deficit in 
Fmrp  in the dam has long-term effects on offspring behavior and is 
sufficient to induce a disease-like phenotype. Other FXS-associated 
phenotypes such as macroorchidism and sensory hypersensitivity 
were unaffected by the maternal genotype and present only if fmr1 
was mutated in the offspring.

Locomotor activity is regulated in part by the activity of mes-
olimbic dopamine neurons originating in the ventral tegmental 
area and projecting to the ventral striatum (Koob and Swerdlow, 
1988; Szczypka et al., 2001). Hyperactivity has been linked to low 
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               dentate
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Figure 2 | Schematic showing how prenatal maternal 5-HT1A receptor 
deficiency may lead to alterations in offspring hippocampal development 
and increased anxiety-related behavior. 5-HT1A receptor deficiency in the 
mouse mother is signaled across the placenta during embryonic development 

and transmuted to the developing brain. This prenatal reprogramming results in 
delayed maturation in the early postnatal dentate gyrus, which may contribute to 
changes in hippocampal network formation and ultimately to increased 
anxiety-related behavior.
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First we discuss maternal genotype effects which are likely mediated 
by the behavioral interaction between mother and infant. Then we 
will discuss potential mediators of the maternal genotype effect that 
act during prenatal but also postnatal life.

Influence of maternal care and behavior on the offspring
Several genes have been identified as being required for normal 
maternal care, and mutations in these genes lead to phenotypes 
including impaired pup retrieval, failure of pups to thrive, and 
increased pup mortality. Some of these maternal mutations lead 
to severe impairment of maternal behavior and subsequent reduc-
tions in pup survival or impaired somatic development, and thus 
are not directly relevant to maternal genotype related psychiatric 
conditions. Nevertheless, we briefly summarize these genes below 
because they could provide insights to mother–infant interaction 
mechanisms. FosB null mouse dams exhibit impaired nurturing 
behavior (time crouching over pups, failure to maintain pups in 
a huddle), and impaired pup retrieval (Brown et al., 1996; Kuroda 
et  al., 2008). CREBαδ null mouse dams also exhibit impaired 
pup retrieval, and CREBαδ heterozygous pups fail to thrive (Jin 
et al., 2005). Dams carrying a null allele of Peg-3 show reduced 
nurturing behavior toward their offspring and associated reduc-
tions in offspring survival, as well as reduced lactation, which 
was correlated with a reduction in the number of oxytocin neu-
rons in the hypothalamus (Li et al., 1999). In a follow-up study, 
Curley et al. (2004, 2008) examined the effect of Peg-3 mater-
nal and/or offspring deficiency on offspring development, and 
demonstrated that pups born to WT mothers who inherited a 
mutant Peg-3 allele exhibit reduced suckling activity and weight 
gain, and that their mothers ate less during pregnancy, indicating 
impaired fetal–maternal signaling. Peg-3 mutant mothers of WT 
pups also failed to increase caloric intake during pregnancy and 
had reduced milk let-down, while their offspring gained weight 
less rapidly and entered puberty later. When both mother and pup 

S triatum M idbrain

Figure 3 | Illustration of dopamine D2 autoreceptors (orange) and 
GABAB receptors (green) on somatodendritic and presynaptic sites of a 
mesolimbic dopamine neuron. Maternal fmr1 insufficiency resulted in 
reduced D2 autoreceptor and enhanced GABAB receptor function in adult 
male offspring as measured by the locomotor response following quinpirole 
and baclofen administration, respectively.
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Figure 4 | Maternal and offspring fmr1 genotype effects on locomotor 
activity. Locomotor activity is increased in genetically unaffected animals due 
to maternal FMRP deficit, and this behavioral effect is further enhanced by the 
offspring’s own lack of FMRP. Maternal FMRP deficit increases GABAB 

receptor and decreases D2 autoreceptor function and this effect is not further 
modified by the offspring’s own fmr1 expression suggesting that these 
neurochemical changes are specifically associated with the maternal deficit 
in FMRP.

in the mother results in hyperactivity in the offspring that can be 
further increased by the offspring’s own mutation. This raises the 
possibility that in affected sons of mothers with full fmr1 mutation 
some of the behavioral phenotypes may be caused by a non-genetic 
mechanism related to the mother’s mutation and that genetically 
non-affected sons may also acquire some vulnerability to mental 
disorder. Interestingly, FMRP levels were found to be reduced in 
conditions unrelated to FXS such as autism, schizophrenia, bipolar 
disorder, and major depressive disorder (Fatemi and Folsom, 2011; 
Fatemi et al., 2010). Because the offspring are highly sensitive to 
even a partial reduction in FMRP, we speculate that these non-FXS 
conditions, via maternal effects, can expand the impact of FMRP 
in the human population.

Possible mediators of maternal genotype effects
Maternal effects, unrelated to the genetic transfer of any genetic vari-
ation or mutation, are in principle either behavioral, in particular 
during the postnatal period, or are related to maternal substances that 
reach or signal to the developing brain during pre and/or postnatal life. 
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field, and MWM behavior were shown to be no different from that 
of B6 mice raised by B6 mothers (Francis et al., 2003). Carola et al. 
(2008) used the maternal care variability in this strains to create 
mice that are genetically identical (B6/BalbC heterozygotes), but 
nonetheless display different maternal behavior based on maternal 
strain. They then utilized B6/BalbC heterozygote dams with either 
B6 or BalbC like behavior to study the effect of maternal behavior 
on offspring behavior. These data, although revealing no maternal 
genes, again indicate the importance of the maternal genotype on 
the behavior of genetically unrelated offspring producing psychi-
atric disease-like conditions.

Maternal cytokines
Maternal cytokines have been proposed as potential mediators 
that signal across the placenta to the developing embryo, either 
directly, or through induction of fetal cytokines. Although we have 
no direct evidence that the maternal genotype effects in the 5-HT1A 
receptor and Fmrp deficient mouse lines or in other models of 
maternal genotype effects would be mediated by cytokines, these 
molecules are plausible candidates because they can cross the pla-
centa and blood–brain barrier and because cytokine receptors are 
abundant in the brain, providing a means to convey the maternal 
genotype effects to developing neurons. Both the 5-HT1A recep-
tor and FMRP are expressed in immune cells and could alter their 
functions, including cytokine production and secretion. Indeed, the 
5-HT1A receptor is prominently expressed in the immune system 
and we and others have shown that 5-HT, via the 5-HT1A receptor, 
has chemotactic activity for eosinophils and mast cells (Boehme 
et al., 2004; Kushnir-Sukhov et al., 2006). Regarding FMRP, sig-
nificant differences in the plasma levels of a number of cytokines, 
including IL-1alpha, were reported between FXS individuals and 
controls (Ashwood et al., 2011).

The evidence for the ability of cytokines to alter offspring brain 
development and function comes from studies in which the mater-
nal immune system is challenged, resulting in offspring behavioral 
abnormalities (Smith et al., 2007; Patterson, 2009). Maternal infec-
tion and inflammation during pregnancy have long been implicated 
as potential predisposing factors to offspring psychiatric disorders, 
including schizophrenia and autism. For instance, retrospective 
studies examining maternal medical records have shown that 
maternal infection increases the risk of schizophrenia in offspring 
(2× for respiratory infection, 8× for influenza infection; Brown 
et al., 1996; Byrne et al., 2007). Schizophrenia in offspring has also 
been associated with elevated cytokines and anti-influenza antibod-
ies in archived maternal serum (Brown et al., 2004a,b). A Danish 
registry study recently showed that maternal hospital admission due 
to either viral infection in the first trimester or bacterial infection 
in the second trimester was significantly associated with the diag-
nosis of Autism Spectrum Disorder in offspring (Atladottir et al., 
2010). Animal models that have been used to test the link between 
maternal inflammation and offspring psychiatric-like phenotypes 
include administration of lipopolysaccharide (LPS), polyinosinic 
polycytidylic acid [Poly(I:C)] or antibodies, or direct exposure 
to pathogens such as influenza, all of which induce an immune 
response in the dam, which may directly or via the induction of 
fetal cytokines have profound consequences for the developing fetus 
(reviewed in Boksa, 2010).

were mutant for Peg-3, these abnormalities were additive, and led 
to substantially increased pup mortality. Other genes implicated 
in maternal behavior include Mest/Peg1 (Lefebvre et al., 1998), 
the prolactin receptor gene (Lucas et al., 1998), the corticotropin-
releasing factor I gene (Gammie et al., 2007), Pet-1, encoding a 
serotonergic transcription factor (Lerch-Haner et al., 2008), the 
brain vasopressin gene (Bosch and Neumann, 2008), the oxytocin 
and the oxytocin receptor genes (Takayanagi et al., 2005), and 
CD38 (Jin et al., 2007).

As discussed earlier, thus far there have been few animal models 
in which specific maternal mutations were found to contribute to 
offspring behavioral changes that are reminiscent of psychiatric-
like conditions. Instead, research has focused mostly on strain 
differences, innate variability within rodent strains, or rodents 
selectively bred for behavioral traits. For instance, there is a line 
of Wistar rats selectively bred for anxiety (high anxiety behavior 
and low anxiety behavior rats; Liebsch et al., 1998), in which high 
anxiety rats have been shown to display reduced levels of maternal 
behavior relative to low anxiety rats (Kessler et al., 2011). However, 
these rat lines are bred to maximize phenotypic variability, and as 
such have a large number of genetic differences, making it difficult 
to determine which genetic changes are relevant to the observed 
behavioral changes.

Meaney and colleagues have compiled an extensive body of 
work demonstrating how innate variability in maternal behavior 
in Long–Evans rats can lead to altered offspring behavior. A large 
cohort of rats was phenotyped for natural variations in maternal 
behavior, and two subpopulations were identified, the 10% display-
ing the most licking–grooming and arched back nursing (High LG–
ABN), as well as the 10% displaying the lowest frequency of these 
behaviors (Low LG–ABN; Liu et al., 1997). The offspring of high 
LG–ABN rats were found to display reduced fearfulness, reduced 
hypothalamic–pituitary–adrenal (HPA) axis responses to stress, 
and decreased startle response, as well as increased hippocampal 
glucocorticoid receptor expression. When rats were cross-fostered 
at birth, their adult behavioral phenotypes and their own mater-
nal behavior resembled that of their foster mothers, indicating a 
postnatal and transgenerational effect (Francis et al., 1999). Again, 
the selection procedure segregated two different populations that 
likely differ in multiple genetic mutations or polymorphisms. The 
variability in maternal behavior was found to selectively alter the 
epigenome of the offspring by differential methylation of the glu-
cocorticoid receptor promoter during the first postnatal week, an 
effect which persisted into adulthood and was reversible through 
cross-fostering (Weaver et al., 2004). The group differences in epi-
genetic modification, glucocorticoid receptor expression, and HPA 
responses to stress could be removed through central infusion of 
a histone deacetylase inhibitor into the adult offspring (Weaver 
et al., 2004).

A similar approach was also used with mouse strains showing 
genetic and phenotypic heterogeneity. For instance, the C57/Bl6 
(B6) mouse displays greater licking/grooming behavior, reduced 
anxiety-related behavior, increased learning ability in the Morris 
water maze (MWM), and increased pre-pulse inhibition (PPI) of 
acoustic startle, relative to the BalbC. When BalbC zygotes were 
implanted into B6 hosts and raised by B6 foster mothers dams dur-
ing both the prenatal and postnatal period, elevated plus maze, open 
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effect presumably via the induction of fetal cytokines. Tuberous 
sclerosis (TSC) is a genetic condition in which 40–50% of affected 
individuals display autism spectrum disorder (Ehninger et al., 
2010). These authors exposed a mouse mutant for Tsc2 to gesta-
tional immune activation, and demonstrated that this mutation 
increases in utero mortality after Poly(I:C) injection, and that 
the combined genetic and environmental factors lead to abnor-
malities in social interaction in surviving offspring (Ehninger 
et al., 2010).

Conclusion
The high heritability of psychiatric disorders is likely explained by 
a number of mechanisms including the inheritance of rare alleles 
with high penetrance and various combinations of low penetrance 
alleles. Here we describe another mechanism that could also signifi-
cantly contribute to the heritability of these disorders. Specifically, 
here we show that maternal mutations alone or in combination with 
offspring mutations can result in anxiety and hyperactivity in the 
offspring. The importance of maternal genotype effects is twofold. 
First, it can increase the severity of the phenotype caused by the 
offspring genotype. Second, maternal genotype effects can produce 
disease-like phenotypes in genetically unaffected individuals. This 
finding expands the population vulnerable to psychiatric disease. 
Since conventional association studies do not include the maternal 
genome, the identification of maternal genotype effects is difficult. 
Efforts to incorporate parental genomes into large scale genome-
wide association studies (Kong et al., 2009), could eventually help 
to estimate the overall impact of maternal genotypes in increasing 
risk for mental disorders.

Poly(I:C) is a synthetic dsRNA that acts through the toll-like 
receptor (TLR) 3 (Cunningham et al., 2007). The injection of 
Poly(I:C) into rodent dams during gestation has been shown to 
lead to a panoply of schizophrenia-related behavioral abnormali-
ties in their offspring including deficits in PPI, social interaction, 
latent inhibition, working memory, and novel object explora-
tion (Patterson, 2009). In addition, maternal Poly(I:C) exposure 
induces a range of histological and structural changes in systems 
relevant to schizophrenia, including increased GABA

A
 receptor 

α2 immunoreactivity and dopamine hyperfunction, ventricular 
enlargement, reduced NMDA receptor expression in the hippoc-
ampus, and reduced dopamine D1 and D2 receptor expression 
in the prefrontal cortex (Patterson, 2009). These neurochemical 
changes may underlie the behavioral abnormalities. Extending 
the Poly(I:C) model of maternal immune activation, Abazyan 
et al. (2010) exposed an mhDISC1 mutant mouse to Poly(I:C) 
at gestational day 9 (GD9), which increased the anxiety-related 
behaviors, depression-like responses, and altered social behav-
iors in adults as compared to mutant mice of uninfected dams. 
Polymorphisms in the DISC1 gene have been linked to increased 
risk of several psychiatric diseases, including schizophrenia, 
major depression, bipolar disorder, autism, and Asperger’s syn-
drome (Millar et al., 2000, 2001; Blackwood et al., 2001; Kilpinen 
et al., 2008) and DISC1 mutant animals display a range of cellular 
and behavioral phenotypes relevant to schizophrenia (Clapcote 
et al., 2007; Hikida et al., 2007; Kvajo et al., 2008; Pletnikov et al., 
2008; Shen et al., 2008). Importantly, Poly(I:C) treatment altered 
cytokine levels in the fetal brain in a genotype-dependent manner 
indicating that offspring mutations can increase the maternal 
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Substance abuse in pregnant and recently post-partum women is a major public health
concern because of effects on the infant and on the ability of the adult to care for the
infant. In addition to the negative health effects of teratogenic substances on fetal develop-
ment, substance use can contribute to difficulties associated with the social and behavioral
aspects of parenting. Neural circuits associated with parenting behavior overlap with cir-
cuits involved in addiction (e.g., frontal, striatal, and limbic systems) and thus may be
co-opted for the craving/reward cycle associated with substance use and abuse and be less
available for parenting. The current study investigates the degree to which neural circuits
associated with parenting are disrupted in mothers who are substance-using. Specifically,
we used functional magnetic resonance imaging to examine the neural response to emo-
tional infant cues (faces and cries) in substance-using compared to non-using mothers. In
response to both faces (of varying emotional valence) and cries (of varying distress levels),
substance-using mothers evidenced reduced neural activation in regions that have been
previously implicated in reward and motivation as well as regions involved in cognitive
control. Specifically, in response to faces, substance users showed reduced activation in
prefrontal regions, including the dorsolateral and ventromedial prefrontal cortices, as well
as visual processing (occipital lobes) and limbic regions (parahippocampus and amygdala).
Similarly, in response to infant cries, substance-using mothers showed reduced activation
relative to non-using mothers in prefrontal regions, auditory sensory processing regions,
insula and limbic regions (parahippocampus and amygdala). These findings suggest that
infant stimuli may be less salient for substance-using mothers, and such reduced saliency
may impair developing infant-caregiver attachment and the ability of mothers to respond
appropriately to their infants.

Keywords: fMRI, emotion, cry, parenting

INTRODUCTION
In 2007, The National Survey on Drug Use and Health (NSDUH)
found that 5.2% of pregnant women aged 15–44 years reported
using illicit drugs during pregnancy; in addition, 11.6% reported
alcohol use and 16.4% reported tobacco use. While drug, alco-
hol and tobacco abuse are a significant public health concern
for all individuals, use of these substances during pregnancy and
the post-partum period may have particularly detrimental conse-
quences in mothers. This may be both because of the direct impact
of teratogenic substances on infant development, and because the
effects of drug abuse on maternal behavior and brain function
may negatively impact the post-partum parenting environment.

Data indicate that maternal substance use and abuse are asso-
ciated with poor parenting measures. Substance-abusing mothers
have a two-fold increase in the removal of their children from
their care (U.S. Dept. of Health and Human Services, National
Center for Health Statistics, and National Health Interview Survey,

1999). Interview and self-report assessments reveal differences in
child-related attitudes of substance-using mothers compared to
non-substance-using mothers; specifically, substance-using moth-
ers demonstrate less understanding about their child’s develop-
ment and use harsher discipline (Mayes and Sean, 2002). Mothers
identified as cocaine users during pregnancy were observed as
responding more passively and spending more time disengaged
from their newborn compared to drug-free mothers (Gottwald
and Thurman, 1994). A similar pattern in maladaptive interac-
tions was also observed in substance-using mothers parenting their
child beyond infancy and into toddlerhood (Johnson et al., 2002;
Molitor and Mayes, 2010).

At a neurobiological level, alterations in reward and motiva-
tional circuitry contribute to substance use, abuse and addiction
(Volkow and Li, 2004; Everitt and Robbins, 2005). It has been sug-
gested that as a consequence, decisions are made to use substances
at the expense of other behaviors (e.g., relating to parenting;
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Chambers et al., 2007). Specifically, in the addictive cycle, the
reward system may be “co-opted” for purposes of maintaining
habitual use behavior; in this process, other more adaptive rewards
may not hold the same value for users if they are not part of
the conditioned reward/motivation link associated with substance
use. Importantly, these more adaptive rewards include social affil-
iation and relationships, and this kind of co-optation may have
profound implications for parenting behaviors among addicted
adults. Moreover, key neural regions associated with motivation
and reward, including the prefrontal cortex and amygdala, are also
engaged when parents perceive and/or interact with infant cues
(for a review of this literature see Rutherford et al., 2011). Thus,
we suggest that in addition to overt negative behavioral patterns
associated with addiction that may cause difficulty in parenting
(e.g., increased irritability), drug, alcohol and tobacco use may
have a direct impact on maternal infant interactions in the post-
partum and a direct effect on those neural systems that have been
identified as important for maternal behavior.

To address this question directly, our current investiga-
tion focuses on identifying the differences between substance-
using and non-using mothers in neural circuitry involved in
early maternal infant attachment. Specifically, we investigate the
neural response to infant expressions of emotion in recently
post-partum substance-using and non-substance-using mothers.
Infant-caregiver attachment is forged during early development
when cries and facial expressions are the primary means of infant
communication with their caregiver. The way in which a care-
giver interprets and responds to these cues can directly influence
the quality of the attachment between caregiver and infant, as
evidenced by the adverse developmental outcomes when infant-
caregiver interactions are compromised by depression or sub-
stance abuse in caregivers (Murray, 1992; Mayes et al., 1997;
Network NICHD Early Child Care Research, 1999). In the cur-
rent study we seek to further investigate the substance-using
maternal brain response using fMRI to these early expressions of
infant emotion (specifically, cries and facial expressions) relative
to non-using mothers during the first three post-partum months.

PREVIOUS fMRI INVESTIGATIONS OF RESPONSE TO EMOTIONAL
STIMULI IN SUBSTANCE USERS
Although there exists a fairly large literature of adult processing
of emotional stimuli in both parents and non-parents (reviewed
below), there is relatively little extant investigating of process-
ing of human emotional stimuli in substance-using adults. To
date, most fMRI work in this area has focused on presenting
participants with craving relevant stimuli such as drug parapher-
nalia. These studies typically identify in association with drug cues
increased activation in regions such as the anterior cingulate cortex
(ACC), dorsolateral prefrontal cortex (dlPFC), orbiotofrontal cor-
tex, amygdala and temporal regions (Breiter et al., 1997; Maas et al.,
1998; Childress et al., 1999; Wexler et al., 2001). With respect to
processing emotionally laden stimuli not directly associated with
drug use/misuse, one fMRI study (Asenio et al., 2010) showed
groups of cocaine-using and non-using subjects images from
the International Affective Picture System (IAPS). These pictures
are designed to elicit unpleasant, neutral, or pleasant emotions.
The data revealed greater activation for controls in the pleasant

condition in the superior and inferior frontal lobules (bilater-
ally) the anterior nucleus of the thalamus, dorsomedial prefrontal
cortex (dmPFC), ACC, and right striatum. There were no group
differences for negative or neutral stimuli. However, other studies
have found relatively diminished activation of cortical and subcor-
tical regions in cocaine dependent versus control subjects during
the processing of simulated interpersonal interactions of sad con-
tent, with some of the regions overlapping with those relatively
overactivated in cocaine dependent subjects in response to drug
cues (Wexler et al., 2001). Taken together, these findings suggest
that regions that may respond to rewarding stimuli (such as posi-
tive emotion or arousal) or to negative emotions (sad interpersonal
interactions) are relatively deactivated in substance users com-
pared to non-users, but that some of these regions can be activated
to a greater degree in response to craving inducing stimuli.

PREVIOUS fMRI INVESTIGATIONS OF MATERNAL RESPONSE TO
INFANT EMOTION (FACES AND CRIES)
Prior fMRI studies that have examined the neural response to
infant cries in parents and have compared cries to non-cry acoustic
stimuli (e.g., white noise), and have found greater recruitment
of regions associated with auditory processing and emotional
processing/regulation during the perception of cries relative to
a control sound (Lorberbaum et al., 2002; Seifritz et al., 2003;
Swain et al., 2007; Swain and Lorberbaum, 2008). These regions
that include the hypothalamus, midbrain, basal ganglia, ACC,
prefrontal cortex, and thalamus are common areas of activation
associated with parental responses to infant cries in fMRI par-
adigms, as well as being commonly associated with motivation
and reward-processing. Additionally, observed increases in acti-
vation in the insula and prefrontal cortex for cries relative to
white noise suggest that circuitry associated with social cognition
and empathic processes may also be relevant to parental respon-
siveness to cries. Notably, neural responses to cries appear to be
modulated by time since delivery; mothers showed greater cin-
gulate, amygdala, and insula activation at 2–4 weeks post-partum
when listening to their own relative to another baby’s cry, whereas
at 3–4 months post-partum no greater activity was seen in these
regions. Instead, increased activity in the medial prefrontal cortex
was observed for own baby cry relative to other baby cry (Swain
et al., 2003, 2004a). These findings suggest that experience with an
infant over the first several months post-partum may influence the
neural response to cries, and that this may reflect the functional
re-organization of sensitivity to infant cues in parents.

With respect to processing of facial expression/emotion the
mesocorticolimbic circuitry has been implicated in maternal
responses to infant faces. For example, studies have found
increased activity in the striatum, as well as increased activity
in the medial prefrontal cortex, occipital cortex, insula, ACC,
and in some studies amygdala and parahippocampus, when
mothers view images of infants faces (Bartels and Zeki, 2004;
Leibenluft et al., 2004; Nitschke et al., 2004; Strathearn et al.,
2008). Furthermore, a recent fMRI study identified maternal brain
responses to infant facial affective states (happy, neutral, and sad)
in dopamine-associated reward-processing areas when first-time
mothers viewed images of their own infants compared to unknown
infants expressing comparable affective expressions (Strathearn
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et al., 2008). Specifically, these authors found that happy, but not
neutral or sad own-infant faces, significantly activated nigrostriatal
brain regions interconnected by dopaminergic neurons, including
the substantia nigra and dorsal putamen. In addition, a region-of-
interest (ROI) analysis in this region revealed that activation was
related to positive infant affect (happy > neutral > sad) for each
own–unknown infant face contrast.

The present study extends this work on maternal perception
of infant cries and facial expression by examining how substance
use status may relate to maternal neural response to audio and
visual cues of different infant emotions. Specifically, we examine
neural response to cries of varying distress levels and to faces dis-
playing happy, sad or neutral emotion in mothers using cocaine,
marijuana, tobacco, alcohol, amphetamines, heroin, opiates, or a
combination of these substances (see substance use status below)
relative to a group of age-matched mothers who were not users
of any of these substances. We include cries of varying distress
levels and faces displaying a range of emotion in order to exam-
ine systems responsible for distinguishing between different infant
emotional states and needs (Wolff, 1969). Given what we know
about disruptions in mother–infant interactions in substance-
using populations, we predicted that substance-using mothers
(compared to non-substance-using mothers) will show reduced
activation in regions previously identified as being relevant for
parenting (active while parents view infant faces and listening to
infant cries), including sensory processing regions (visual for faces,
auditory for cries), emotional processing regions such as the amyg-
dala, insula and striatum, as well as regions involved in cognitive
control such as the prefrontal cortex and cingulate.

MATERIALS AND METHODS
PARTICIPANTS
All participants provided informed consent and data were col-
lected approximately 2 months into the post-partum period (range
was 1–3 months). Substance use status was determined by a com-
bination of self-report data and urine toxicology (see below).
Sixty-two participants were initially scanned (31 substance-using
and 31 non-using participants); 8 subjects were excluded due to
excessive motion (5 substance-using and 3 non-using), leaving 26
substance-using and 28 non-using mothers in the sample.

Substance-using mothers
Twenty-six-English-speaking, right-handed recently post-partum
mothers who used one or more teratogenic substances (see sub-
stance use status below) with normal or corrected-to-normal
vision, between the ages of 18 and 42 years inclusive (M = 25.58
SD = 5.64), participated. Racial/ethnic composition included 5
Caucasian, 16 African American, and 5 Hispanic women.

Non-using mothers
Twenty-eight-English-speaking, right-handed recently post-
partum mothers participated. These individuals were free of
tobacco or illicit substance use, had normal or corrected-to-
normal vision, and were between the ages of 17 and 42 years inclu-
sive (M = 29, SD = 5.89). Racial/ethnic composition included 19
Caucasian, 1 Asian American, 5 African American, 1 woman of
mixed race (African American and Caucasian) and 2 Hispanic
women.

Additional participant information
With regard to socioeconomic status,we gathered data on maternal
education level. All mothers in the non-using group had com-
pleted high school and many had completed four or more years of
college (mean number of years of education = 17; SD = 3.45). In
the substance-using group, 12 of the 26 had completed education
through to at least high school, with 3 having gone on to college
(mean years of education = 12; SD = 1.80). Seventy-eight percent-
age of the non-using participants were first-time mothers and 30%
of the substance-using participants were first-time mothers. The
mean number of children in the home for the substance-using
group was 2 (SD = 0.97), and the mean number of children in the
non-using group was 1 (SD = 0.89).

All participants were paid $80 and given a small gift for the
baby (e.g., baby blanket, baby supplies, baby toy, or baby chair)
for their participation. Participants had no neurological impair-
ment or head injury. Written, informed consent was obtained in
accordance with the Yale School of Medicine Institutional Review
Board. This study has an associated certificate of confidentiality
from NIDA.

Substance use status
Participants were recruited through rehabilitation facilities, mater-
nity wards, and flyers posted on local busses and gathering
spots. Substance use status was determined by a combination of
self-report data and urine toxicology. Women were considered
substance-using if they used any teratogenic substance (including
tobacco, heroin, marijuana, opiates, cocaine, alcohol) during preg-
nancy and/or into the post-partum period (see Table 1). Because
some women were in active drug treatment (N = 2), they may not
have been using at the time of their MRI; however, if they reported
substance use, they were included in the substance-using group.
Conversely, if participants did not self-report use but tested pos-
itive for any of the above named substances they were included
in the substance-using group as well (17 of the 26 substance-
using women tested positive (urine toxicity) for one or more
substances on the day of the scan). For alcohol and tobacco use, the
Fagerstrom test for nicotine dependence (FTND) and alcohol use
disorder identification test (AUDIT) were collected. See Table 1
for a breakdown of particular substance use by participant.

STIMULI
Auditory stimuli
Cry stimuli were 2-s segments generated from those used by Green
and Gustafson (1983). The cries came from infants who ranged
in age from 27 to 32 days. All infants were healthy at birth and
healthy at their 1-month checkups. Cries were recorded in the
infant’s home before the infants were fed. Detailed information
about the recording procedure has been reported elsewhere (Green
and Gustafson, 1983). For the current experiment, we chose four
2-s segments from two different infants that we determined (by
two experimenters) to be either of high- or low-distress, result-
ing in both a high- and low-distress exemplar from each infant.
Distress level was verified by an independent group of 10 female
participants (ages 19–24; none of the participants had children)
who rated the cries for distress level. Participants rated each cry
on a scale of 1–10, with 1 representing “calm” and 10 representing
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Table 1 | Substance use breakdown including the number of women

using particular substances, the percentage who were identified by

self-report and the percentage who were identified by urine

toxicology on the day of the scan.

Substances used N Self-report (%) Positive

toxicology (%)

Tobacco only 10 10 90

Marijuana only 4 0 100

Alcohol only 2 100 0

Non-disclosed drugs 4 100 0

Heroin, tobacco, and cocaine 1 100 0

Alcohol and tobacco 2 100 100

Alcohol, tobacco, and other

non-disclosed drugs

1 100 0

Tobacco and heroin 1 0 100

Amphetamines and tobacco 1 0 100

“distressed”. High-distress cries were rated as significantly more
distressed (M = 8.06, SD = 1.3) than low-distress cries (M = 3.54,
SD = 0.82; t = 11.52, p < 0.001). In addition to cries, participants
in the MRI study also heard a “neutral” 220-Hz pure tone. Addi-
tional information on the acoustic properties of the cries and
neutral stimuli are contained in the Appendix.

Visual stimuli
Photographs of infant faces between the ages of 5 and 10 months
were used; these images, initially used by Strathearn and McClure
(2002), were modified to include only the baby’s head and not the
full body. The stimulus set consisted of 21 images from each of
six infants, resulting in a total of 126 images. Infant stimuli were
balanced for both gender and race and included Caucasian and
African American babies. The infant face images displayed affective
states of happy, neutral, and sad. The size, luminance, and contrast
were kept constant for all face stimuli, and faces were presented on
a gray background. Prior to imaging, face stimuli were rated by an
independent group of 11 participants who were not mothers on a
scale of 1 (happy) to 10 (distressed). A repeated measures ANOVA
of the infant face ratings of subjective responses to the three
types of emotional facial cues (happy, neutral, sad) was significant
F(2, 20) = 146.43, p < 0.001. Pair-wise comparisons showed that
happy faces (M = 2.19, SD = 0.75) were rated as significantly less
distressed (Mean difference = −1.55, SD = 1.15, p = 0.006) than
neutral faces (M = 3.74, SD = 143). Neutral faces were rated as
significantly less distressed (Mean difference = −4.16, SD = 1.28,
p < 0.001) than sad faces (M = 7.90, SD = 0.34).

DESIGN
The stimuli were presented using E-Prime software (Version 1.2;
Psychology Software Tools Inc., Pittsburgh, PA, USA). The audi-
tory stimuli were delivered via headphones with no visual display.
The visual stimuli were displayed foveally at the fixation point for
1000 ms and followed by a fixation cross. Subjects received seven
functional runs, each consisting of 42 trials (six trials of each con-
dition of interest and six one-back memory trials). The conditions
of interest were high-distress cry, low-distress cry, neutral tone,

happy face, sad face, and neutral face. Trials were presented in a
different randomized order in each functional run, with the con-
straints that the one-back catch trials could not be presented on the
first trial, or immediately repeated. The duration of the inter-trial-
interval (ITI) was jittered (4000–14000 ms) to allow event-related
analysis and to minimize stimulus expectation.

During each run, subjects were asked to attend to the stimu-
lus sequence of faces and cries. For the one-back memory trials
(14% of total trials), subjects were presented with a row of ques-
tion marks and either a visual stimulus (infant face) was presented
above the question marks or an auditory stimulus (cry or tone)
was delivered via the headphones. The question marks cued the
subject to make a yes/no decision via a stimulus response box
as to whether the current stimulus was identical to the stimulus
of the preceding trial (i.e., a one-back memory task). No action
was required of participants on non-catch trials. Analysis of catch
trial data revealed an accuracy rate of 84% correct for non-using
mothers and 70% for substance-using mothers. The rare catch tri-
als were included to enhance and assess subjects’ attention during
task performance and were modeled but not included in further
analyses.

DATA ACQUISITION
Data were acquired with a Siemens Trio 3T magnetic resonance
imaging system (Siemens AG, Erlangen, Germany) using a stan-
dard 12-channel head coil. Localizer images were acquired for
prescribing the functional image volumes, aligning the eighth slice
parallel to the plane transecting the anterior and posterior com-
missures. Functional images were collected using a gradient echo,
echoplanar sequence [repetition time (TR) = 2000 ms; echo time
(TE) = 30 ms; flip angle = 80˚, field of view (FOV) 20 cm × 20 cm,
64 × 64 matrix, 3.4 mm × 3.4 mm in-plane resolution, 4 mm slice
thickness, 32 slices]. Each stimulus run consisted of 163 volumes,
including an initial rest period of 12 s (to achieve signal stability)
that was removed from analyses.

IMAGE ANALYSIS
Preprocessing
Functional data were preprocessed using SPM5 (Wellcome Func-
tional Imaging Laboratory, London, UK), following our prior
published methods (e.g., Kober et al., 2010). This included slice-
time correction to the first slice of each volume; SPM’s two-
pass realign-to-mean strategy (which ultimately realigns all func-
tional images to a mean functional image); coregistration of the
anatomical image and the average of these realigned functional
images; coregistration of all functional images using the para-
meters obtained from coregistration of the mean image; applica-
tion of the SPM Unified Segmentation process to the anatomical
scan, using prior information from the International Consortium
for Brain Mapping (ICBM) Tissue Probabilistic Atlas and esti-
mation of non-linear warping parameters (e.g., Ashburner and
Friston, 2005); warping the functional images to the Montreal
Neurological Institute (MNI) template space; reslicing into iso-
metric 3 mm × 3 mm × 3 mm voxels; subsequent smoothing of
functional images using a 6 mm isometric Gaussian kernel. Partic-
ipants who could not be properly warped using the segmentation
routine (N = 6) were separately normalized to the MNI structural
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brain without segmentation. All images were inspected for motion
in excess of one voxel (3 mm × 3 mm × 3 mm); eight participants
were excluded from the analysis for excessive motion (in excess of
one voxel).

GLM data analysis
Once the functional images were preprocessed, first-level robust
regression was performed using the standard general linear model
but with iteratively reweighted least squares using the bisquare
weighting function for robustness (Wager et al., 2005; Kober et al.,
2010), as implemented in MATLAB 7.3 (Mathworks, Natick, MA,
USA; robust.m). Motion parameters and high-pass filter para-
meters were added as additional regressors of no interest. Once
conditions were estimated using percent signal change for each
participant, a second-level, random effects analysis was performed
to estimate group activity and to compare activity between-groups,
using NeuroElf (NeuroElf.net) and following our prior methods.
We then used Monte-Carlo simulation implemented in Alpha Sim
to identify voxels that survived whole-brain correction. Clusters
were considered significant at a corrected p < 0.05 threshold at an
uncorrected voxel-level threshold of p < 0.005 at each tail and a
cluster of 25. Anatomical labels of all results were confirmed using
the Talairach Daemon toolbox as well as manually, using a human
brain atlas (Talairach and Tornoux, 1988).

RESULTS
Our primary interest was to compare activity elicited in response
to infant cries and faces in substance-free mothers and substance-
using mothers. We therefore performed between-group compar-
isons for activity during each condition. Consistent with our
hypotheses, we found relatively increased activity in non-using
mothers relative to substance-using mothers for both face and cry
stimuli. We now discuss the non-using relative to substance-using
findings for each condition (faces, cries) in turn.

FACES
Figures 1A–C shows the contrast of substance non-using >

substance-using mothers in response to happy, sad and neutral
faces respectively.

Happy expressions
In response to happy infant faces we observed greater activa-
tion for non-using mothers relative to substance-using moth-
ers in prefrontal regions including ventromedial prefrontal cor-
tex (vmPFC), the right dlPFC/middle frontal gyrus (MFG) and
dmPFC (including medial and superior frontal gyri). We also
observed greater activity for non-using relative to substance-using
mothers in visual processing regions, such as the middle occipital
gyrus, as well as in limbic regions including the right hippocam-
pus/parahippocampus as well as in the cerebellum. We observed
only one small region of increased activation for substance-using
relative to non-using in the left posterior parahippocampal gyrus
(see Table 2).

Sad expressions
In response to sad infant faces, multiple and extensive
regions distinguished non-using from substance-using mothers.

FIGURE 1 | (A–C) Contrast of non-using > substance-using mothers
for happy, sad, and neutral faces, respectively. Images are shown in
neurological convention, with the left hemisphere on the left side of each
image. Slices are at MNI z -coordinate locations −19, −1, +17, +35, and
+53 mm.

Substance-using mothers tended to show less activation in
response to sad infant faces. In this condition, we observed greater
activation for non-using relative to substance-using mothers in
extensive regions of cortex, including prefrontal regions such
as the right and left dlPFC/MFG, medial orbitofrontal cortex,
right inferior frontal gyrus (IFG), sensorimotor regions, the mid-
dle/superior temporal gyrus and posterior cingulate cortex (PCC).
In addition we observed greater activation for non-users in visual
processing regions such as the right occipital gyrus/cuneus, and in
limbic regions, including the right amygdala and parahippocam-
pal gyrus (see Table 3). There were no areas that showed greater
activation for substance-using relative to non-using mothers.

Neutral expressions
For the neutral faces, we again observed greater activity for the
non-using relative to the substance-using in several prefrontal
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Table 2 | x, y, z coordinates, max activation, and cluster size for the

contrast of non-using > substance-using mothers, and

substance-using > non-using mothers for happy infant faces.

x y z k Max Region

NU > SU

10 −39 63 57 4.314 R. postcentral gyrus/superior parietal

32 37 26 48 3.974 R. middle frontal gyrus/dlPFC

−8 14 54 50 3.923 L. medial/superior frontal

gyrus/dmPFC
7 42 −12 46 3.811 R. vmPFC

30 −89 3 28 3.683 R. middle occipital gyrus

27 −34 2 57 3.591 R. hippocampus/parahippocampus

−29 −71 −12 35 3.220 L. cerebellum (declive)

SU > NU

−34 −55 6 26 −4.358 L. posterior parahippocampal gyrus

regions including the dmPFC/medial and superior frontal gyri,
vmPFC, dlPFC, and right IFG, in sensorimotor regions, visual pro-
cessing areas such as the cuneus/PCC and in limbic/striatal regions
including the right amygdala/parahippocampal gyrus/globus pal-
lidus (see Table 4). Again, there were no areas that showed greater
activation for substance-using relative to non-using mothers.

CRIES
Figures 2A,B shows the neural response for the contrast of
non-using mothers > substance-using mothers for high and low-
distress cries respectively.

Low-distress cries
In response to low-distress infant cries, non-using mothers
showed greater activation in auditory sensory processing regions
including right superior/middle temporal gyri, and prefrontal
regions such as the medial frontal gyrus/pre-SMA, sensorimo-
tor regions, as well as regions involved in emotional processing,
memory and empathy such as the insula, thalamus, and bilateral
amygdala/parahippocampal gyrus (See Table 5).

High-distress cries
In response to high-distress cries, fewer regions differentiated
non-using from substance-using groups. Increased activation for
non-using relative to substance-using mothers was seen in the
left superior/MFG, sensorimotor regions, insula, mid cingulate
gyrus/precuneus and bilateral amygdala/parahippocampal gyrus
(see Table 6; see also Table 7 for neural response to the tone).

DISCUSSION
In the study presented here, we used fMRI to investigate whether
substance use during pregnancy or in the recent post-partum
relates to neural response to infant cries and faces in post-partum
mothers. We found generally reduced activation for substance-
using mothers relative to non-using mothers when processing such
infant-related sensory stimuli in areas that have previously been
identified in parenting studies and emotional processing more
generally. To our knowledge, this study provides the first empir-
ical evidence to suggest that the neural circuitry recruited when

processing infant faces and cries is altered in mothers who use
substances of abuse.

Across happy, sad, and neutral face conditions, we observed
greater activity for non-using relative to substance-using moth-
ers in prefrontal regions (e.g., dlPFC, vmPFC), visual processing
regions (e.g., occipital cortex) and limbic regions (e.g., hippocam-
pus/amygdala). These regions comprise a network underscoring
social, emotional and visual sensory processing, and have been
previously implicated in studies exploring the neural response to
facial affect (e.g., Hariri et al., 2000; Gur et al., 2002). Additionally,
many of these regions overlap with those observed to be active
in previous studies of parental response to infant faces such as
the medial prefrontal cortex, occipital cortex, hippocampus and
amygdala (e.g., Strathearn et al., 2008). However, we also note
that some regions previously identified in response to infant faces,
particularly in the striatum (e.g., the caudate and putamen) did
not discriminate substance-using from non-using mothers in our
study. Nevertheless, the generally reduced activity in substance-
using relative to non-using mothers in response to infant facial
expression of emotion supports the hypothesis that the neural
systems associated with emotional processing of infant cues in
substance-using mothers may be less responsive relative to those
in non-using mothers.

With respect to cries, we also observed a large network of
sensory and emotional processing regions that were more active
for non-using mothers relative to substance-using mothers. For
both low and high-distress cries we observed greater activation
for non-using relative to substance-using mothers in auditory
sensory processing regions (STG/MTG) as well as in sensorimo-
tor/precentral gyrus, prefrontal and limbic regions (amygdala and
parahippocampus bilaterally), as well as the insula. Again, many
of these areas, including the amygdala, insula, MTG/STG as well
as prefrontal regions, overlap with those previously identified as
active for mothers in responses to infants cries (Swain et al., 2003,
2004a). Notably, we did not observe substance-related differences
in all previously identified regions associated with cry perception
(e.g., ACC). As with our findings for faces, these data indicate
potential alterations in neural systems responsible for process-
ing infant cries in substance-using mothers. These findings are
consistent with the behavioral literature of negative parenting out-
comes in situations of substance use, and may help to explain
why appropriate interaction with the infant may be difficult for
substance-using mothers.

Taken together, the data suggest generally reduced neural
responsiveness to infant cues in substance-using compared to non-
using mothers. We suggest that such reduced neural responsiveness
may lead to difficulty in subsequent behavioral maternal response
to the infant, and in the formation of infant-caregiver attachment.
In turn, this resulting difficulty may underlie some of the parent-
ing difficulties observed in substance-using parents. Specifically,
we suggest that reduced activation may reflect reduced saliency of
infant cues themselves, which may lead to late or inappropriate
parental response to the infants needs. This in turn could lead to
a consequent failure to comfort the infant and thus an impaired
ability to build an appropriate infant-caregiver relationship. In this
way, substance use may lead to a cycle of inappropriate behavioral
and neurobiological responses, involving altered neurobiological
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Table 3 | x, y, z coordinates, max activation, and cluster size for the contrast of non-using > substance-using mothers for sad infant faces.

NU > SU

x y z k Max Region

−18 −66 −27 246 5.638743 L. cerebellum

−55 −61 −21 112 5.250342 L. cerebellum (declive)

45 −33 −3 251 4.97915 R. middle/superior temporal gyrus, inferior parietal lobule

−35 31 6 2594 4.880452 Inferior frontal gyrus (Brodmann area 46)

−35 31 6 199 4.880452 Inferior frontal gyrus (Brodmann area 46)

−47 29 4 7 4.652219 Inferior frontal gyrus (Brodmann area 45)

35 −33 −22 41 4.351667 R. culmen

−16 −42 49 254 4.30304 L. precuneus

−31 16 25 317 4.287189 L. middle frontal gyrus

27 −19 −11 59 4.26608 R. parahippocampal gyrus

−28 −32 67 30 4.211668 L. postcentral gyrus

−7 9 23 167 4.207603 L. anterior cingulate

−11 −23 1 80 4.18913 L. thalamus

10 −36 63 139 4.188221 R. paracentral lobule

−32 1 25 20 4.163018 L. precentral gyrus

13 −48 58 31 4.15905 R. precentral gyrus

12 −21 1 114 4.098029 R. precuneus

−9 −47 65 53 4.082886 L. postcentral gyrus

10 2 25 22 4.068956 R. cingulate gyrus

23 −35 −15 38 4.068416 R. culmen

−22 28 47 145 4.026933 L. superior frontal gyrus

27 −23 0 21 4.006106 R. lentiform nucleus

−50 −38 7 79 3.97014 L. superior temporal gyrus

−48 −49 14 24 3.926296 L. superior temporal gyrus

21 −30 2 6 3.916912 R. thalamus

−52 7 21 46 3.860483 L. inferior frontal gyrus

7 −36 49 6 3.820081 R. paracentral lobule

−7 −12 71 22 3.819647 L. medial frontal gyrus

−15 20 37 81 3.807613 L. cingulate gyrus

−8 17 60 41 3.807233 L. superior frontal gyrus

−3 −6 33 58 3.759351 L. cingulate gyrus

14 5 42 52 3.757323 R. cingulate gyrus

−43 29 −12 12 3.745067 L. inferior frontal gyrus

−25 13 52 21 3.742426 L. middle frontal gyrus

−7 3 47 41 3.697044 L. cingulate gyrus

40 −25 23 28 3.686666 R. insula

19 −5 14 95 3.643686 R. lentiform nucleus

16 −18 33 43 3.586584 R. cingulate gyrus

12 −15 16 7 3.543675 R. thalamus

−18 −31 8 54 3.508624 L. thalamus (pulvinar)

−34 −31 11 34 3.479951 L. superior temporal gyrus

−16 −26 71 15 3.451032 L. precentral gyrus

34 −13 24 16 3.426919 R. insula

7 −9 41 5 3.412857 R. cingulate gyrus

−3 −20 41 11 3.382658 L. paracentral lobule

−18 17 29 5 3.353571 L. cingulate gyrus

31 −26 9 5 3.331212 R. insula

−18 −18 12 28 3.325903 L. thalamus

−12 −9 10 9 3.296702 L. thalamus

15 −26 9 6 3.292171 R. thalamus

−3 −52 46 5 3.113006 L. precuneus

33 5 25 146 4.78171 R. middle frontal gyrus/precentral

(Continued )
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Table 3 | Continued

NU > SU

x y z k Max Region

−13 −92 −8 179 4.573222 L. occipital/lingual gyrus/cuneus/precuneus

−49 −82 −3 35 4.387002 L. inferior occipital gyrus

−29 −10 50 62 4.316063 L. dorsolateral prefrontal cortex/precentral gyrus

−20 −15 −18 88 4.314709 L. amygdala/parahippocampal

3 −56 17 164 4.240038 R. posterior cingulate/cuneus

25 −40 −38 44 4.140538 R. cerebellum

32 37 26 102 4.1223 R. dorsolateral prefrontal cortex/middle frontal gyrus

−36 −28 37 94 4.072572 L. postcentral gyrus

−7 42 −18 61 4.009093 L. medial orbitofrontal cortex

53 −76 −12 65 3.959023 R. lateral occipital/cerebellum

−23 38 28 39 3.956656 L. superior frontal gyrus

−18 −40 −37 159 3.918909 L. cerebellum/posterior parahippocampal gyrus

−45 −63 4 26 3.895407 L. middle temporal gyrus

19 −9 −14 39 3.870903 R. amygdala/parahippocampal

33 −89 3 125 3.849272 R. occipital/cuneus

9 −80 −21 25 3.817537 R. cerebellum (declive)

58 9 7 50 3.796894 R. inferior frontal gyrus

55 −3 47 42 3.668281 R. dorsolateral prefrontal cortex/precentral gyrus

53 −49 4 57 3.591696 R. middle temporal gyrus

17 12 −15 42 3.587929 R. orbital gyrus

38 −9 50 33 3.587715 R. precentral gyrus

−57 −35 38 83 3.414358 L. inferior parietal lobule

37 −64 −15 25 3.365405 R. cerebellum (declive)

32 −19 67 26 3.33502 R. precentral gyrus

responses to infant sensory stimuli early in motherhood. Indeed
extant work has demonstrated that the ability of mothers to detect
signal differences in cries at the sensory level is important for
providing an appropriate response to infant actions, which has
implications for mother–child attachment (e.g., Donnovan et al.,
2007).

Somewhat surprisingly, we found almost no regions that were
more active for substance-using relative to non-using mothers. We
might have expected that substance-using mothers would have
shown heightened activation in stress related circuits, reflecting
the idea that infant cues are less rewarding and more stress-
ful for substance-using mothers, particularly for negative or

Table 4 | x, y, z coordinates, max activation, and cluster size for the contrast of non-using > substance-using mothers for neutral infant faces.

NU > SU

x y z k Max Region

−12 20 49 153 4.883 L. medial/superior frontal gyrus

37 −23 61 231 4.463 R. precentral/postcentral gyus; SMA

9 −75 24 475 4.448 R. posterior cingulate cortex/cuneus

−40 27 4 168 4.318 L. inferior frontal gyrus

−7 40 −12 145 4.145 L. ventromedial prefrontal cortex/medial orbitofrontal gyrus, subgenual ACC

3 −36 52 328 4.004 R. postcentral gyrus/mid cingulate cortex, precuneus

−16 44 30 35 3.810 L. superior/medial frontal gyrus, dmPFC

7 5 25 31 3.746 R. mid cingulate gyrus

−34 −60 −15 42 3.673 L. cerebellum (declive)

36 −80 28 28 3.669 R. superior occipital gyrus

11 11 52 31 3.631 R. medial frontal gyrus

−32 −66 −31 35 3.627 L. cerebellum

−49 −1 38 26 3.584 L. dlPFC

36 17 −20 47 3.529 R. inferior frontal gyrus/superior temporal gyrus

−61 −37 7 29 3.389 L. posterior middle temporal gyrus

25 −9 −1 28 3.379 R. amygdala/parahippocampal/globus pallidus
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FIGURE 2 | (A,B) Contrast of non-using > substance-using for low-distress
and high-distress cries respectively. Slices are at MNI z -coordinate
locations −16, +2, +20, +38, and +56 mm.

upsetting stimuli (e.g., cries). For example, Sinha et al. (2005) have
found that cocaine dependant but currently abstinent participants
showed increased activation of corticolimbic circuitry (caudate
and dorsal striatum) for stressful stimuli relative to healthy con-
trols. Instead, we observed only one small region of increased
activity in the left parahippocampus for happy faces. This null

finding may be due to the nature of the stimuli and the populations
being explored; that is, response to emotional or stressful stim-
uli may be particularly blunted in the presence of substance use,
possibly via the mechanism of co-opting of motivation/reward
circuitry. Alternatively, it is possible that the system is simply less
responsive overall, or that the pattern of responding in substance-
using mothers is far more variable; future research will be necessary
to directly address these possibilities. Such research could possi-
bly include images that are likely to elicit increased response in
substance users, such as paraphernalia, or stimuli that are more
stressful than infant cries.

One of the important limitations of the present study is the
heterogeneity of substances that were used by the mothers in our
sample. Indeed the consequences of different substances of abuse
vary at neurochemical as well as behavioral levels. In this sam-
ple, we are focusing on the impact of an addictive process on the
response to what would be expected to be salient cues. Future
studies should examine the potential impact of specific substances
(and the quantity/frequency of their use) on the neural responses
to infant stimuli, as well as investigate groups of parents (both
mothers and fathers) with specific addictions. We also note dif-
ferences between the groups in terms of maternal education and
number of children in the home, as well as racial distribution
across the groups as potential limitations of the current study;
these factors are very difficult to match in studies of substance
use, particularly in the case of SES/maternal education and race,
as substance users tend to have lower SES than non-users, and are
more often members of minority groups. We acknowledge that
these factors may influence the results as they may influence home
environments and parenting styles and thus should be examined
further in future research. Nevertheless, the result of this study
represent an important and novel step in identifying the impact
of substance use on maternal responding.

Table 5 | x, y, z coordinates, max activation, and cluster size for the contrast of non-using > substance-using mothers for low-distress infant

cries.

NU > SU

x y z k Max Region

50 −37 2 227 4.927 R. superior/middle temporal gyrus

−24 −4 −17 48 4.734 L. amygdala/parahippocampal gyrus

−34 28 6 108 4.604 L. inferior frontal gyrus

−11 3 50 75 4.328 L. medial frontal gyrus/pre-SMA/dorsal cingulate gyrus

22 −59 3 523 4.254 R. lingual gyrus/fusiform gyrus/cuneus/middle occipital gyrus

−52 −30 21 83 4.252 Posterior insula/postcentral gyrus

51 −17 49 247 4.228 R. postcentral gyrus

−18 −53 −4 647 4.158 L. lingual gyrus/fusiform gyrus/posterior parahippocampal/cuneus/middle occipital gyrus

−57 −1 6 119 4.023 L. mid/anterior insula/precentral gyrus

51 −68 −6 29 4.017 R. lateral middle occipital gyrus

53 8 −12 219 3.955 R. amygdala/parahippocampal/middle temporal/superior temporal gyrus

−37 −11 43 145 3.893 L. precentral gyrus

−18 −20 9 24 3.818 L. thalamus

−19 −29 67 32 3.779 L. precentral gyrus

15 −21 7 29 3.718 R. thalamus

25 −35 44 29 3.543 R. postcentral gyrus

47 7 6 24 3.524 R. insula

14 2 47 60 3.397 R. medial frontal gyrus/pre-SMA/dorsal cingulate/gyrus
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Table 6 | x, y, z coordinates, max activation, and cluster size for the contrast of non-using > substance-using mothers for high-distress

infant cries.

NU > SU

x y z k Max Region

−41 42 33 27 4.459 L. superior/middle frontal gyrus/dlPFC

−54 −3 6 38 4.295 L. precentral gyrus/mid insula

50 −34 0 65 4.219 R. middle temporal gyrus

−64 −19 15 29 4.107 L. postcentral gyrus

−26 −12 53 87 4.037 L. precentral gyrus

13 −18 41 273 4.001 R. mid cingulate/precuneus

62 −25 20 49 3.923 R. postcentral gyrus

66 −1 16 35 3.683 R. precentral gyrus

−11 3 50 39 3.630 L. medial frontal gyrus/pre-SMA/dorsal cingulate gyrus

28 0 −12 49 3.540 R. amygdala/parahippocampal gyrus

53 −20 3 33 3.538 R. superior temporal gyrus

−24 −7 −12 23 3.366 L. amygdala/parahippocampal gyrus

13 −33 63 31 3.288 R. postcentral gyrus

−22 −26 61 31 3.097 L. postcentral gyrus

Table 7 | x, y, z coordinates, max activation, and cluster size for the contrast of non-using > substance-using mothers for the pure tone.

NU > SU

x y z k Max Regions

−29 43 31 168 5.294 L. superior frontal gyrus

32 34 27 246 5.044 R. superior/middle frontal gyrus/dlPFC

−21 −29 −1 247 4.975 L. thalamus/midbrain/posterior cingulate

−7 −80 −6 1583 4.694 L. cerebellum/lingual/occipital gyrus

−35 31 9 37 4.578 L. inferior/middle frontal gyrus

15 −86 35 585 4.485 R. precuneus/cuneus/posterior cingulate cortex

−8 11 66 64 4.426 L. superior/medial frontal gyrus

25 7 60 97 4.247 R. superior/anterior cingulate gyrus

−43 −52 1 40 4.072 L. inferior temporal gyrus

−20 14 14 87 3.989 L. dorsal caudate

23 10 17 132 3.930 R. dorsal caudate

−47 −57 43 27 3.739 Inferior temporal gyrus

−54 0 6 26 3.555 Superior temporal/insula

27 −25 0 57 3.529 Lateral ventral thalamus

−34 −87 −1 26 3.318 Middle occipital gyrus

−22 −12 17 25 3.316 Thalamus

−22 14 49 37 3.313 Superior frontal gyrus

It will be important for future work to further explore indi-
vidual differences among substance-using and non-using mothers
in order to better understand the underlying contributing fac-
tors responsible for behavioral and neurobiological differences
associated with parenting under conditions of substance use. For
instance, substance-using mothers report higher levels of stress
than non-substance-using mothers (Kelley, 1998), and maternal
stress is considered to be an important mediator of parenting, as
well as child outcomes (Suchman and Luthar, 2001). Substance-
abusing mothers may also be more likely to have undergone
emotional or physical trauma and like stress, this may impact
their parenting. Future studies investigating possible contributions
related to stress and trauma, as well as domains that might be influ-
enced by stress and trauma exposure (e.g., mood and attention)

warrant direct investigation. Moreover, additional research on the
neural circuitry associated with response to emotion under con-
ditions of substance use/addiction in mothers will be necessary
to determine whether our observed findings are specific to infant
emotion and social cues or reflect a more general reduced sen-
sitivity in circuits involved in emotion processing. Because the
current investigation focused on infant emotional stimuli, it is not
possible to determine if the observed effects of substance use on
brain activation would generalize to other types of relevant stim-
uli. One additional area for future exploration, which has been
explored in non-abusing parents, is the degree to which processing
of images or cries of one’s own infant mediates neural responses.
With respect to substance use, it would be helpful to determine
whether some of the differences we observed between substance
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users and non-users are alleviated when mothers view their own
relative to an unknown infant; it is possible that viewing or lis-
tening to one’s own infant will be more salient, thus mitigating
our observed altered response. Exploring these factors along with
better understanding the specificity of the response to infant emo-
tion/cues compared to other social/emotional cues and the effects
of specific drugs and degrees of addiction will go a long way toward
furthering our understanding of parenting under conditions of
substance use and abuse.

Finally, one important implication from our findings of altered
neural circuitry in response to infant cues in substance-using
post-partum mothers is that interventions that focus on improv-
ing mother–child interactions rather than simply on eliminating
substance use may be equally important for improving mother–
child attachment in the presence of substance use. Specifically,
increasing the amount and quality of appropriate mother–child
interaction in the post-partum may help to retune the circuitry
involved in reward/motivation and parenting. Recent work focus-
ing on mother–child interactions in substance-using mothers to
increase maternal mindfulness of the baby has had positive results,
including improvements in observed mother–toddler interac-
tions (e.g., Suchman et al., 2008). Future work that examines
functional neural activity before and after this style of interven-
tion would be useful for determining whether improvements in
observed behavior correspond with changes in the underlying
neural circuitry and more generally if there is significant plas-
ticity in the neural circuitry for parenting in substance-abusing
mothers.
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APPENDIX
CRY ACOUSTIC PROPERTIES
Although cries were not selected based on acoustic proper-
ties we report properties that have been observed to correlate
with perceived distress including, pitch, number of bouts and
duration of bouts, and number of inter-bout pauses and dura-
tion of inter-bout pauses. All cries had sampling frequencies
of 44100 Hz and ranged from 1.9 to 2.12 s. All cries were nor-
malized to the same relative peak intensity using Praat soft-
ware http://www.fon.hum.uva.nl/praat/. Presentation volume was
occasionally adjusted for participant comfort. High-distress cry 1:
minimum pitch 129.53 Hz; maximum pitch 433.6; mean pitch

351.27 Hz; number of bouts 2; mean bout length 0.97; mean pause
length 0.09 s. High-distress cry 2: minimum pitch 209.68 Hz; max-
imum pitch 461.32; mean pitch 317.17 Hz; number of bouts 1;
mean bout length 2.1 s; mean pause length 0 s. Low-distress cry 1:
minimum pitch 297.548; maximum pitch 470.003 Hz; mean pitch
348.77 Hz; number of bouts 3; mean bout length 0.47 s; number of
pauses 3; mean pause length 0.75 s. Low-distress cry 2: maximum
pitch 469.824; mean pitch 351.40 Hz; number of bouts 9; mean
bout duration 0.11 s; number of pauses 4; mean pause length 0.1 s.
For the 220-Hz pure tone the sampling rate was 441000 Hz; dura-
tion was 2 s; average pitch was 220 Hz. The pure tone had a 2 ms
ramp up at the beginning and the end of the token.
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Mesolimbic dopamine transients in motivated behaviors: 
focus on maternal behavior
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Phasic activity of the mesolimbic dopamine pathway – burst-firing of dopamine neurons and 
the resulting dopamine release events at striatal targets – have been associated with a variety 
of motivational events, such as novelty, salient stimuli, social interaction, and reward prediction. 
Over the past decade, advances in electrochemical techniques have allowed measurement of 
naturally occurring dopamine release events, or dopamine transients, in awake animals during 
ongoing behavior. Thus, a growing body of studies has revealed dynamic dopamine input to 
ventral striatum during motivated behavior in a variety of experimental paradigms. We propose 
that dopamine transients may be important neural signals in pup-directed aspects of maternal 
behavior, as preliminary data suggest that dopamine transients in dams are associated with 
pup cues. Measurements of dopamine transients may be useful to investigate not only typical 
maternal behavior but also maternal inattention induced by drug exposure or stress.
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sex and food, during stress, or following administration of addictive 
drugs (for review, see Westerink, 1995; Phillips et al., 2008; Willuhn 
et  al., 2010). More recent research suggests that one aspect of 
dopamine release – fast fluctuations in dopamine called dopamine 
transients – is a neural correlate of reward salience, approach initia-
tion, and learning (for review, see Robinson et al., 2008; Willuhn 
et al., 2010). As such, mesolimbic dopamine transients may be a 
useful window on reward processing in maternal behavior. The goal 
of this review is to describe the expression of dopamine transients 
during behavior in studies to date and consider how these fast 
dopamine events can instruct us on the dopaminergic contribution 
to both normal and disrupted maternal behavior.

Dopamine transients as a window into reward and 
reinforcement processing
Much of what we have learned of extracellular dopamine dynamics 
has been dependent on the neurochemical methods to measure 
them in vivo. Microdialysis (Westerink, 1995; Watson et al., 2006) 
has been used to successfully measure dopamine in various ter-
minal regions. Because the diffusion-based technique has limited 
ability to track dynamic concentration changes, it is best suited for 
monitoring slow (over minutes) changes in dopamine concentra-
tions over broad (mm) areas of tissue. Microdialysis research has 
yielded a wealth of information about dopamine levels during a 
range of motivated behaviors, including maternal behavior. For 
example, dopamine levels rise in the NAc during active maternal 
behaviors, such as nursing and licking pups (Hansen et al., 1993). 
However, microdialysis lacks the resolution to observe brief changes 
in dopamine that result from burst-firing of dopamine neurons 
and are time-locked to specific behavioral events or environmental 
stimuli (Borland et al., 2005; Yang and Michael, 2007). In contrast, 
fast scan cyclic voltammetry (FSCV, Box 1) is used to measure 

Dopamine exerts considerable influence on animal behavior. In 
addition to the control of voluntary movement (e.g., Parkinson’s 
disease), dopamine plays an important role in reward and motiva-
tion (preliminary data: Ikemoto and Panksepp, 1999; Salamone 
et al., 2005, 2007; Alcaro et al., 2007). Thus, it is central not only to 
many natural behaviors, such as reproduction and ingestion, but 
also to pathologic ones, like addiction and other compulsive dis-
orders. Telencephalic dopamine projections arise from the ventral 
tegmental area (VTA) and the substantia nigra in the midbrain and 
ascend to multiple forebrain structures, most notably the caudate, 
putamen, and nucleus accumbens (NAc; collectively called the 
striatum). All of these projections have been implicated in various 
aspects of motivated behavior. For example, nigral dopaminergic 
afferents to the dorsolateral striatum participate in habit-learning 
and automatic responses to cues, while those to the dorsomedial 
striatum have been implicated in goal-directed behaviors and 
action selection (Yin and Knowlton, 2006; Wickens et al., 2007; 
Lovinger, 2010; de Wit et al., 2011). Furthermore, the dopamin-
ergic system most closely associated with cue-reward associations 
is the mesolimbic pathway, projecting from the VTA in the mid-
brain to anterior targets that include the NAc, olfactory tubercle, 
and prefrontal cortex. This review will focus on the mesolimbic 
dopamine system as it is the dopamine projection most studied 
in the context of maternal behavior. Nevertheless, dopaminergic 
input to each striatal region is likely to play important roles in 
maternal behavior.

By using in vivo neurochemical methods, many studies have 
demonstrated that extracellular dopamine concentrations in the 
NAc increase in the minutes to hours during natural reward such as 

Abbreviations: FSCV, fast scan cyclic voltammetry; MPOA, medial preoptic area; 
NAc, nucleus accumbens; VTA, ventral tegmental area.
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Box 1 | Fast scan cyclic voltammetry (FSCV) to detect dopamine release

A

D

B C

FSCV is a method used to electrochemically detect dopamine in situ 
at the surface of a carbon-fiber microelectrode (Robinson et al., 2008). 
First, a potential is applied to the electrode; the triangle waveform 
shown in (A) is typically used for electrochemical detection of extracel-
lular dopamine in freely moving rats. This waveform ramps from −0.4 
to + 1.3 V and back, applied at 400 V/s and repeated at 10 Hz. The precise 
parameters of the applied waveform (such as the range of potentials, 
the shape of the waveform, and the speed and frequency at which it 
is applied) will vary depending on the analyte. Next, current is detected 
at the electrode due to redox reactions on the electrode surface as 
well as charging of the double layer around the electrode. This current 
is depicted in the cyclic voltammogram in (B) current associated with 
the positive, oxidative sweep of the applied waveform is in blue, while 
current at the negative, reductive sweep is in green. The charging cur-
rent is large but stable over short time frames (∼60 s); thus, the charg-
ing current can be subtracted to reveal smaller currents associated 
with fast changes, such as the oxidation and reduction of dopamine 
release depicted in (C) (background-subtracted cyclic voltammogram 
of dopamine; oxidation in blue, reduction in green). Importantly, analyte 
selectivity is obtained  by choosing waveform parameters that yield 
distinguishing background-subtracted cyclic voltammograms for the 
analyte versus other biological compounds (Robinson and Wightman, 
2007). (D) Illustrates electrically evoked dopamine release in an awake 

rat recorded by using FSCV. Current detected at the electrode across 
time is depicted in a color plot to visualize changes in current at the 
range of applied potentials (Michael et al., 1998); potential is on the 
y-axis, time is on the x-axis and current is in color). To better illustrate 
changes in dopamine, the current at the oxidation potential of dopamine 
(white dotted line, approximately +0.6 V versus an Ag/AgCl reference 
electrode) is shown in the trace above the color plot. Dopamine neurons 
in the midbrain were stimulated with a bipolar electrode (indicated by 
the blue bar at 5 s; 40 Hz, 16 p, biphasic, 2 ms/phase, 120 μA) and the 
resulting dopamine release in the nucleus accumbens is observed by 
increased oxidative current. By calibrating the electrode after the experi-
ment (Logman et al., 2000), current can be converted to dopamine 
concentration to estimate the amount of dopamine release (∼250 nM). 
This change in current can be confirmed as dopaminergic by evaluation 
of the cyclic voltammogram (inset). Such electrical stimulation is often 
followed by basic changes in pH (Kawagoe et al., 1992; Venton et al., 
2003; Takmakov et al., 2010), as is observed by the negative current 
at the oxidative sweep and positive current at the reductive sweep in 
7–10 s; the cyclic voltammogram (inset) associated with this change 
in pH is clearly distinguished from dopamine. FSCV can also be used 
to detect spontaneous dopamine release events, or dopamine tran-
sients. A small transient is observed between 2 and 3 s, identified by 
the cyclic voltammogram (inset).
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and associated with a rise in tonic dopamine levels (Numan, 
2007; Stolzenberg and Numan, 2011), little is known of phasic 
dopamine activity during maternal behavior.

Transient increases in firing rate, or burst-firing, of dopamine 
neurons have been recorded in many animal models at numer-
ous events, such as salient environmental stimuli (experimenter 
hand approach, whisker touch) and reward delivery (for review, 
see Overton and Clark, 1997). Perhaps the most iconic illustra-
tion of phasic dopamine activity during reward processing comes 
from experiments by Wolfram Schultz and colleagues (Schultz 
et al., 1997; Schultz, 1998). Recording from midbrain dopamine 
neurons in primates during a simple Pavlovian task, they found 
that dopaminergic neurons briefly increased firing rate in response 
to an unexpected squirt of juice (reward). However, when the ani-
mal learned that a cue predicted the reward, the phasic dopamine 
activity shifted from the reward delivery to the presentation of 
the conditioned cue. Since FSCV instrumentation and techniques 
advanced to the point that they could be used in freely moving rats, 
dopamine transients have been measured at these same events: 
salient environmental stimuli, reward delivery, and conditioned 
cues (for review, see Robinson et  al., 2008). One advantage of 
measuring dopamine release as opposed to neuronal firing rate is 
that while electrophysiology reveals firing patterns of individual 
neurons, FSCV reveals the extracellular dopamine concentrations 
available to activate target receptors. This distinction can be impor-
tant, as recent studies suggest that dopamine transients can arise 
from influences, perhaps inputs onto dopaminergic axon terminals, 
other than NMDA receptor activation at the dopamine cell bodies 
(Sombers et al., 2009; Parker et al., 2010). Related to this, electro-
physiology yields firing patterns of individual neurons but cannot 
confirm their neurochemical identity (e.g., dopaminergic versus 
GABAergic neuron). In contrast, dopamine fluctuations meas-
ured with FSCV are positively identified as dopamine. In addition, 
regional variation in dopamine release is more easily determined 
by measuring dopamine release than dopamine neuronal firing 
(Garris and Rebec, 2002), as there is heterogeneity in the projection 
targets of various cell groups within the midbrain and especially the 
VTA (Ikemoto, 2007). While the majority of reports of dopamine 
transient activity to date have focused on the NAc core and shell, 
spontaneous transients have also been characterized in dorsomedial 
striatum (Robinson et al., 2002) and olfactory tubercle (Robinson 
et al., 2002; Robinson and Wightman, 2004).

The first reports of dopamine transients were in the NAc in 
response to a novel environment (Rebec et al., 1997) and to the 
presentation of a sexually receptive rat (Robinson et al., 2001) both 
arguably important stimuli to a rat. Additional studies demonstrated 
that dopamine transients were not associated with any particular 
movement or behavior; instead, they were followed by approach 
and appetitive behaviors toward the stimulus rat (Robinson et al., 
2002), consistent with theories of dopamine function in behavioral 
switching and reward-seeking. Some studies, including these initial 
reports, monitored dopamine release across time and at individual 
experimental events, such as a stimulus presentation or a drug 
injection. However, other studies have explored dopamine release 
during multiple-trial sessions, such as Pavlovian conditioning (e.g., 
Day et al., 2007) and operant self-administration of a reinforcer 
(e.g., Phillips et al., 2003; Roitman et al., 2004). These multi-trial 

these fast and often sub-second, dopamine fluctuations due to the 
temporal (100 ms) and spatial (typically 100 μm) resolution of 
the method.

Extracellular dopamine concentrations can be considered 
within the framework of tonic and phasic release. Tonic dopamine 
concentrations arise from the population activity of dopamine 
neurons innervating a target region. While estimates of basal, 
tonic dopamine levels in striatum range from 5 to 100  nM 
(Ross, 1991; Kawagoe et  al., 1992; Suaud-Chagny et  al., 1992; 
Justice, 1993), these concentrations are likely sufficient to occupy 
dopamine autoreceptors and high-affinity postsynaptic receptors 
(Richfield et  al., 1989). This “tone” at the dopamine receptors 
is thought to be important to facilitate movement and gate a 
variety of dopamine-dependent behaviors (Berke and Hyman, 
2000). Furthermore, mesolimbic dopamine tone is an important 
regulator of effort that an animal will expend to obtain a reward 
(Salamone et al., 2005). Phasic, burst-firing of dopamine neu-
rons, on the other hand, produces dopamine transients (Kawagoe 
et al., 1992; Suaud-Chagny et al., 1995; Garris and Rebec, 2002; 
Sombers et al., 2009): brief, higher concentrations of dopamine 
that may activate low-affinity dopamine receptors. These phasic 
dopamine signals are important, for example, for cue-associated 
learning about reward and salient stimuli (Schultz, 1998; Tsai 
et  al., 2009; Zweifel et  al., 2009). Moreover, these brief bursts 
of firing and the resulting dopamine transients are thought to 
be important in behavioral switching (Redgrave et  al., 1999). 
Interestingly, dopamine terminals in the ventral striatum appear 
to corelease glutamate upon phasic firing, which adds another 
dimension to the function of dopamine transients (Sulzer and 
Rayport, 2000; Lapish et  al., 2006; Hnasko et  al., 2010; Stuber 
et al., 2010a; Tecuapetla et al., 2010). Specifically, the addition of 
a time-locked glutamatergic signal may provide a transient the 
true ability to time-lock to stimuli and reward because gluta-
mate activates fast ligand-coupled ion channels. In contrast, post-
synaptic dopamine actions via G-protein coupled receptors are 
slower and may modulate postsynaptic responses to converging 
inputs (Lapish et al., 2006). Nevertheless, although the complex 
molecular signaling interactions are still under investigation, it is 
clear that dopamine transients play a critical contributory role in 
learning about and appropriate responding to the environment.

Thus, tonic and phasic dopamine firing and release are 
thought to have distinct receptor targets and different func-
tions in the behaving animal (Garris and Rebec, 2002; Schultz, 
2007; Hauber, 2010). In light of this duality, it is important 
to note that microdialysis and FSCV provide complementary 
measurements of dopamine dynamics; for example, increases 
in the number of dopamine neurons that are spontaneously 
active influence the tonic dopamine concentrations measured 
with microdialysis (Floresco et al., 2003), whereas increases in 
dopamine burst-firing do not necessarily affect measurements 
of dopamine tone (Lu et al., 1998; Floresco et al., 2003; Borland 
et al., 2005). In contrast, FSCV detects variation in dopamine 
transient rates that reflect burst rates of dopamine neurons 
(Sombers et  al., 2009), but the method has limited utility to 
detect slower changes in extracellular dopamine concentra-
tions (Robinson et  al., 2008). It is interesting that while the 
general role of dopamine in maternal behavior is well established 
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play very important roles in the response to newly born pups 
and the various stimuli (olfactory, auditory, sensory) they 
create. Additionally, dopamine transients may contribute to 
the recognition of the subtly altered pup-produced stimuli as 
they change over pup development.

(3)	 Dopamine transients reflect learned cue-reward associations. 
The expression of both burst-firing of dopamine neurons 
and dopamine transients has been explicitly tied to reward 
and learning. Not only do unexpected rewards reliably 
induce phasic dopamine release, but cues that predict reward 
can do the same. In fact, phasic dopamine is hypothesized to 
act as an error predictor of reward (Schultz, 1998): when a 
reward is better than expected, phasic dopamine is increased, 
and when it is worse than expected, it is decreased. In this 
way, unexpected presentations of reward or reward-predic-
tive cues are “better than expected” and trigger dopamine 
release. Furthermore, the phasic dopamine signal emerges 
over time as the relationship between the conditioned cue 
and the reward is learned (Schultz, 1998; Day et  al., 2007; 
Owesson-White et  al., 2008). Dopamine transients asso-
ciated with cue-reward associations have been demonstra-
ted both in Pavlovian and operant settings, with dopamine 
release time-locked to the presentation of cues predicting 
cocaine, sucrose, food, and intracranial stimulation. Figure 1 
shows examples of dopamine release to the cue and a reward 
in the NAc of a rat after several days of Pavlovian conditio-
ning. As previously reported (Day et al., 2007; Stuber et al., 
2008), dopamine release is more robust to the cue than to 
the reward delivery after Pavlovian conditioning. Recently, 
optogenetics has been combined with FSCV to experimen-
tally induce firing in dopaminergic neurons expressing the 
light-activated cation channel channelrhodopsin-2 (Tsai 
et al., 2009; Vickrey et al., 2009; Bass et al., 2010; Tecuapetla 
et al., 2010). Using light to stimulate these neurons, Tsai et al. 
(2009) demonstrated that phasic dopamine was sufficient to 
induce a conditioned place preference, providing an elegant 
confirmation that phasic dopamine release (and potentially 
glutamate corelease) regulates cue-reward learning. In the 
context of maternal behavior, this technique holds promise 
to also determine how phasic dopamine might regulate lear-
ning of pup stimuli.

(4)	 Dopamine transients appear to facilitate reward-seeking beha-
vior. It has long been known that electrical stimulation of the 
mesolimbic dopamine pathway is reinforcing and can induce 
context-dependent motivated behavior (Valenstein et  al., 
1968), such as approaching and gnawing on a woodchip 
when it is available, or approaching a bottle and drinking 
when water is available. Indeed, a unifying theory of dopa-
mine function is that it serves as a seeking system in the brain 
that is vital to the recognition of and approach toward rewar-
ding stimuli that are necessary to survival, such as food, sex, 
and safety (Ikemoto and Panksepp, 1999; Alcaro et al., 2007). 
Thus, it is not surprising that dopamine transients have also 
been associated with appetitive and approach behaviors. In 
the first report of dopamine transients during operant self-
administration of a reward, electrical stimulation of dopa-
mine was followed by approach to the lever (Phillips et al., 

paradigms allow more sensitive dopamine measurements due to 
signal-averaging to enhance the signal-to-noise of dopamine release 
that is consistently expressed at a repeated event such as an operant 
response or cue presentation. As more and more studies employ 
FSCV to monitor dopamine transients, some common findings 
have emerged.

(1)	 Dopamine transients occur across the striatum at a basal rate 
that varies across recording sites and can be pharmacologically 
manipulated. Just as individual dopamine neurons burst at 
a basal frequency (Freeman and Bunney, 1987; Overton and 
Clark, 1997; Hyland et  al., 2002), dopamine transients are 
expressed at a basal rate in target areas. Generally, transients 
are more frequent in ventral striatum than dorsal striatum 
(Robinson et al., 2002), and few basal differences have been 
detected among the NAc core, shell, and olfactory tuber-
cle (Robinson and Wightman, 2004; Aragona et  al., 2008; 
Robinson et al., 2009). However, within a target nucleus, one 
may observe dramatic variability in transient expression from 
one recording site to another as the 100-μm carbon-fiber 
microelectrode is lowered through the tissue (Wightman 
et al., 2007). This heterogeneity has resulted in the observa-
tion of “hot” and “cold” sites of dopamine transients that is 
independent of dopamine innervation, as dopamine release 
can be evoked with electrical stimulation even in the “cold” 
sites that do not readily support spontaneous dopamine 
transients (Robinson and Wightman, 2007; Wightman et al., 
2007; Robinson et al., 2009). Moreover, these basal rates of 
dopamine transients can be increased by administration of 
dopamine transporter blockers, autoreceptor antagonists, 
and addictive drugs (Robinson and Wightman, 2004; Stuber 
et al., 2005; Cheer et al., 2007; Aragona et al., 2008). Thus, 
basal frequencies of dopamine transients are thought to 
reflect both the burst-firing characteristics of the dopami-
nergic neurons that innervate the recording site as well as the 
complement of transporter and receptors on those neurons. 
As dopaminergic tone is lower in the postpartum period 
(Afonso et al., 2009), understanding changes in basal rates of 
transients could be very informative.

(2)	 Dopamine transients are often coincident with the presentation 
of unexpected, salient stimuli. Just as burst-firing of dopamine 
neurons in awake animals were initially recorded during 
unexpected sensory stimulation such as experimenter appro-
ach, whisker stimulation, and novelty (for review, see Overton 
and Clark, 1997), dopamine transients have been reported to 
occur at the presentation of experimenter approach, novelty, 
sounds, and unfamiliar rats (for review, see Robinson and 
Wightman, 2007). Indeed, the unexpected nature of a stimu-
lus appears to be an important factor in whether it evokes 
dopaminergic burst-firing (Mirenowicz and Schultz, 1994) 
and dopamine transients, as repeated presentation of a novel 
stimulus reduced the phasic dopaminergic response to that 
stimulus (Ljungberg et al., 1992; Rebec et al., 1997; Robinson 
et  al., 2002). Thus, phasic dopamine signals to unexpected 
events may facilitate behavioral responses and learning about 
potentially important environmental stimuli (Redgrave et al., 
1999, 2008; Alcaro et al., 2007; Schultz, 2007), and thus could 
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it increased 3.6-fold at the presentation and brief interaction with 
another male rat (Robinson et al., 2011). Figure 2 shows examples 
of dopamine transients in the NAc of a male rat during interaction 
with another male. Dopamine release is evident at initial whisker 
contact and sniffing (left), as well as during anogenital sniffing 
(right). There are several interesting aspects of phasic dopamine 
release in this paradigm. First, the dopamine transients often 
occur at initial contact with the partner rat and are followed by 
appetitive behaviors such as orientation, approach, and sniffing 
(Robinson et al., 2002). Second, the number and amplitude of the 
dopamine transients to social stimuli appear to reflect motivation 
toward the partner rat. When dopamine release in adult male rats 
was monitored during brief interaction with sexually receptive 
females, non-receptive females or males, dopamine transients were 
most frequent with sexually receptive females and least frequent 
with males (Robinson et al., 2002). Third, the phasic dopamine 
response appears to habituate with repeated presentation of the 
same partner rat; that is, fewer dopamine transients are observed 
at a second presentation of a particular rat, despite the observa-
tion that behavior directed at the partner rat is not diminished 
(Robinson et al., 2002, 2011).

These findings suggest that the phasic dopamine release helps 
to shift the rat’s behavior toward an unexpected partner rat, 
especially when the partner rat is motivationally significant, con-
sistent with the role of phasic dopamine in behavioral switching 
(Redgrave et al., 1999), reward-seeking (Alcaro et al., 2007) and 
reward prediction (Schultz, 1998). Theories of dopamine func-
tion would suggest that dopamine transients at the presentation 
of social stimuli and initial interaction would reflect both the 
salience of the social stimulus and the unexpected nature. For 
example, while a sexually receptive female may be effective to 
trigger transients in a male rat when she unexpectedly appears, 
she does not necessarily continue to evoke transients when his 
behavior is already directed toward her. This may explain the 
habituation of dopamine transients to repeated presentations 
of stimulus rats, although recognition of the partner rat (lack of 
novelty) or simply an expectation that the rat will reappear (lack 
of surprise) may contribute as well. Interestingly, we recently 
monitored dopamine transients in socially deprived adolescent 
rats and found that dopamine transients during brief social 
interaction in adolescent rats did not habituate to a repeat pres-
entation as occurs in socially deprived adults (Robinson et al., 
2011). As previous studies have shown that social interaction is 
particularly rewarding in adolescent rats (Douglas et al., 2004), 
it is possible that the persistence of dopamine transients also 
reflects increased reward.

Our studies support the hypothesis that dopamine transients 
reflect appetitive aspects of social behavior rather than consumma-
tory aspects. This was most clearly shown when, after measuring 
dopamine release to several brief interaction episodes, the male rat 
was allowed to copulate with the receptive female (Robinson et al., 
2002). Fewer dopamine transients were observed during copula-
tion as opposed to brief interactions, but most of these transients 
were followed within 5 s by sexual behaviors such as mounting, 
intromission, and ejaculation. Thus, even within copulatory epi-
sodes, the timing of transients is consistent with appetitive rather 
than consummatory aspects of sexual behavior.

2003). However, electrical stimulation of dopamine fibers 
inevitably includes stimulation of other neurons as well, so 
the effects are non-specific. Thus, an important finding was 
that spontaneous transients were observed at the initiation of 
approach to a lever in rats trained to self-administer sucrose 
(Roitman et  al., 2004). In the future, we expect that more 
selective techniques such as optogenetic control of dopa-
mine release can be used to confirm whether transients are 
necessary and sufficient to elicit approach behavior to obtain 
a reward.

Dopamine transients during social behavior
While several studies have now reported dopamine transients 
at the presentation of unexpected stimuli, social stimuli appear 
to be particularly effective. For example, in one recent study the 
frequency of dopamine transients in adult male rats increased 
2-fold from basal rates at the most effective non-social stimulus (a 
combination of a novel odor and experimenter approach), while 

Figure 1 | Average dopamine release in the NAc core of a rat at the 
presentation of a cue and reward after Pavlovian conditioning. The rat 
was trained for 7 days on a Pavlovian conditioning paradigm: each day it 
received 25 pairings of a cue (8-s lever extension and cue light illumination) 
and a reward (0.1 ml of Ensure® chocolate drink). On the eighth day, dopamine 
was recorded in the NAc core during an identical Pavlovian session. The figure 
illustrates the dopamine release associated with cue and reward presentation, 
signal-averaged across the 25 trials. The color plot shows the changes in 
current at each applied potential over a 16-s window; cue presentation (“C”) is 
at 4 s and reward delivery (“R”) is at 12 s. Current at the oxidation potential of 
dopamine (white dotted line) is depicted in the line trace above the color plot. 
The transients are confirmed to be dopaminergic by evaluation of the cyclic 
voltammograms (inset above). As previously reported (Day et al., 2007; Stuber 
et al., 2008), dopamine release is more robust to the cue than to the reward 
delivery after Pavlovian conditioning.
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and rejection of the pups, activate approach and appetitive behav-
iors toward the pups, and modulate consummatory aspects such 
as nursing posture (for review, see Numan and Woodside, 2010; 
Stolzenberg and Numan, 2011).

Thus, the MPOA and other hypothalamic nuclei, primed by the 
hormonal milieu of parturition, enhance the incentive salience of 
pups to a parturient dam to trigger appetitive, approach behavior. 
Mechanisms by which this influence can occur are the direct projec-
tions from the MPOA and from the adjacent ventral bed nucleus of 
the stria terminalis to the VTA (Numan and Smith, 1984; Numan 
and Numan, 1997), where they presumably affect dopamine neu-
rons; the input from the MPOA includes oxytocin-expressing neu-
rons (Shahrokh et al., 2010). Oxytocin is a neuropeptide that plays 
an important role in modulating appetitive aspects of maternal 
behavior (Pedersen and Boccia, 2002; Numan and Stolzenberg, 
2009; Numan and Woodside, 2010). Notably, oxytocin likely aris-
ing from the parvocellular neurons of the paraventricular nucleus 
is released into both the MPOA and the VTA, where it modulates 
maternal behavior (Pedersen et al., 1994). Moreover, microinfu-
sion of oxytocin into the VTA can trigger dopamine release into 
the NAc (Melis et al., 2007).

Dopamine transients during maternal behavior
In light of this research, it seems reasonable to speculate that dopamine 
transients are also important neural signals in maternal behavior, 
another stimulus-driven, motivated behavior. Maternal behavior 
represents a critical survival behavior, and one that is induced by 
both the unique postpartum hormonal state and by the sensory 
stimuli of the pups. Interestingly, male rats or virgin females actively 
avoid pups, but the incentive value of pups to postpartum dams 
overcomes any tendency to avoid or reject them; instead, a postpar-
tum dam will approach and exhibit maternal behaviors toward pups 
immediately after delivery, even pups from another dam (Rosenblatt, 
1994). These maternal-specific behaviors include nest building, pup 
retrieval, pup grooming (body and anogenital licking), and crouch-
ing to nurse the pups. Furthermore, these activities can be divided 
into appetitive (goal-directed behaviors, such as pup retrieval) and 
consummatory (behaviors once the goal has been obtained, such 
as nursing). Bouts of licking and grooming, another pup-directed 
behavior, may have both appetitive (approaching and handling the 
pup) and consummatory (licking and grooming sequences) aspects. 
The medial preoptic area (MPOA) of the hypothalamus coordinates 
all of these events, as its various projections can suppress avoidance 

Figure 2 | Dopamine transients in the NAc core of male rats during brief 
interaction with another male. Left: Dopamine release is associated with initial 
whisker contact and sniffing of the peer. Right: Dopamine transients in a different 
rat occur during anogenital sniffing. The color plot shows the changes in current 
at each applied potential over a 10-s window, and current at the oxidation 
potential of dopamine (white dotted line) is depicted in the line trace above the 
color plot. The transients are confirmed to be dopaminergic by evaluation of the 
cyclic voltammograms (inset above). Snapshots from the video record of the 

interactions are shown below the color plot and illustrate the behavioral events 
that co-occur with dopamine release; the timing of each snapshot is indicated by 
the orange triangles. Note that the test rats had been in the recording chamber 
for over 30 min prior to presentation of the peer rats. Left: 1, the peer rat is placed 
in the test chamber; 2, The peer rat begins to walk around the test rat; 3, the test 
rat sniffs the peer rat; 4, the peer rat moves away from the test rat. Right: 1, the 
test rat is facing away from the peer rat; 2, the test rat orients toward the peer 
rat; 3, the test rat sniffs the peer rat; 4, the peer rat moves away from the test rat.
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responses. A more explicit test of phasic dopamine would be to use 
optogenetics to selectively excite or inhibit dopaminergic inputs 
to the NAc at discrete times and observe the effect on appetitive 
behaviors such as pup retrieval.

What is less straightforward is whether dopamine transients 
might occur during consummatory aspects of maternal behavior, 
such as nursing and pup-directed licking and grooming. While 
these behaviors can be considered consummatory – behaviors that 
emerge once the desired object has been obtained – they also involve 
sensory stimuli to maintain the behavior, and those stimuli may 
trigger dopamine transients when they are salient. Of particular 
importance may be the pulsatile release of oxytocin during nursing 
bouts (Armstrong and Hatton, 2006), which can increase tonic DA 
release in the NAc (Melis et al., 2007). In addition, a bout of licking 
and grooming involves approaching, selecting, and picking up the 
pup – these may be mini-episodes of appetitive behaviors, in con-
trast to the more consummatory behavior of licking once the pup 
is obtained. Due to its time resolution, FSCV is an ideal method to 
investigate these different aspects of a licking and grooming bout 
as individual dopamine transients can be time-locked to specific 
events in the sequence.

We have recently recorded dopamine transients in the NAc 
core of a dam at postpartum day 4 to demonstrate the feasibility 
of recording during maternal behaviors and to begin to test our 
hypotheses of when dopamine transients will occur. While the 
data are preliminary, they suggest that dopamine transients do 
occur during maternal behavior, especially at pup cues and appe-
titive behaviors. Pups were removed from the dam and placed in 
a holding cage for 30 min. Next, we monitored dopamine tran-
sients during the process of pup return and found that transients 
occur in a manner that is consistent with phasic dopamine trig-
gered by unexpected, salient stimuli. Dopamine transients were 
detected and analyzed as previously described (Robinson et al., 
2011). Movie S1 in Supplementary Material and Figure 3 show the 
neurochemical recording during a 15-s period while the external 
chamber door is open and the investigator is gathering pups from 
the holding cage to return to the dam. During this time, the dam is 
oriented toward the investigator and the pups and actively sniffing 
and whisking. It is unknown whether sensory stimuli are associated 
with the exact timing of the transients, but we predict that pup-
associated stimuli such as vocalizations and odors could trigger 
transients. Consistent with this idea, the largest dopamine tran-
sient occurred as the investigator began to gather pups (Figure 3, 
snapshot 2), which may have induced pup vocalizations heard 
by the dam. Such a finding would be consistent with measure-
ments of tonic dopamine levels (Afonso et al., 2009) and reports 
of phasic dopamine signals to reward-predictive cues (Schultz, 
1998; Robinson et al., 2008).

Next, we recorded dopamine immediately following pup 
return as the dam initiated pup retrieval, as shown in Movie S2 in 
Supplementary Material and Figure 4. In the seconds following pup 
return, the dam initially scanned and sniffed several pups as well as 
the test chamber. However, a large dopamine transient occurred while 
the rat was facing away from the pups and apparently sniffing the test 
cage (snapshots 5 and 6). As with the dopamine transients observed 
in Figure 3, is it possible that ultrasonic pup vocalizations triggered 
the dopamine release, as pup vocalizations can act as auditory cues 

When tonic dopamine concentrations in the NAc are compared 
between early postpartum dams and cycling virgin females, levels 
are lower in the dams at baseline (Afonso et al., 2009) despite having 
similar tissue concentrations of dopamine (Olazabal et al., 2004). 
However, extracellular dopamine concentrations rise in dams when 
pups are returned after a brief separation, and they rise even higher  
during vigorous maternal behaviors such as grooming dirt off of 
pups (Hansen et  al., 1993; Lavi-Avnon et  al., 2008). This tonic 
dopamine response to pup presentation is dependent on parturi-
ent hormones early postpartum (Afonso et al., 2009), but it is also 
experience-dependent, as tonic dopamine release can be induced by 
foster pups in dams that previously had litters (Afonso et al., 2008). 
The magnitude of dopamine release appears to vary with individual 
differences in maternal behavior: when dams were separated into 
high-licking and low-licking groups based on their pup-directed 
licking and grooming behavior, the high-licking dams exhibited 
larger dopamine-like signals in the NAc during a pup-directed lick-
ing and grooming bout than low-licking dams (Champagne et al., 
2004). Interestingly, mere presentation of pup cues in the absence 
of maternal behavior can also induce tonic dopamine increases 
in postpartum dams but not in virgin rats (Afonso et al., 2009). 
Supporting these findings, EEG recordings in the VTA show dis-
tinct electrophysiological profiles in lactating dams versus cycling 
females in response to pup odors (Hernandez-Gonzalez et  al., 
2005). Together, these studies clearly indicate that tonic mesolim-
bic dopamine release increases during maternal interaction with 
pups and pup-associated cues, but the role of phasic dopamine 
transients has not been determined.

Based on observations of dopamine transients in other behav-
iors, we can make specific predictions regarding the potential role 
of dopamine transients in maternal behavior and when dopamine 
transients might occur. Consistent with its role to signal unexpected 
reward, dopamine transients would be expected to occur at pup 
presentation in parturient dams more frequently than in virgin 
female or male rats; this prediction is consistent with the ability 
of pups to act as reward (Wansaw et  al., 2008) and reinforcers 
(Lee et al., 2000) in dams. While dopamine transients may also 
occur in virgin female or male rats in response to the novel and 
perhaps aversive salience of pups (Fleming and Luebke, 1981), we 
expect that this dopaminergic response would be less consistent 
or persistent than the response in postpartum dams, reflecting the 
different motivational value the pups hold for the various adult 
rats. Similarly, pup-predictive cues, such as ultrasonic pup vocali-
zations, would also be expected to trigger dopamine transients 
in dams. These transients would likely be followed by approach 
and retrieval, similar to the approach and appetitive behaviors we 
observed following dopamine transients in male sexual behavior 
(Robinson et al., 2002) and the approach to the lever observed rats 
trained to self-administer cocaine and sucrose (Phillips et al., 2003; 
Roitman et al., 2004). Thus, the function of dopamine transients in 
these instances would be to facilitate initiation and maintenance of 
seeking and appetitive aspects of maternal behavior. It would fol-
low that disruption of this signal would block appetitive maternal 
behaviors. While local infusion of GABA agonists into the VTA 
(Numan et al., 2009) and dopamine D1 receptor antagonists in 
the NAc (Keer and Stern, 1999; Numan et  al., 2005) block pup 
retrieval, these manipulations are not specific for phasic dopamine 
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1)	 0.5 s – touch/sniff pup while experimenter closes cage door
2)	 1.3 s – turn toward door and investigator’s hand, sniff
3)	 3.4 s – touch/sniff pup
4)	 5 s – touch/sniff different pup
5)	 6 s – turn away from pups, sniffing cage
6)	 7 s – sniffing cage
7)	 7.8 s – turn back toward pups
8)	 8.3 s – touch/sniff pup
9)	 9 s – touch/sniff pup
10)	 9.5 s – touch/sniff different pup
11)	 10 s – touch/sniff different pup
12)	 10.4 s – grasp pup with mouth
13)	 10.8 s – pull pup back toward nest
14)	 11.4 s – touch/sniff pup
15)	 11.8 s – move forward, touch/sniff pup
16)	 12.6 s – touch/sniff different pup
17)	 12.9 s – grasp pup with mouth
18)	 13.8 s – pull pup back to nest

Thus, these preliminary data indicate that dopamine transients 
can occur as predicted during maternal behavior: at salient stimuli, 
during pup investigation, and immediately before and during pup 
retrieval. Future studies will need to delineate the contribution of 
pup-associated cues such as vocalizations by concurrently monitor-
ing ultrasonic frequencies. In addition, the potential role of phasic 
dopamine during lactation should be explored, as the connection 
between oxytocin and dopamine transmission is evident but not 
fully understood. It is interesting to note that the second act of pup 
retrieval was neither preceded nor followed by a large dopamine 
transient, suggesting that transients may be especially important 
for the initiation of such behavior, but that once the behavior is 
initiated it continues via other mechanisms. This interpretation is 
consistent with dopamine transients’ role in behavioral switching. 
Further investigation is clearly needed to understand this phenom-
enon more clearly.

There are experimental considerations that may guide 
future studies of phasic dopamine release during maternal 
behavior. One important focus of research would be to moni-
tor dopamine release during ongoing maternal behavior in as 
naturalistic a situation as possible, such as shown in Figure 4. 
The advantage of this type of “free behavior” measurement is 
that we can determine when dopamine transients occur and 
associate them with stimuli and behaviors that precede or 
follow them. This is the approach we have successfully used 
for dopamine release during brief social interaction and male 
sexual behavior (Robinson et al., 2001, 2002, 2011), and dif-
ferences in the frequency of dopamine transients during mul-
tiple behavioral epochs can be detected (e.g., solitude versus 
social interaction; interaction with a male versus a receptive 
female). Using this approach, we expect that dopamine tran-
sients would be higher during epochs of appetitive maternal 
behaviors as compared to solitude or lactation, and that the 
frequency of dopamine transients would be proportional to 
the amount of maternal behavior exhibited, similar to the 
tonic measurements previously described (Hansen et al., 1993; 
Champagne et al., 2004; Lavi-Avnon et al., 2008). In addition 
to a video record of the test session that is time-stamped to 

to direct maternal behavior (Brunelli et al., 1994; Zimmerberg et al., 
2003). Alternatively, the dam may have been scanning the chamber 
to see where pups were scattered before initiating retrieval. Notably, 
immediately after the peak of that transient, the rat turned toward 
the pups (snapshot 7) and began to touch and sniff them (snapshot 
8), inducing further dopamine release. Finally a smaller dopamine 
transient occurred as the dam retrieved the first pup (snapshots 12 
and 13). The following is a detailed description of the dam’s behavior 
at each snapshot in the sequence of Figure 4, and those events concur-
rent with confirmed dopamine release (meeting criteria described 
in Robinson et al., 2011) are depicted in bold type:

Figure 3 | Dopamine transients in the NAc core of a dam in the seconds 
before pup return (data also shown in Movie S1 in Supplementary 
Material). The color plot shows the changes in current at each applied 
potential over a 15-s window, and current at the oxidation potential of 
dopamine (white dotted line) is depicted in the line trace above the color plot. 
The timing of the snapshots is indicated by the orange triangles. In this 
sequence, the investigator has opened the door of the test chamber 
(snapshot 1) and is gathering pups to return to the dam (snapshots 2–4). The 
dam is positioned by the plexiglass front of the chamber, actively sniffing/
whisking and leaning in the direction of the investigator and the pups. Several 
dopamine transients occur while the dam is oriented toward the investigator 
and the pups. The transients are confirmed to be dopaminergic by evaluation 
of the cyclic voltammograms (inset above).
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spot, such that more consistent approach, lifting, and delivery of 
pup retrieval can be elicited and associated with dopamine release. 
Interestingly, dams can be trained to perform an operant behavior 
for access to pups (Lee et al., 2000), allowing measurements of pup-
seeking behavior and the associated dopamine release, similar to 
self-administration of drugs and consumed reward (e.g., Phillips 
et al., 2003; Roitman et al., 2004). Another level of investigation 
would be to examine the effectiveness of various pup cues to elicit 
dopamine release and maternal behavior in dams. For example, 
ultrasonic vocalizations of pups are more effective to elicit mater-
nal response when pup odors are also present (Rohitsingh et al., 
2011), and preliminary data suggest that the quality (e.g., fre-
quency, harmonics, rate) of pup vocalizations can be influenced 
by genetic manipulation (Scattoni et al., 2009) or prenatal events 
such as cocaine exposure (preliminary data: Cox et al., 2010) and 
may, thus, contribute to changes in maternal behavioral and neu-
rochemical responses.

the neurochemical measurement, the ideal experiment will 
include a time-stamped recording of ultrasonic vocalizations, 
as these may be important auditory cues to the dam (Brunelli 
et al., 1994; Zimmerberg et al., 2003).

However, a major limitation to dopamine measurement dur-
ing free behavior is the fact that it yields correlational rather 
than causal relationships. Thus, follow-up studies can employ 
experimental paradigms that allow more precise determination 
of antecedents of dopamine release as well as comparison among 
experimental groups. For example, various pup cues (odors, vocali-
zations, movements) can be separately presented to dams or to 
virgin rats to compare their relative efficacy to trigger dopamine 
release. This design can include time-locked and repeated cue pres-
entations, which has the advantage of allowing signal-averaging of 
the dopamine signal. Moreover, non-pup cues can be presented as 
positive controls. Similarly, retrieval of pups can be constrained 
such that only one pup is retrieved at a time from a particular 

Figure 4 | Dopamine transients in the NAc core of a dam at the onset of 
retrieval after pups are returned (data also shown in Movie S2 in 
Supplementary Material). The color plot shows the changes in current at 
each applied potential over a 14-s window, and current at the oxidation 
potential of dopamine (white dotted line) is depicted in the line trace above the 
color plot. The timing of the snapshots is indicated by the orange triangles. This 
sequence begins 4 s after the pups were returned; for full description of the 

dam’s behavior, see the text. Dopamine transients are associated with closing 
the test chamber door, investigating the pups and test chamber, and pup 
retrieval. The largest dopamine release at 6.3–8.3 s (near snapshots 5–8) 
preceded a series of pup retrievals that started at 10.4 s (snapshot 12) and 
continued for two more minutes until the dam crouched for nursing. The 
transients are confirmed to be dopaminergic by evaluation of the cyclic 
voltammograms (inset above).
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Supplementary Material
The Movies 1 and 2 for this article can be found online at http://
www.frontiersin.org/child_and_neurodevelopmental_psychiatry/
abstract/10294

Movie S1 | Dopamine transients in the NAc core of a dam in the seconds 
before pup return (data also shown in Figure 3). Behavior (top): The dam is 
positioned by the plexiglass front of the chamber, actively sniffing/whisking and 
leaning in the direction of the investigator and the pups. Dopamine trace (bottom): 
Several dopamine transients (shown in yellow) occur while the dam is oriented 
toward the investigator and the pups. Current at the oxidation potential of 
dopamine scrolls on screen in real-time with the video; the timing signal from the 
voltammetric instrumentation is time-stamped on the top right of the video 
recording.
Movie S2 | Dopamine transients in the NAc core of a dam at the onset of 
retrieval after pups are returned (data also shown in Figure 4). Behavior (top): 
As the chamber door is shut, the dam scans the nest area, then begins to retrieve 
pups. Dopamine trace (bottom): Dopamine transients are associated with closing 
the test chamber door, investigating the pups and test chamber, and pup retrieval. 
Current at the oxidation potential of dopamine scrolls on screen in real-time with 
the video; the timing signal from the voltammetric instrumentation is time-
stamped on the top right of the video recording.

Summary and future directions
Phasic dopamine release has a special function in motivated behav-
iors that is still being elucidated, but appears to be focused on 
predictive and appetitive aspects of reward-seeking. Dopamine 
transients are qualitatively different than tonic dopamine levels, 
both due to the time frames in which they occur, their potential 
receptor targets, and corelease of glutamate. When examined during 
social behavior and reward conditioning, transients tend to occur 
during unexpected salient stimuli and appetitive and approach 
behaviors. Therefore, we expect that they also play an important 
role in maternal behavior: particularly in the expression of incen-
tive value of pup cues that lead to retrieval and appetitive aspects 
of licking and grooming. Systematic studies during maternal 
behavior are needed to first describe the occurrence of dopamine 
transients at various events, then to manipulate the expression of 
transients and observe effects on behavior, or vice versa. For exam-
ple, predictions can be made based on the hormonal state of the 
female: pup-associated cues would be expected to trigger more 
dopamine transients in dams early versus late postpartum, and 
more in maternally experienced rats than in virgins. Furthermore, 
blocking dopamine transients pharmacologically or with optoge-
netic manipulation would be predicted to substantially reduce or 
delay appetitive maternal behaviors. Finally, dopamine transients 
in regions beyond the NAc can be investigated to explore their 
potential role in pup-directed action selection or the development 
of habitual responses driven by pup-associated cues.

Once the role of dopamine transients in normal maternal behav-
ior is better understood, that knowledge can be used as the founda-
tion to study animal models of disrupted maternal behavior, such as 
inattention and neglect due to stress or drug exposure. For exam-
ple, chronic and acute cocaine exposures cause deficits in retrieval, 
crouching, and licking behaviors in postpartum rats (Johns et al., 
1994, 1998, 2005). These drug treatments also decrease oxytocin 
in the VTA (Johns et al., 1997), which could affect VTA neuronal 
firing and, thus, dopamine release (Melis et al., 2007). As exposure 
to drugs of abuse can alter dopamine neuronal plasticity (Stuber 
et al., 2010b) and phasic release (Stuber et al., 2005), it is possible 
that the neuroadaptations induced by pregnancy and lactation are 
prevented or delayed in the drug-exposed dam. Similarly, maternal 
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One clue regarding the basis of cocaine-induced deficits in attentional processing is pro-
vided by the clinical findings of changes in the infants’ startle response; observations
buttressed by neurophysiological evidence of alterations in brainstem transmission time.
Using the IV route of administration and doses that mimic the peak arterial levels of
cocaine use in humans, the present study examined the effects of prenatal cocaine on
auditory information processing via tests of the auditory startle response (ASR), habitu-
ation, and prepulse inhibition (PPI) in the offspring. Nulliparous Long–Evans female rats,
implanted with an IV access port prior to breeding, were administered saline, 0.5, 1.0, or
3.0 mg/kg/injection of cocaine HCL (COC) from gestation day (GD) 8–20 (1×/day-GD8–14,
2×/day-GD15–20). COC had no significant effects on maternal/litter parameters or growth
of the offspring. At 18–20 days of age, one male and one female, randomly selected from
each litter displayed an increased ASR (>30% for males at 1.0 mg/kg and >30% for females
at 3.0 mg/kg). When reassessed in adulthood (D90–100), a linear dose–response increase
was noted on response amplitude. At both test ages, within-session habituation was
retarded by prenatal cocaine treatment. Testing the females in diestrus vs. estrus did not
alter the results. Prenatal cocaine altered the PPI response function across interstimulus
interval and induced significant sex-dependent changes in response latency. Idazoxan, an
α2-adrenergic receptor antagonist, significantly enhanced the ASR, but less enhancement
was noted with increasing doses of prenatal cocaine. Thus, in utero exposure to cocaine,
when delivered via a protocol designed to capture prominent features of recreational usage,
causes persistent, if not permanent, alterations in auditory information processing, and
suggests dysfunction of the central noradrenergic circuitry modulating, if not mediating,
these responses.

Keywords: prenatal cocaine, intravenous administration, auditory startle, habituation, prepulse inhibition, dose–

response, norepinephrine, idazoxan

INTRODUCTION
Although a variety of data sources suggest that the years of 1979–
1985 marked the height of the past epidemic of cocaine abuse in
the U.S., the extraordinary levels of cocaine availability, increased
purity, and the facility of smoking “crack” continue to captivate a
significant segment of our population. The population of young
female drug users entering childbearing age is a major concern. In
2009, an estimated 21.8 million Americans aged 12 or older were
current (past month) illicit drug users, meaning they had used an
illicit drug during the month prior to the survey interview (Sub-
stance Abuse and Mental Health Services Administration, 2010).
This estimate represents 8.7% of the population aged 12 years old
or older. Regarding cocaine usage, there are 1.6 million current
cocaine users aged 12 or older, comprising 0.7% of the popula-
tion (Johnston et al., 2010). These estimates are similar to the
number and rate in 2008 (1.9 million or 0.7%). Clearly, illicit
drug abuse, including cocaine/crack use, among young women of
childbearing age remains a significant societal concern, placing
future generations at risk. Comprehending the effects of prenatal

drug exposure, such as cocaine/crack, on behavioral and neural
development remains extremely important.

Drug use around the world is not distributed evenly and is not
simply related to drug policy, as countries with more strict user-
level drug policies did not have lower levels of use than countries
with more liberal policies. Of the 17 countries participating in
the World Health Organization’s (WHO’s) World Mental Health
(WMH) Survey Initiative, the highest lifetime cumulative inci-
dence of cocaine was in the United States (16.2%), followed by
New Zealand, Spain, Colombia, and Mexico (range of 4.0–4.3%;
Degenhardt et al., 2008). A more recent review of countries around
the world has suggested high lifetime prevalence use of cocaine in
Argentina (7.9%), Italy (6.6%), United Kingdom (6.5%), Chile
(5.9%), and Ireland 5.3%; (Degenhardt et al., 2011). Thus, the
implication of cocaine abuse for future generations appears to be
far more than a U.S. health issue.

Comprehensive literature reviews providing ∼15 and ∼20 year
perspectives on preschool (<6 years of age, Frank et al., 2001)
and school-aged (>6 years of age, Ackerman et al., 2010) prenatal
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cocaine-exposed children, respectively, have failed to definitively
identify any unique constellation of effects of prenatal cocaine
exposure. Many findings once thought to be specific effects of
in utero cocaine exposure are correlated with other factors, includ-
ing prenatal exposure to tobacco, marijuana, or alcohol, and/or a
host of social/environmental factors, such as poverty, caregiver
education, placement stability, and quality of child-caregiver rela-
tionships that are known to affect a child’s development. For
example, among children aged 6 years or younger, across four
domains (physical growth; cognition; language skills; motor skills)
Frank et al. (2001) concluded there was no convincing evidence
that prenatal cocaine exposure is associated with developmental
toxic effects that are different in severity, scope, or kind from the
sequelae of multiple other risk factors. A similar recent reaffir-
mation noted that studies of school-aged children have shown no
long-term direct effects of prenatal cocaine exposure on children’s
physical growth, developmental test scores, or language outcomes
(Ackerman et al., 2010).

Nevertheless, the most consistently suggested, and perhaps the
most prominent, fetal cocaine effect reported to date is that of
an enduring attentional dysfunction in preschool and school-
aged children. Problems with attentional processes have been
documented over the past 15 years with several different para-
digms, including computer-controlled continuous performance
tasks (Richardson et al., 1996; Heffelfinger et al., 1997, 2002; Leech
et al., 1999; Bandstra et al., 2001; Noland et al., 2005; Savage et al.,
2005; Accornero et al., 2007; Chiriboga et al., 2009; Carmody et al.,
2011). Given the myriad of correlated factors that often char-
acterizes this population, as discussed above, preclinical studies
are important in defining and characterizing the behavioral and
neural basis(es) of alterations in attentional processes. Consistent
alterations in “attentionally sensitive” neurobehavioral paradigms
have been reported in rodents when maternal cocaine was admin-
istered via the intravenous route and at relatively low“recreational”
doses (Mactutus,1999; Bayer et al., 2000,2002; Garavan et al., 2000;
Morgan et al., 2002; Gendle et al., 2003, 2004a,1996; Foltz et al.,
2004).

One clue as to the basis for the cocaine-induced deficits in
attention is provided by the clinical findings of changes in the
infant’s startle response as well as in neurophysiological evidence
of alterations in brainstem transmission time. Initial clinical stud-
ies suggested an altered startle reactivity to a variety of stimuli
(e.g., Chasnoff et al., 1985, 1989; Griffith, 1988) and impairments
in auditory information processing, characterized by impaired
habituation in infancy (Potter et al., 2000). Although ordinal mea-
surement of Brazelton Behavioral Assessment Scale remains rather
subjective and is a caveat of the earlier studies, reflex modification
procedures also reported cocaine-exposed infants were more reac-
tive (glabellar reflex) and more responsive to auditory stimuli, as
indicated by an increased blink when the tone accompanied the
tap (Anday et al., 1989). Significantly depressed startle reactiv-
ity has also been reported in prenatal cocaine-exposed children
at 54 months (Mayes et al., 1998). Although there are neither
striking nor consistent data across the various rodent models
to corroborate the clinical in utero cocaine effects on the infant
startle response or its plasticity (Foss and Riley, 1988, 1991a,b;
Dow-Edwards and Hughes, 1995; Vorhees et al., 1995, 2000;

Hughes et al., 1996; Overstreet et al., 2000), to the best of our
knowledge, there is no preclinical data available with the more
clinically relevant intravenous route of cocaine administration.

Neurophysiologically based clinical studies have consistently
reported alterations in auditory brainstem responses (ABR, or also
called brainstem auditory-evoked responses) in prenatal cocaine-
exposed infants (Shih et al., 1988; Salamy et al., 1990; Cone-Wesson
and Spingarn, 1993; Lester et al., 2003; Tan-Laxa et al., 2004).
Prolonged interpeak latencies of the ABR of infants prenatally
cocaine-exposed was reported relative to non-exposed controls
(Shih et al., 1988) and replicated in both term and low-birth weight
infants exposed in utero to cocaine (Salamy et al., 1990) as well as
in infants matched for birth weight and conceptual age (Cone-
Wesson and Spingarn, 1993). No increased incidence of hearing
impairment was found in these early clinical studies. Further, the
one report that failed to find effects of prenatal cocaine exposure
on the ABR used relatively low intensity stimuli (30 dB) as the
aim of that study was to ascertain if there were hearing deficits
consequent to prenatal cocaine exposure (Carzoli et al., 1991).
Tan-Laxa et al. (2004) reported abnormal interpeak latencies in
prenatal cocaine-exposed neonates, compared with non-exposed
controls, confirmed with meconium drug analysis. Lester et al.
(2003) confirmed and expanded the effects of prenatal cocaine on
prolonging ABR interpeak latencies at 1 month of age, and did so
in a large sample in which covariate adjustments were made (other
drugs, gestational age, social class); the main effects were attribut-
able to heavy maternal cocaine use. Prolonged interpeak latencies,
particularly as a function of increasing stimulation rates, may
indicate that neural recovery time is slower for prenatal cocaine-
exposed infants, such as attributable to neurotransmitter depletion
or dysfunction. Prolongation of the I–V latency, which provides
information regarding the integrity of the eighth cranial nerve to
the auditory brain stem, may indicate delayed brainstem auditory
system development (Salamy, 1984; Krumholz et al., 1985). In a
rodent model, prolongation of the interpeak latencies was also
observed as a function of prenatal cocaine exposure, but only at
the highest dose (100 mg/kg/day, subcutaneous), only at 35 days of
age (not at 6–10 months of age), and only at the highest stimulus
intensity (Church and Overbeck, 1990). The consistent ABR evi-
dence with in utero cocaine-exposed infants, in conjunction with
the limited animal model data, collectively suggests an ontogenetic
impairment in auditory information processing.

Auditory processing disorders are commonly thought to be
the basis of some language problems. Rate of processing of brief,
rapidly presented, non-linguistic auditory stimuli in infancy has
been shown to the single best predictor of subsequent language
development (Benasich and Tallal, 2002). Although the effects of
prenatal cocaine on preschool language development are com-
monly referred to as equivocal and/or subtle (e.g., Singer et al.,
2001; Beeghly et al., 2006; Dinehart et al., 2009), it is of partic-
ular note that significant positive associations of language decre-
ments with prenatal cocaine are reported in covariate-controlled
prospective studies by Singer’s group (Singer et al., 2001; Lewis
et al., 2004, 2007, 2011) and by Bandstra’s group (Bandstra et al.,
2002, 2004, 2011; Morrow et al., 2003, 2004). Not surprisingly,
other large covariate-controlled prospective studies failed to find
such effects, as documented by Hurt and colleagues (Hurt et al.,
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1997, 2009; Betancourt et al., 2011), the cohort studied by Frank
and colleagues (Frank et al., 2005; Beeghly et al., 2006) and by
others (Delaney-Black et al., 2000; Kilbride et al., 2000, 2006). One
possible mitigating factor in the disparate outcomes on language
development within the larger prospective longitudinal studies is
that of retention rate. Clearly, retention has been high among those
studies that have reported positive associations of prenatal cocaine
with language decrements (e.g., 89% of infant cohort assessed at
3 years, Morrow et al., 2004; 79% of the original cohort available
for follow up at 3, 5, and 7 years, Bandstra et al., 2004; 77% of the
original cohort through 10 years, Lewis et al., 2011). Although it is
tempting to argue that the absence of an effect of prenatal cocaine
on language may reflect low retention rates, e.g., 55%, this lowest
rate was across 20 years (Betancourt et al., 2011). Perhaps most
importantly, to the best of our knowledge, none of the large scale
prospective studies have reported any differential effect of prena-
tal cocaine on retention rates. Collectively, these studies suggest
that if an effect of prenatal cocaine on language is detected in a
study cohort, a stable language decrement will likely be observed
through to adolescence.

Because of these clinical and preclinical reports of prenatal
cocaine-induced alterations in attentional processes and auditory
information processing (with implications for receptive language
development), and that the regulation of sensory processing serves
as a gating mechanism to optimize attention, the present paper
sought to investigate potential prenatal cocaine-induced alter-
ations in auditory information processing in a rodent model
within auditory startle, habituation, and reflex modification para-
digms. The ASR and its plasticity [habituation, prepulse inhibition
(PPI)] have much to recommend it for drug abuse studies, includ-
ing its rapidity, its objectivity, its sensitivity, and its suitability for
use in both humans and a variety of laboratory animals (Ison,
1984). Accordingly, the goals of the present study were fivefold.
We sought to determine if prenatal cocaine, administered via the
clinically relevant IV route and with doses that mimic the peak
arterial levels of cocaine used by humans (cf. Evans et al., 1996;
Booze et al., 1997): (1) alters the development of the ASR in
preweanling rats, (2) has a long-term effect on the ASR and its
habituation, (3) produces any differential effect on the ASR as a
function of the sex and/or stage of the estrous cycle of the offspring,
(4) alters the preattentive process of sensory gating as indexed by
PPI, and (5) exerts its effects on the ASR via alterations in the
noradrenergic system.

MATERIALS AND METHODS
ANIMALS
Nulliparous female Long–Evans rats were obtained from Harlan
Sprague-Dawley (Indianapolis, IN, USA) at 11–12 weeks of age.
The animals were pair-housed and given ad libitum access to both
food (Purina Rat Chow) and water for 2 weeks prior to the begin-
ning of the experiment. The animals were maintained according to
NIH guidelines in AAALAC-accredited facilities. The animal facil-
ity was maintained at 21 ± 2˚C, 50 ± 10% relative humidity, and
had a 12-h light: 12-h dark cycle with lights on at 0700 h (EST).
The protocols for the use of rats in this research were approved by
the university IACUC.

SURGERY
Catheterization of the female rats with a vascular access port was
performed as previously described in detail (Mactutus et al., 1994).
Briefly, animals were anesthetized with a mixture of ketamine
(100 mg/kg/ml) and xylazine (3.3 mg/kg/ml); this anesthetic mix-
ture was chosen over pentobarbital because of the potent effect of
the latter agent on cytochrome P450 activity (LaBella and Queen,
1993; Loch et al., 1995). A sterile Intracath IV catheter (22 ga.,
Becton/Dickinson and Co., Franklin Lakes, NJ, USA) with a Luer
lock injection cap (Medex Inc., Carlsbad, CA, USA) was tunneled
under the skin from the back (between the shoulder blades) and
inserted into the jugular vein approximately 3 mm in the direc-
tion of the right atria. Two sutures were placed on either side of
the catheter to hold the catheter in place. Both the cap and the
catheter were implanted dorsally under the skin in a subcutaneous
pouch. Following the surgery, animals were observed periodically
and returned to the vivarium upon recovery from the anesthe-
sia. The catheters were flushed daily with approximately 0.2 ml
of 2.5% heparinized saline and the animals were observed for
any signs of discomfort or behavioral distress. Body weights were
recorded prior to the surgery and daily throughout recovery.

ANIMAL MATING
At 4–7 days following surgery, the females were group-housed with
males overnight for breeding. Vaginal cytology and the presence of
sperm were checked daily in the females. A sperm positive female
was considered pregnant at gestation day (GD)0 and individu-
ally housed in plastic cages with wood-chip bedding throughout
pregnancy and lactation.

EXPERIMENTAL DESIGN/DRUG TREATMENT
The pregnant catheterized female Long–Evans rats were ran-
domly assigned to one of four treatment groups (ns = 12–13) and
received 0.0 (saline), 0.5, 1.0, or 3.0 mg/kg of cocaine hydrochlo-
ride (Sigma, St. Louis, MO, USA). Cocaine and saline injections
were administered in a volume of 1 ml/kg, via the intravenous
access port, once per day from GD8–14 and twice per day from
GD15–20. Weights of dams were taken daily. Day of birth was con-
sidered postnatal day 0 (D0). Pups were culled to four males and
four females per liter. Pup body weights were obtained on D1 and
thereafter at weekly intervals.

The IV injection procedure was chosen because it mimics the
rapidly peaking pharmacokinetic profile following inhalation or
IV injection of cocaine in humans (Isenschmid et al., 1992). The
3.0-mg/kg dose produces peak arterial plasma levels that are simi-
lar to those reported for humans IV administered 32 mg of cocaine
(Evans et al., 1996; Booze et al., 1997). The acute heart rate and
blood pressure responses in the late gestation pregnant rat are
similar to those produced in a variety of other species (Mac-
tutus et al., 2000). Under experimental conditions, this dose is
self-administered by “users” multiple times in a 2.5-h session
(Fischman and Schuster, 1982), and thus represents a low or
recreational dose, highly relevant to the clinical situation being
modeled. The lower doses (0.5 and 1.0 mg/kg) of cocaine in the
male rat also produced peak arterial levels that reasonably approx-
imated the peak arterial levels in humans IV administered 8 or
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16 mg of cocaine (Evans et al., 1996; Booze et al., 1997). This regi-
men (route,dose, and rate) produces no evidence of overt maternal
or fetal toxicity, no maternal seizure activity, no effect on maternal
weight, and no effect on offspring growth or mortality (e.g., Mac-
tutus et al., 1994; Mactutus, 1999; Foltz et al., 2004). Furthermore,
this IV injection procedure does not reduce food intake of dams
even when utilizing a cocaine dose as high as 6 mg/kg (Robinson
et al., 1994), precluding the need for pair-fed controls.

APPARATUS
The commercially available startle apparatus (SR-Lab Startle
Reflex System, San Diego Instruments, Inc.) was used, but with
a 10-cm thick double-walled, 81-cm × 81-cm × 116-cm isolation
cabinet (external dimensions; Industrial Acoustic Company, INC.,
Bronx, NY, USA), rather than the 1.91-cm thick ABS plastic cabinet
offered with this system. The high-frequency loudspeaker of the
SR-Lab system (Radio Shack model #40-1278B, frequency range
of 5–16 kHz) was mounted inside the chamber, 30 cm above the
perspex test cylinder, for delivery of the auditory stimuli. The
perspex test cylinder varied in size with the age of the animal:
3.8 cm internal diameter (ID) for the weanling rats and 8.9 cm ID
for the adult rats. The perspex test cylinder was positioned on a
12.5-cm × 20-cm perspex platform, centrally located within the
test chamber. A piezoelectric accelerometer, permanently affixed
to the base of each perspex cylinder, converted the deflection of
the perspex cylinder produced by the animal’s startle response to
an analog signal. All accelerometer signals were then digitized (12
bit A–D) and saved to a hard disk on a Pentium class computer.
Auditory stimulus intensities were measured and calibrated with
a sound level meter (Extech Instruments, Waltham, MA, USA).
Response sensitivities were calibrated using the SR-LAB startle
calibration system.

GENERAL PROCEDURES
For all paradigms, each animal was tested individually in the dark.
All white noise stimuli were passed as broad-band through the
range possible by the horn tweeter (5–16 kHz). This broad-band
white noise spans the peak sensitivity of the audiogram of the
Long–Evans rat at 8 kHz (Heffner et al., 1994). For all paradigms,
the dependent measures collected were peak response amplitude
within a 100-ms sampling window, average response amplitude
across the 100-ms sampling window, and response latency. Within
the constraints of the software, response latency represents the
time from the onset of the startle stimulus to the time of the
peak response, rather than the more traditional definition of
latency, which would be until the onset of the startle response.
The error introduced by this protocol is estimated to be approxi-
mately 2–3 ms,accounting for roughly 10% of the error in response
latency values.

Preweaning ASR and habituation
At 18–20 days of age, one male and one female were randomly
selected for a preweaning assessment. The ASR was tested, for
approximately 11 min, using the following parameters: 5 min
adaptation, 70 dB(A) background, followed by 36 startle trials,
100 dB(A) white noise stimulus of 20 ms duration, and a fixed
10-s intertrial interval (ITI). The startle stimulus intensity was

120 dB(A) at 2.5 cm from the speaker, but 100 dB(A) measured
inside the perspex test cylinder. Habituation across the 36 trials
was examined in six-trial blocks.

Adult ASR and habituation
The adult assessment (D90+) followed the parameters as
described for ASR for each animal’s preweaning assessment.

Adult PPI
The animals were tested again approximately 14 days later, but with
the PPI protocol. All rats were tested for approximately 18 min.
Only the 3.0-mg/kg prenatal cocaine and vehicle control groups
were tested in PPI. The females were tested in diestrus vs. estrus
to assess any potential influence of estrous cycle. Under PPI, the
animals received a 5-min adaptation period, followed by six sin-
gle startle only white noise stimuli [100 dB(A), 5–16 kHz], 20 ms
duration, as habituation trials with a fixed ITI of 10 s, and then
36 PPI trials [interstimulus intervals (ISIs) of 0, 8, 40, 80, 120, or
4000 ms] with a variable ITI of 20 s (range of 15–25 s), assigned by
a Latin-square design. The prepulse stimulus intensity was an 85-
dB(A) white noise stimulus (5–16 kHz) with a duration of 20 ms.
The incorporation of a range of ISIs was fundamental to estab-
lishment of a relatively precise and defined response function, and
consequently, a more accurate assessment of response inhibition.
Similar ISIs have been employed in studies of the ontogeny of
PPI (Parisi and Ison, 1979, 1981) as well as alterations in PPI as
a function of developmental drug or toxin exposure (Ison, 1984;
Fitting et al., 2006a,b,c; Lacy et al., 2011); these intervals produced
clear, definable response inhibition and response latency curves.
Given the constraints of the software regarding the use of any ISI
intervals shorter than the prepulse stimulus duration, the ISI rep-
resented the time from the offset of the prepulse stimulus to the
onset of the startle stimulus.

Adult idazoxan–ASR and habituation
The final testing of ASR of each animal occurred at approximately
120 days of age. Each animal received a subcutaneous injection of
0.5 mg/kg idazoxan (Sigma, St. Louis, MO, USA), an α2-adrenergic
receptor antagonist, immediately prior to testing. A 10-min adap-
tation period was the only variation to the ASR parameters stated
above; a procedure implemented to permit reasonable absorption
and distribution of the drug.

STATISTICAL ANALYSIS
Weight gains of dams during their gestation period were con-
verted to a percentage of weekly and total weight gain. The litter
parameters of gestation length, number of male and female pups
per litter, and mean D1 body weights of male and female pups
were compared based on litter means. All data were analyzed by
ANOVA techniques (Statistical Solutions Ltd, 2009). Log10 trans-
formations of the peak amplitude response were employed, as
necessary to help provide data that were consistent with the nor-
mality assumption of ANOVA. For repeated measures factors,
either orthogonal decompositions were used for those variables
that classically violate compound symmetry assumptions (e.g.,
trials) or the Greenhouse–Geisser df correction factor was used
(Greenhouse and Geisser, 1959). Tests of simple mains effects and
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specific linear contrasts were also used to evaluate dose-dependent
and trial-dependent effects of the cocaine treatment, respectively
(Winer, 1971). An α level of p ≤ 0.05 was the significance level set
for rejection of the null hypothesis.

RESULTS
OFFSPRING GROWTH
Prenatal IV cocaine, administered from GD8–20, had no adverse
effect on any of the maternal or litter parameters measured, includ-
ing maternal weight gain during pregnancy, gestation length, birth
weight of male or females pups, or number of male or female pups
(Table 1; Fs < 1.8). No latent effects of prenatal cocaine on adult
body weight were apparent (Table 2; Fs < 1.0).

ASR-PREWEANLING
The peak amplitude measure of the ASR in the preweanling
rats is portrayed in Figure 1 (36-trial mean) and Figure 2
(habituation across six-trial blocks). Most importantly, specific

Table 1 | Prenatal treatment (mean ± SEM).

Cocaine dose

0.0 mg/kg 0.5 mg/kg 1.0 mg/kg 3.0 mg/kg

N 12 13 13 13

Gest.

length

22.0 ± 0.2 22.0 ± 0.1 22.1 ± 0.1 22.1 ± 0.1

% wt gain 53.5 ± 3.2 54.8 ± 2.2 60.7 ± 2.0 57.7 ± 2.1

Litter size 10.8 ± 1.0 11.4 ± 0.8 11.4 ± 0.8 11.8 ± 0.5

D1 wt (g) –

males

7.9 ± 0.1 7.9 ± 0.2 8.0 ± 0.1 8.0 ± 0.2

D1 wt (g) –

females

7.4 ± 0.1 7.6 ± 0.2 7.6 ± 0.1 7.4 ± 0.2

No. of

males

5.1 ± 0.5 5.2 ± 0.7 6.4 ± 0.7 5.7 ± 0.5

No. of

females

5.0 ± 0.7 6.2 ± 0.6 5.0 ± 0.7 6.1 ± 0.5

No significant prenatal treatment effects were present on the maternal/litter

parameters examined (Fs < 1.8).

Table 2 | Adult body weights (g) (mean ± SEM).

Cocaine(mg/kg) D100 D140

Male 0.0 475.3 ± 8.9 577.2 ± 11.2

0.5 476.1 ± 11.6 583.4 ± 14.0

1.0 483.9 ± 9.0 600.8 ± 11.6

3.0 469.8 ± 7.5 582.1 ± 15.4

Female 0.0 282.8 ± 3.6 324.4 ± 5.8

0.5 277.9 ± 5.3 315.8 ± 6.0

1.0 291.6 ± 6.4 329.4 ± 9.2

3.0 283.7 ± 4.9 326.2 ± 6.1

A main effect of sex [F(3,77) = 1270.7, p < 0.0001], but no significant main effect

of prenatal cocaine, nor interaction of cocaine with sex of the offspring, were

found on the adult body weight (Fs < 1.0).

FIGURE 1 | Mean (±SEM) peak amplitude of the ASR in the

preweanling rats illustrates the quadratic cocaine dose by offspring

sex interaction [F (1,78) = 5.95, p ≤ 0.017]. For the male offspring the best
fit quadratic function accounted for 91% of the variance across dose; for
the female offspring the best fit quadratic function accounted for 94% of
the variance across dose. A similar finding of a quadratic cocaine dose by
offspring sex interaction with the average amplitude measure was found
[F (1,78) = 5.0, p ≤ 0.028]; those data are not shown).

FIGURE 2 | Mean (±SEM) peak amplitude of the ASR in the

preweanling rats, illustrated as a function of six-trial blocks, depicts

the retarding of within-session habituation by prenatal IV cocaine.

Comparison of the average prenatal cocaine group habituation with that for
the saline group found a prenatal treatment by six-trial block interaction
[F (1,78) = 2.55, pGG ≤ 0.045], with significant group differences apparent on
trial blocks five and six [F (1,82) = 5.8, p ≤ 0.018 and F (1,82) = 5.1, p ≤ 0.027,
respectively]. The best fit linear regression for the habituation curve of the
saline group accounted for 97% of the variance; the best fit function for the
average cocaine habituation was a quadratic that accounted for >99% of
the variance. A similar pattern of differences is also illustrated when
comparing the low 0.5 mg/kg cocaine dose vs. saline.

assessment of dose–response functions indicated a significant pre-
natal cocaine dose by offspring sex interaction [quadratic dose by
sex, F(1,78) = 5.95, p ≤ 0.017]. Response amplitude was increased
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>18% for M > F (0.5 mg/kg), >30% for M > F (1 mg/kg) and
>30% for F > M (3 mg/kg). The best fit quadratic function for
males accounted for 91% of the variance (r2 = 0.91), whereas the
best fit quadratic fit for females accounted for 94% of the vari-
ance(r2 = 0.94). A comparable pattern of results was seen with the
average response amplitude measure, with a significant prenatal
cocaine dose by offspring sex interaction [quadratic dose by sex,
F(1,78) = 5.0, p ≤ 0.028]; these redundant data are not illustrated.
There were no statistically significant effects detectable on aver-
age response latency. The mean (±SEM) response latency across
all pups was 30.6 ± 0.3 ms; all treatment/sex group means were
within the range of 29.1–32.7 ms (data not illustrated).

Habituation of the ASR across six-trial blocks revealed a promi-
nent linear decrease [F(1,78) = 106.5, p ≤ 0.001] in peak response
amplitude across trials with the contribution of a quadratic com-
ponent [F(1,78) = 10.4, p ≤ 0.002]. A comparison of the average
prenatal cocaine group habituation vs. that for the saline group
revealed a significant six-trial block by prenatal treatment interac-
tion [F(1,78) = 2.55, pGG ≤ 0.045], with significant group differ-
ences apparent on trial blocks five and six [F(1,82) = 5.8, p ≤ 0.018
and F(1,82) = 5.1, p ≤ 0.027, respectively]. The best fit linear
regression for the habituation curve of the saline group accounted
for 97% of the variance; the best fit function for the average cocaine
habituation was a quadratic that accounted for 99.6% of the vari-
ance. A comparison of the lowest 0.5 mg/kg cocaine dose group vs.
the saline group found a very similar pattern, although the three-
way interaction of six-trial block, prenatal cocaine treatment,
and offspring sex was statistically significant [F(5,190) = 3.12,
pGG ≤0.021]. The linear six-trial block by prenatal treatment inter-
action was prominent in males [F(1,38) = 10.10, p ≤ 0.003], but
was not evident in females. Nevertheless, significant treatment
group differences (0.5 mg/kg cocaine vs. saline) were again sug-
gested on trial blocks five and six [F(1,38) = 3.91, p ≤ 0.055 and
F(1,38) = 5.0, p ≤ 0.031, respectively].

ASR-ADULT
The peak amplitude measure of the ASR in the adult offspring
is portrayed in Figure 3 (36-trial mean) and Figure 4 (habit-
uation across six-trial blocks). The peak amplitude of the ASR
in the adults displayed an overall effect of prenatal dose of
cocaine [F(3,80) = 6.0, p ≤ 0.001], but neither of sex of the off-
spring nor the interaction of dose and sex approached significance
(ps > 0.10). Trend analyses indicated the prenatal treatment factor
displayed a prominent linear dose–response effect [F(1,80) = 14.5,
p ≤ 0.001] with a maximal facilitation of >75%.

The average amplitude of the ASR in the offspring as adults also
indicated an augmented overall effect of prenatal dose of cocaine
[F(3,80) = 4.8, p ≤ 0.004], but neither sex of the offspring nor the
interaction of dose and sex approached significance (ps > 0.10).
Trend analyses indicated the prenatal treatment factor displayed a
prominent linear dose–response effect [F(1,80) = 11.1, p ≤ 0.001]
with a maximal facilitation of ∼85%; this redundant data is not
illustrated.

There was no overall effect of prenatal dose of cocaine on
peak response latency of the ASR in the offspring as adults
[F(3,80) = 1.5, p > 0.10], sex of the offspring nor on the inter-
action of dose and sex [Fs < 1.0]. Further, trend analyses failed

FIGURE 3 | Mean (±SEM) peak amplitude of the ASR in the offspring

as adults. The effect of prenatal dose of cocaine [F (3,80) = 6.0, p ≤ 0.001]
with a prominent linear dose–response component [F (1,80) = 14.5,
p ≤ 0.001] accounted for 84% of the dose group variance. A similar
prominent linear dose–response effect [F (1,80) = 10.9, p ≤ 0.0015] was
noted on the average amplitude measure (data not shown).

FIGURE 4 | Mean (±SEM) peak amplitude of the ASR in the offspring

as adults shown as a function of six-trial blocks. The best fit function for
the habituation curves of the saline group, the average cocaine group, and
the 0.5-mg/kg cocaine group were each quadratic fits that accounted for
>99% of the variance; Examination of habituation across all prenatal
treatment dose groups revealed significant group differences were
apparent on trial blocks one through six, inclusive [Fs(3,80) ≥ 2.7, p ≤ 0.05].
Thus, within-session habituation of the ASR in adulthood was also retarded
by prenatal IV cocaine.

to detect any systematic relation among the treatment dose
groups. The mean (±SEM) response latency across all rats was
29.1 ± 0.6 ms; all treatment group means were within the range
of 28.1–31.2 ms (data not illustrated). The numeric change as a
function of treatment ranged from between −3 and +8% relative
to vehicle controls.

Habituation of the ASR across six-trial blocks revealed both
prominent linear and quadratic components to the decrease in
peak response amplitude across trials [F(1,80) = 135.6, p ≤ 0.001
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and F(1,80) = 83.2, p ≤ 0.001, respectively]. The best fit func-
tion for the habituation curve of the saline group was a qua-
dratic fit that accounted for >99% of the variance; similarly, the
best fit function for the average cocaine habituation was a qua-
dratic accounting for >99% of the variance; these curves were
significantly different (p < 0.001). The best fit function for the
0.5-mg/kg cocaine group also accounted for >99% of the vari-
ance. Examination of habituation across all prenatal treatment
dose groups revealed significant group differences were apparent
on trial blocks one through six, inclusive [F(3,80) = 2.8, p ≤ 0.045,
F(3,80) = 7.5, p ≤ 0.001, F(3,80) = 5.6, p ≤ 0.002, F(3,80) = 2.9,
p ≤ 0.039, F(3,80) = 2.8, p ≤ 0.048, F(3,80) = 2.7, p ≤ 0.05]. A
comparison of the average prenatal cocaine group habituation
vs. that for the saline group revealed an overall prenatal cocaine
effect [F(1,84) = 5.9, p ≤ 0.018] with significant group differ-
ences apparent on trial blocks two and three [F(1,84) = 10.2,
p ≤ 0.002 and F(1,84) = 6.2, p ≤ 0.014, respectively]. A compari-
son of the lowest 0.5 mg/kg cocaine dose group vs. the saline group
found a very similar pattern; significant treatment group differ-
ences (0.5 mg/kg cocaine vs. saline) were again suggested on trial
blocks two and three [F(1,40) = 7.9, p ≤ 0.008 and F(1,40) = 5.3,
p ≤ 0.026, respectively].

ESTROUS CYCLE
Comparison of the peak response amplitude (mean ± SEM:
1227 ± 166.4 vs. 1355 ± 176.3), average response amplitude
(280 ± 26.1 vs. 320 ± 30.1) and response latency (28.3 ± 0.76 vs.
29.7 ± 0.88) in the adult females as a function of stage of the
estrous cycle (diestrus vs. estrus, respectively) demonstrated that
there was no significant effect on any of the dependent measures
[Fs(1,20) < 1.1].

PREPULSE INHIBITION
An overall effect of the prenatal dose of cocaine was detected
on peak amplitude on the habituation trials (six-trial average)
of the PPI protocol [F(1,34) = 11.2, p ≤ 0.002], but neither sex
of the offspring nor the interaction of dose and sex were sig-
nificant (ps > 0.10). A marked facilitation was observed in both
the males (65%) and females (55%) that had prenatally received
the 3.0-mg/kg dose of cocaine. The average amplitude mea-
sure displayed a similar prenatal cocaine effect [F(1,34) = 11.3
p ≤ 0.002], with pronounced facilitation in both males (99%) and
female (82%).

The PPI peak response amplitude data from the adult off-
spring is illustrated in Figure 5, across the ISI function. The peak
amplitude on the PPI trials as a function of the ISI (six-trial aver-
age/ISI) showed that the main effects of prenatal treatment and
sex, as well as the interaction of treatment and sex, were not
significant. The ISI function was best described by a quadratic
fit [F(1,34) = 138.1 p ≤ 0.001 and F(1,34) = 75.2, p ≤ 0.001, peak
and average amplitude measures, respectively]. Of greater inter-
est, however, a significant prenatal treatment effect by prepulse
ISI was observed [F(5,170) = 4.0, pGG ≤ 0.038, with the sugges-
tion of linear and quadratic components F(1,34) = 6.4, p ≤ 0.016
and F(1,34) = 3.8, p ≤ 0.059, respectively]. The average ampli-
tude measure similarly confirmed a significant prenatal treatment
by prepulse ISI interaction [F(5,170) = 4.7, pGG ≤ 0.026], with

FIGURE 5 | Mean (±SEM) peak amplitude on the prepulse inhibition

trials as a function of the ISI (six-trial average/ISI). A significant prenatal
treatment effect by prepulse ISI was observed [F (5,170) = 4.0, pGG ≤ 0.038].
The characteristic quadratic function across ISIs 8–120, accounted for 88%
of the variance in the control group. In contrast the progressive linear
change in inhibition across ISI for the 3.0-mg/kg prenatal cocaine group
accounted for 67% of the variance. A shift in the peak of inhibition from 40
to 120 ms is also apparent.

linear and quadratic components [F(1,34) = 5.6, p ≤ 0.024, and
F(1,34) = 4.6, p ≤ 0.039, respectively]. Specific examination of the
prepulse trials (ISIs 4–120) noted differential modulation of inhi-
bition by ISI as a function of prenatal cocaine treatment. The
characteristic quadratic function displayed by the saline control
group account for 88% of the variance whereas a linear function
accounted for 67% of the variance for the prenatal cocaine group.
The different functional characterization of the inhibition curve
further demonstrated a shift in the peak of inhibition from 40 to
120 ms. The evidence for an effect of prenatal cocaine treatment
on the control trials (0 and 4000 ms ISI intervals) was suggested,
but not consistent [peak amplitude, F(1,34) = 3.4, p ≤ 0.072 vs.
average amplitude, F(1,34) = 4.2, p ≤ 0.048]. The calculation of a
percent PPI measure, to take into account any such difference in
the control trials, failed to detect any overall difference in mag-
nitude of inhibition (prenatal saline, 87.2% vs. prenatal cocaine,
87.7%). Thus, although prenatal cocaine exposure did not alter the
derived percent PPI measure, the assessment of inhibition across
ISI displayed a functional alteration in modulation of inhibition
by ISI, in other words, an alteration in sensorimotor gating.

The response latency measure for the PPI paradigm with the
adult offspring is portrayed in Figure 6. An examination of
response latencies across the inhibition trials (8–120 ms), where
the functional alterations in response inhibition was noted above,
confirmed there was a pronounced effect of ISI on response latency
[F(3,102) = 20.5, p ≤ 0.001, with a prominent linear component,
F(1,34) = 44.4, p ≤ 0.001], but ISI did not interact with prena-
tal treatment. Specifically, all groups generally displayed shorter
latencies with the shorter ISIs. Nevertheless, a significant offspring
sex effect [F(1,34 = 4.5, p ≤ 0.041] as well as a prenatal treat-
ment by offspring sex interaction [F(1,34) = 5.2, p ≤ 0.030] was
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FIGURE 6 | (A) Mean (±SEM) response latency in as a function of ISI and
sex of the offspring for the prenatal (A) vehicle- and (B) cocaine-treated
animals. A prenatal treatment by offspring sex interaction [F (1,34) = 5.2,
p ≤ 0.030] was observed on the inhibition trials (ISIs of 8–120 ms). The
significant sex difference in response latency for the saline control group
[F (1,34) = 9.2, p ≤ 0.005] was not present in the prenatal cocaine-treated
adults [F < 1.0]. The most marked treatment group difference in response
latency occurred at the 40-ms ISI [F (1,34) = 8.0, p ≤ 0.008].

observed on the inhibition trials (ISIs of 8–120 ms). An exam-
ination of this interaction revealed that there was a significant
sex difference in response latency for the saline control group
[F(1,34) = 9.2, p ≤ 0.005], which was not present in the prena-
tal cocaine-treated adults [F < 1.0]. From an alternative view,
there was a significant prenatal treatment effect in the male adult
offspring [F(1,34) = 6.6, p ≤ 0.015], but not in the female adult
offspring [F < 1.0]. The locus of these group differences appeared

FIGURE 7 | Mean (±SEM) percent change in the peak amplitude of the

ASR following idazoxan (0.5 mg/kg) administration in the adult

offspring shown as a function of prenatal cocaine dose. There was a
significant prenatal treatment effect [F (3,79) = 3.1, p ≤ 0.03] which was
characterized by a prominent linear trend [F (1,79) = 8.9, p ≤ 0.004]. A
similar linear trend was shown by the average amplitude response data
[F (1,79) = 4.2, p ≤ 0.043] (not shown).

to be the attributable to the difference in response latency at the
40-ms ISI [F(1,34) = 8.0, p ≤ 0.008].

IDAZOXAN
The percent change in the peak amplitude of the ASR following
idazoxan administration in the adult offspring is displayed as a
function of prenatal cocaine dose in Figure 7. There was a signif-
icant prenatal treatment effect [F(3,79) = 3.1, p ≤ 0.031] which
was characterized by a prominent linear trend [F(1,79) = 8.9,
p ≤ 0.004]. Although an effect of offspring sex approached sig-
nificance [F(1,79) = 3.6, p ≤ 0.062], there was little evidence for
an interaction of prenatal cocaine dose and sex of the offspring
was [F(1,79) = 1.3]. An evaluation of the percent change in the
average amplitude of the ASR confirmed the major finding of
a differential sensitivity to idazoxan as a linear function of pre-
natal cocaine dose [F(1,79) = 4.2, p ≤ 0.043]. The evidence for
idazoxan-induced changes in response latency [F(3,79) = 3.5,
p < 0.019] displayed a prominent quadratic component across
increasing prenatal cocaine dose [F(1,79) = 9.3. p < 0.003] having
no obvious association with the response amplitude effects of ida-
zoxan. The response latency data (mean ± SEM), across increasing
prenatal cocaine dose, were 3.0 ± 3.1, 8.7 ± 3.7, 6.4 ± 4.5, and
−10.3 ± 7.0%, respectively.

DISCUSSION
Administration of cocaine to pregnant rats from the time of
implantation until parturition produced significant alterations in
auditory information processing in the Long–Evans rat within
auditory startle, habituation, and reflex modification paradigms.
Three prominent effects observed were: (1) the magnitude of
the ASR, as indexed by waveform amplitude, was significantly
increased as a function of prenatal dose of cocaine; (2) decreased
rates of within-session habituation were observed at even the low-
est maternally administered dose; and (3) differential sensitivity to
PPI was noted as a function of prenatal cocaine with manipulation
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of the ISI function; this differential sensitivity of the preattentive
process of sensorimotor gating was observed for both response
amplitude and response latency measures. Perhaps more impor-
tantly, (4) significant alterations in each of the three paradigms
were found in adulthood, regardless of whether or not there was
evidence available for the persistence, as opposed to a latent emer-
gence, of the effects. Further, (5) an alteration in the function of the
noradrenergic system in adulthood was suggested by the prenatal
cocaine dose-dependent attenuation of the ability of 0.5 mg/kg
idazoxan to enhance the ASR. Finally, these alterations in audi-
tory information processing were observed with cocaine being
delivered by the clinically relevant IV route and at physiologi-
cally relevant doses; conditions under which no adverse effects on
maternal/litter parameters were significantly altered.

Early clinical data suggested an altered startle reactivity to
a variety of stimuli (e.g., Chasnoff et al., 1985, 1989; Griffith,
1988) may be observed in prenatal cocaine-exposed infants. Sub-
sequent experimental data reported increased responsiveness to
auditory stimuli (Anday et al., 1989); but depressed startle reac-
tivity has also been noted (Mayes et al., 1998). The increased
ASR response presently reported during the preweaning period
(∼30%) and in adulthood (>75%) was particularly notable in
light of the relatively modest, if any, changes available in the
literature with rodent models (Foss and Riley, 1988, 1991a,b; Dow-
Edwards and Hughes, 1995; Vorhees et al., 1995, 2000; Hughes
et al., 1996). In the initial, preliminary study, the ASR of pre-
natal cocaine rats (60 mg/kg/day, peroral (PO) route, GD14–21)
was enhanced at 90, but not at 60, days of age (Foss and Riley,
1988). However, a very systematic replication study by the same
laboratory, with the addition of pair-fed controls, and a second
set of rats administered cocaine via the subcutaneous (SC) route
(40 mg/kg/day, GD8–21) failed to find any significant changes in
the ASR, in startle habituation, or in reflex modification tests that
could be attributed to prenatal exposure to cocaine (Foss and
Riley, 1991a). Not surprisingly, prenatal cocaine during a more
restricted period of gestation (GD14–21, SC route) also failed to
significantly affect the peak ASR in adult rats (Foss and Riley,
1991b). Repeated daily dosing (five doses/day × 20 mg/kg/dose)
on GD7–12 or GD13–18, failed to affect the ASR on D50–52
(Vorhees et al., 1995). In the one “positive” peer-reviewed prena-
tal study, cocaine administered intragastric (IG; GD8–22) failed
to affect the peak ASR at 60 days of age, although there was
a small, statistically significant decrease in the ASR of females
(Hughes et al., 1996). Even the neonatal rat model, promoted
to more specifically mimic fetal brain exposure to cocaine dur-
ing the third trimester of human pregnancy (Dobbing and Sands,
1979), has provided, at best, equivocal results (Dow-Edwards and
Hughes, 1995; Vorhees et al., 2000). Comparing D1–10 vs. D11–
20 treatment with cocaine revealed no significant alteration in
the ASR on an initial test at 60–65 days of age (Dow-Edwards
and Hughes, 1995). In the “positive” study, neonatal cocaine-
treated rats (60 mg/kg, SC, PND 1–10) showed a significantly
augmented (∼30%) peak ASR at D50–52; however, an analysis
of covariance adjusting for significant cocaine-induced decreases
in body weight, reduced the augmentation to a statistically non-
significant level (Vorhees et al., 2000). Clearly, there are neither
striking nor consistent positive data within the extant rodent

models to corroborate the clinical in utero cocaine effects on the
infant ASR.

Dose-dependent alterations in the ASR characterized by prena-
tal cocaine treatment were apparent during both the preweaning
period and in adulthood. The early alterations in the ASR were
differently expressed dependent upon the sex of the offspring. Pre-
natal cocaine-exposed males were most adversely affected by the
low and middle doses of cocaine, as reflected in a quadratic dose–
response fit, whereas the females were most adversely affected by
the high-dose of cocaine, as reflected in a growth curve fit. In adult-
hood, a linear dose–response function, independent of offspring
sex, captured 94% of the variance in ASR amplitude. The presence
of a sex-dependent effect of cocaine well before puberty, but not
in adulthood, on the same dependent measure suggests the likeli-
hood of an organizational effect on the brain (Gorski et al., 1975).
The consequences of such an organizational effect are not readily
revealed as a function of ASR testing of the adult females in estrus
vs. diestrus vs. males. Nevertheless, as discussed in detail below,
the pronounced prenatal cocaine by sex interaction on response
latency in the PPI paradigm is wholly consistent with such an effect
on early brain development.

Deficits in auditory information processing, characterized by
impaired habituation in prenatal cocaine-exposed neonates, were
reported using habituation and recovery of head-turning toward
an auditory stimulus (Potter et al., 2000). The response pattern of
the prenatal cocaine-exposed infants was consistent with a slower
speed on auditory information processing. Cocaine-exposed new-
borns showed inferior performance on the habituation cluster of
the Brazelton scale, requiring more trials than controls to habituate
to auditory (as well as visual and tactile) stimuli (Eisen et al., 1991).
The presently reported alterations in within-session habituation
detected during the preweaning period as well as in adulthood
were also especially notable in light of the paucity of such infor-
mation in the preclinical literature. No differences were seen as a
function of prenatal cocaine in rate of habituation to a pulsing tone
in assessment of the heart rate orienting response in preweanling
rats (Heyser et al., 1994). Impaired between-session habituation at
60–65 days of age was found following neonatal cocaine exposure
on D1–10; ASR amplitude was higher throughout session 2 than
session 1, however, the polynomial fit across startle trials did not
differentiate the prenatal treatments (Dow-Edwards and Hughes,
1995).

The use of the relatively short ITI, to facilitate within-session
habituation, was able to differentiate habituation between prenatal
cocaine vs. vehicle controls in the preweaning period. The linear
habituation in controls contrasts sharply with the best fit qua-
dratic function in prenatal cocaine animals, reflecting their failure
to show progressive habituation throughout the ASR session. In
adulthood a similar differentiation of within-session habituation
was apparent. The very rapid decrease in response amplitude to a
plateau after the first six-trial block in controls is markedly distinct
from the gradual curvilinear process observed with the prenatal
cocaine-exposed adults. Perhaps of greater note, at both test ages,
the overall cocaine effect was readily apparent with the lowest
administered dose. It will be of great interest to ascertain the gen-
erality of this impaired habituation with tactile startling stimuli,
such as with an air-puff.
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Reflex modification procedures have much to recommend it
for drug abuse studies in both humans and a variety of labora-
tory animals (Ison, 1984). The preattentive processes underlying
reflex modification procedures, such as PPI, are presumed to pro-
tect encoding by gating out other stimulation that occurs in close
temporal proximity to the initial stimulus; i.e., attenuated PPI
would suggest less efficient gating mechanisms (Hoffman and Ison,
1980; Ison and Hoffman, 1983). In the only clinical reflex mod-
ification study of which we are aware, prenatal cocaine-exposed
infants displayed an exaggerated glabellar reflex when the tap was
accompanied by a tone (Anday et al., 1989). Although more reflex
modification studies are available in the preclinical literature, they
have consistently failed to find significant alterations in PPI.

Presently, the differential sensitivity to PPI observed as a func-
tion of prenatal cocaine was revealed by systematic manipulation
of the ISI function; this differential sensitivity of the preattentive
process of sensorimotor gating was observed for both response
amplitude and response latency measures. It is of interest that
the commonly reported metric for response amplitude, percent-
age PPI, was not altered by the prenatal cocaine treatment when
tested in adulthood. However, the incorporation of a reason-
ably complete ISI function was sensitive to revealing alterations
in sensorimotor gating. In contrast to the characteristic curvilin-
ear function relating PPI to ISI, as seen with other stimulants or
toxic proteins (e.g., Ison, 1984; Fitting et al., 2006a,b,c; Lacy et al.,
2011), the prenatal cocaine-exposed adults displayed a progressive
increase in PPI as the ISI increased throughout the range examined
(8–120 ms). Thus, the temporal process of sensorimotor gating, as
revealed by manipulation of ISI, appeared adversely affected by
the prenatal cocaine treatment.

Alterations in response latencies during PPI were striking,
particularly in light of the alterations in the brainstem evoked
potential alteration reported in human infants (Shih et al., 1988;
Salamy et al., 1990; Cone-Wesson and Spingarn, 1993; Lester et al.,
2003; Tan-Laxa et al., 2004). The response latencies on PPI latency
trials of the saline animals demonstrated a clear sex-dependent
pattern whereas those of the prenatal IV cocaine-exposed males
and females failed to display any significant variation as a func-
tion of sex. Again, of the limited prior rodent studies, either no
significant alterations were observed in prenatal cocaine-exposed
animals on any measure of PPI (Foss and Riley, 1991a; Vorhees
et al., 1995, 2000), or a small, albeit statistically significant increase
in the magnitude of PPI was reported compared to controls (rela-
tive difference of 8%) at 50–60 days of age (30 mg/kg/day cocaine
on GD1–20; Hughes et al., 1996).

One factor that differed between the present and prior studies
is that the cocaine was delivered to the dam by different routes of
administration, IV vs. SC or PO. IV injection is one of the most
clinically relevant routes; stimulant abuse liability is a function of
the rapidity with which the drug reaches the brain (e.g., Russell and
Feyerabend, 1978; Henningfield and Keenan, 1993; Abreu et al.,
2001); a consequence not unexpected given that rate of IV drug
delivery is well-established to increase maximum arterial drug
concentration (Gibaldi, 1991). Furthermore, IV maternal admin-
istration of cocaine not only results in significant fetal plasma levels
of cocaine (3 mg/kg – 300 ng/ml; 6 mg/kg – 500 ng/ml – Robinson
et al., 1994), but also an appreciable tissue uptake of cocaine by fetal

brain (at least under a repeated daily dosing regimen; Robinson
et al., 1994). Moreover, unlike the SC and PO routes of admin-
istration (Spear et al., 1989a; Dow-Edwards, 1990), the IV route
is associated with a rapid elimination of cocaine from fetal brain
(Robinson et al., 1994). Thus, the fetus is rapidly and transiently
exposed to significant amounts of cocaine using the IV dosing
model.

The pharmacokinetic profile of near instantaneous distrib-
ution and short half-life for IV cocaine in rats closely mimics
that observed in humans following inhalation or IV injection of
cocaine (Evans et al., 1996; Booze et al., 1997). In contrast, the
pharmacokinetics of cocaine delivered by the SC route involves
a prolonged absorption process as well as a protracted elimina-
tion half-life (Collins et al., 1999). Second, the doses of cocaine
employed in the current study are not only 1–2 orders of mag-
nitude less than that employed with SC or PO dosing, but are
known to produce arterial plasma levels of cocaine comparable
to that of humans provided recreational doses of cocaine (Evans
et al., 1996). Furthermore, the IV model precludes the poten-
tial confounds of cocaine-induced necrotic lesions characteristic
of other routes of administration (e.g., intranasal, SC, Bruckner
et al., 1982) and the possibility of extraplacental fetal absorption of
cocaine (SC, Lipton et al., 1998). Third, the animals in the present
study were tested beginning at 90 days of age vs. 50–60 used in
many of the prior studies. Although there have been clear onto-
genetic drifts in physiological profiles, at least historically, vaginal
opening of LE female rats occurred at approximately D72 with
maximum fertility achieved at D100–D300 (Farris, 1949); it may
be prudent to refrain from labeling 50 to 60-day-old LE rats as
adults.

Pretreatment with an acute low dose of idazoxan at 120 days
of age significantly enhanced the magnitude of the ASR, but as
the dose of prenatal IV cocaine increased, less enhancement of
the ASR was observed. The enhancement of the ASR by ida-
zoxan, an α2-adrenergic receptor antagonist, was expected based
upon the well-characterized anatomy and pharmacology of the
ASR (Davis, 1984; Yeomans and Frankland, 1996). Idazoxan may
affect noradrenergic activity via pre-synaptic and/or postsynaptic
actions, since α2-receptors (the drug’s binding site) are localized
both pre- and post-synaptically (Nicholas et al., 1996; Docherty,
1998). Idazoxan blockade of pre-synaptic α2-receptors increases
NE release due to a reduction in NE-mediated negative feedback,
whereas idazoxan’s blockade of postsynaptic α2-receptors antag-
onizes the effects of released NE at synapses with post-junctional
α2-receptors. The marked stimulation of the ASR in control ani-
mals (>225%) is consistent with a pre-synaptic “stimulatory”
effect and an increase in LC firing and release of NE (Freedman
and Aghajanian, 1984; Dennis et al., 1987). Moreover, previous
work suggests that idazoxan specifically altered selective attention
in a distraction task that also revealed altered selective attention
in rats exposed to cocaine prenatally (Bunsey and Strupp, 1995;
Bayer et al., 2002). Prenatal IV cocaine exposure results in a persis-
tent alteration in forebrain NE systems as indicated by alterations
in receptor density in adolescent (D35; Booze et al., 2006) and
adult (D395) rats (Ferris et al., 2007). The sex-dependent nature of
these alterations in receptor proteins is of note, particularly given
the striking sex-dependent alterations in PPI response latencies,
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as discussed above. Collectively, the above findings suggest that
the enduring changes produced by prenatal cocaine in the ASR
and its plasticity may be due to underlying changes in the ceu-
ruleocortical NE system. These data are important as they suggest
that the increased reactivity seen in the prenatal cocaine-exposed
animals was attributable to dysfunction in the descending NE
system.

Specific effects of idazoxan in a distraction task have been pre-
viously shown in adult offspring, following maternal IV cocaine,
without similarly affecting vigilance implicating endogenous nor-
epinephrine influences on distractibility and/or selective attention
(Bayer et al., 2002). The pattern of results and the specificity of
the IDZ dose effect rules out non-specific alterations in perfor-
mance (Bunsey and Strupp, 1995). Given that the noradrenergic
system appears to be involved in the focusing of attention, possi-
bly by attenuating distraction caused by irrelevant stimuli (Coull,
1994; Aston-Jones and Cohen, 2005), these data suggest alterations
in the ascending noradrenergic system provide the basis for this
“distracting” effect.

Traditionally, the actions of cocaine have been attributed to
non-selective inhibition of catecholaminergic neurotransmitter
reuptake systems. However, emerging evidence supports the view
that cocaine may have non-traditional mechanisms for its effects
on neuron function (Snow et al., 2001, 2004; Dey et al., 2006).
In both in vitro and in vivo studies noradrenergic neurons of the
locus coeruleus were exposed to cocaine at a physiologically rele-
vant concentration, and for the in vivo studies via the clinically
relevant IV route of administration (Evans et al., 1996; Booze
et al., 1997). Following 7 days of in vitro administration, cocaine
decreased cell survival as well as neurite elongation in compari-
son to vehicle controls (Snow et al., 2001, 2004). In subsequent
studies, cocaine exposure in vitro induced apoptosis in fetal LC
neurons putatively regulated by Bax, via activation of caspases and
their downstream target proteins (Dey et al., 2006; Dey and Snow,
2007). The results were obtained from 7 days of cocaine admin-
istration (in vitro); a longer term exposure might augment the
adverse neuronal effects. These data suggest a decreased ability of
LC neurons to network with target cells through both ascending
(attention/distraction task with idazoxan challenge, Bayer et al.,
2002) and descending (present auditory startle and idazoxan chal-
lenge studies) NE pathways, where damage to the NE cell bodies
of the LC might provide a unifying mechanism underlying these
widespread effects.

Importantly, our evidence for an alteration in the cocaine-
exposed offspring’s processing of novel auditory information was
detected in the absence of any support for the contribution of
indirect effects on maternal growth and nutrition. The IV admin-
istration of cocaine to pregnant rats during the last 2 weeks of
gestation produced no detectable evidence of toxicity in either the
dams or the offspring. A similar failure to find evidence of mater-
nal or fetal toxicity attributable to cocaine, when delivered via the
IV route, was previously reported (Mactutus et al., 1994; Mactu-
tus, 1999; Foltz et al., 2004). This negative finding is also consonant
with several other studies in rats, mice, and rabbits, all of which
have employed IV cocaine doses greater than or equal to those
employed here (Mehanny et al., 1991; Kunko et al., 1993; Robin-
son et al., 1994; Murphy et al., 1997). Together, these observations

argue that the IV route of exposure does not require the use of
pair-fed nutritional controls as, unlike the SC (Church et al., 1988;
Spear et al., 1989b) or PO (Dow-Edwards et al., 1989; Hutch-
ings et al., 1989) models, there appear to be no detectable effects
on pregnancy weight gain, putatively the most sensitive routine
measure of maternal health. Thus, it is tempting to speculate that
the effects of maternal IV cocaine may satisfy the conditions of a
pure neurobehavioral teratogen. Nevertheless, higher IV doses of
cocaine, as typically delivered to pregnant rabbits (4 mg/kg 2× day,
Harvey, 2004) causes a loss of approximately half of the kits within
the first postnatal week (Murphy et al., 1997); no such effects have
ever been reported with the 3-mg/kg 2× dose as employed by
others that use the IV rabbit model (e.g., Stanwood and Levitt,
2007).

Despite the growing and converging evidence for a primary
effect of prenatal IV cocaine on the LC and noradrenergic sys-
tem, alterations in dopaminergic systems may also be contributing
to the pattern of observed results, i.e., idazoxan may conceivably
be altering norepinephrine-modulated release of dopamine from
the ventral tegmental area and/or substantia nigra (Gresch et al.,
1995; Devoto et al., 2004). Nevertheless, such an effect would
remain consistent with a primary effect of prenatal IV cocaine
on the noradrenergic system. When a direct comparison of poten-
tial noradrenergic vs. dopaminergic system alterations has been
made, dissociations of the effects on prenatal IV cocaine on nora-
drenergic vs. dopaminergic systems are observed, e.g., on neurite
outgrowth (Dey et al., 2006) and apoptotic signaling (Dey et al.,
2007). Future studies that manipulate the timing of gestational
cocaine exposure may permit further dissociation of the effects on
noradrenergic vs. dopaminergic systems.

Finally, while there is very good reason to believe that the
reported alterations are attributable to direct effects of cocaine
on the developing fetus, one must acknowledge the possibility
that there was also some contribution of altered maternal care
that may have contributed to the alterations noted in the off-
spring, i.e., the offspring were not fostered to non-exposed dams
at birth. However, we have purposely used a low dose of cocaine
in our research program to preclude effects on maternal nutri-
tion and pregnancy weight gain, and on fetal growth. We have
never been interested in a high-dose model which would con-
found nutritional effects with other direct effects of cocaine. Across
the studies of the past 15 years in which we have performed
research with prenatal cocaine, we have never seen an adverse
effect of prenatal cocaine on offspring growth (often touted as
one of the most sensitive variables one can measure) implicating
any impairment in maternal care. Further, in light of the half-
life of cocaine in the rat when delivered via the IV route (Booze
et al., 1997), one would not expect the presence of cocaine in
the maternal compartment on the day the animals gave birth.
Finally, the dosage regimen employed has no detectable effects
on maternal retrieval in newborn pups (unpublished observa-
tions), again suggesting the low dosages of cocaine employed with
the IV route are not consistent with any impairment in maternal
care.

In sum, the ASR and its plasticity (habituation, PPI) were sen-
sitive to revealing teratogenic effects of cocaine when delivered
by the clinically relevant IV route and at physiologically relevant
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doses. These conditions produced no detectable adverse effects on
maternal/litter parameters. Significant alterations in each of the
three paradigms were found in adulthood, regardless of whether
or not there was evidence available for the persistence, as opposed
to a latent emergence, of the effects. Functional alteration of the
noradrenergic system in adulthood was suggested by the prena-
tal cocaine dose-dependent attenuation of the ability of 0.5 mg/kg
idazoxan to enhance the ASR. Thus, in utero exposure to cocaine,
when delivered via a protocol designed to capture prominent fea-
tures of recreational usage, causes persistent, if not permanent,
alterations in auditory information processing, and suggests dys-
function of the central noradrenergic circuitry modulating, if not
mediating, these responses.
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Maternal–offspring interactions begin prior to birth. Experiences of the mother during
gestation play a powerful role in determining the developmental programming of the
central nervous system. In particular, stress during gestation alters developmental pro-
gramming of the offspring resulting in susceptibility to sex-typical and stress-sensitive
neurodevelopmental, neuropsychiatric, and neurodegenerative disorders. However, nei-
ther these effects, nor the underlying mechanisms, are well understood. Our hypothesis is
that allopregnanolone, during gestation, plays a particularly vital role in mitigating effects of
stress on the developing fetus and may mediate, in part, alterations apparent throughout
the lifespan. Specifically, altered balance between glucocorticoids and progestogens dur-
ing critical periods of development (stemming from psychological, immunological, and/or
endocrinological stressors during gestation) may permanently influence behavior, brain
morphology, and/or neuroendocrine-sensitive processes. 5α-reduced progestogens are
integral in the developmental programming of sex-typical, stress-sensitive, and/or disorder-
relevant phenotypes. Prenatal stress (PNS) may alter these responses and dysregulate
allopregnanolone and its normative effects on stress axis function. As an example of a neu-
rodevelopmental, neuropsychiatric, and/or neurodegenerative process, this review focuses
on responsiveness to drugs of abuse, which is sensitive to PNS and progestogen milieu.
This review explores the notion that allopregnanolone may effect, or be influenced by, PNS,
with consequences for neurodevelopmental-, neuropsychiatric-, and/or neurodegenerative-
relevant processes, such as addiction.

Keywords: addiction, alcohol, allopregnanolone, cocaine, dopamine, prenatal stress, serotonin, sex differences

INTRODUCTION
From the moment of conception, mothers provide a support-
ive environment for offspring development. Mother–fetus inter-
actions during this period are largely mediated by hormonal
communication. Progestogens, pro-gestational hormones, such as
progesterone (P4) and its 5α-reduced/3α-hydroxylated metabo-
lite, allopregnanolone (AlloP), may play an important role in
developmental programming of offspring, which can have per-
vasive effects throughout the lifespan. How responses to specific
challenges, during critical periods of development, alter the vul-
nerability or phenotype of offspring, and the potential mediation
of AlloP, is the subject of this review. This review discusses findings
regarding in utero maternal–offspring interactions via prenatal
stress (PNS), which may influence drug effects and addiction,
as well as other neurodevelopment-, neuropsychiatric-, and/or
neurodegenerative-relevant processes in people and animal mod-
els. The emphasis on PNS and vulnerability to substance use
and addiction may be one example of behavioral programming
that can be influenced by pervasive changes in neuroendocrine

milieu. The impact of PNS on addiction and drug effects is dis-
cussed. Next, how addiction-relevant brain circuits are changed
by PNS is covered. Then, the role of stress and neuroendocrine
regulation, as mediators of these effects are summarized. In par-
ticular, the role of progestogens, which mediate the stress axis
and exert activating and/or organizing functions, are emphasized.
The broader context and the role of AlloP mediating neurodevel-
opmental, neuropsychiatric, and/or neurodegenerative functions,
that are relevant for drug abuse, are integrated. Thus, this review
focuses on putative neuroendocrine mechanisms by which PNS
may confer vulnerability to addiction and/or its related sequelae.

IMPACT OF PRENATAL STRESS ON ANIMAL MODELS OF
ADDICTION AND VULNERABILITY
Prenatal stress increases the vulnerability to engagement in drug of
abuse consumption. Several studies have revealed that PNS height-
ens the response to, and/or seeking of, stimulant drugs. Enhanced
psychomotor activation in response to stimulants occurs in adult
PNS male rats following challenge with amphetamine (Deminiere
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et al., 1992), cocaine (Kippin et al., 2008), or nicotine (Koehl
et al., 2000), as well as in adolescent females (males were not
examined in this report) following challenge with methylene-
dioxymethamphetamine (Morley-Fletcher et al., 2004). Further,
greater behavioral sensitization has been observed in adult PNS
males following repeated amphetamine injections (Henry et al.,
1995) and in adult PNS females, but not males, following repeated
cocaine injections (Thomas et al., 2009). Additionally,PNS appears
to alter amphetamine-induced directional biases in adult female
and male rats (Weinstock and Fride, 1989). Thus, PNS-induced
changes in developmental programming impact subsequent psy-
chomotor stimulant responses in both males and females, yet, PNS
males may exhibit a more robust response to amphetamines.

Despite having different mechanisms of action, PNS can
increase intake and seeking behavior of several drugs of abuse,
including amphetamines, cocaine, and alcohol. Adult PNS male
rats trained to self-administer amphetamine (30 μl/infusion, IV)
or cocaine (escalating 0.3–0.5 mg/kg/infusion, IV) exhibit higher
intakes, as well as response rates, relative to controls (Deminiere
et al., 1992; Thomas et al., 2009). PNS may also influence the
response to alcohol and increase alcohol-seeking behavior. Adult
PNS rats show blunted effects of alcohol on autonomic measures,
including body temperature, and behavioral measures (DeTurck
and Pohorecky, 1987). Moreover, PNS consistently increases the
intake and response rate during operant self-administration of
alcohol in male mice (Campbell et al., 2009), while the impact of
PNS on female intake and response rates is more variable (Camp-
bell et al., 2010). Interestingly, sex differences have been observed
in these effects. No effect of PNS was observed on the intake
or response rates in females self-administering cocaine (escalat-
ing 0.3–0.5 mg/kg/infusion, IV), despite these animals exhibiting
enhanced psychomotor stimulant sensitization compared to con-
trol females (Thomas et al., 2009). In comparison, another study
(Kippin et al., 2008) using a higher, but constant, dose of cocaine
(1.0 mg/kg), revealed a non-significant trend toward increased
intake in PNS relative to control males. Moreover, these PNS males
exhibited significantly greater responding under extinction condi-
tions and greater cocaine-primed (5 and 10 mg/kg) reinstatement
of cocaine-seeking behavior compared to controls (Kippin et al.,
2008). Further, observations of a PNS-induced blunted response
to alcohol and an increased motivation for alcohol, resemble the
widely supported observations that an initially blunted response
to alcohol challenge is highly correlated with vulnerability to alco-
hol abuse and alcoholism development in humans (reviewed in
Schuckit, 2009). Overall, the pre-clinical data indicate that PNS
interacts with stress exposure and sex to impact subsequent drug-
seeking behavior to increase addiction vulnerability to a variety of
drugs of abuse.

Given the divergent mechanisms of action between drugs of
abuse, PNS may play a broader role to influence reward by
perturbing targets and substrates that are important for phar-
macological reinforcement. Indeed, PNS produces a variety of
age-dependent alterations in cellular connectivity and plastic-
ity in limbic-corticostriatal regions that may be associated with
reward. PNS studies report decreased spine densities in CA1 and
CA3 regions of the hippocampus among adult rats (Martinez-
Tellez et al., 2009). Our own data demonstrate reduced synaptic

spine density in dorsal hippocampus of adolescent (28- to 30-
day-old) rats exposed to variable PNS stressors (Paris and Frye,
2011b). The limbic system, comprising interconnected circuits
in the cortex, amygdala, and hippocampus, along with the stria-
tum and brainstem monoamine modulatory systems, appears to
exhibit similar activation by reward and different classes of abuse
drugs. Glutamatergic signaling, both between limbic structures
and in projections to striatal and brainstem structures, are also
widely implicated in reward and addiction processes (see, e.g.,
Gass and Olive, 2008; Kalivas et al., 2009; Volkow et al., 2010). PNS
increases NMDA receptor binding in medial and dorsal prefrontal
cortex (PFC), CA1, dorsal striatum (dSTR), and nucleus accum-
bens (NAcc), as well as, group III metabotropic glutamate receptor
binding in both the medial and dorsal PFC (Berger et al., 2002; Bar-
ros et al., 2004). We have observed that PNS also decreases basal
extracellular levels of glutamate measured by conventional micro-
dialysis in the NAcc, but not in the PFC, of male rats (Kippin et al.,
2008).

Prenatal stress also produces changes in the serotonin
and norepinephrine monoamine systems throughout limbo-
corticostriatal circuitry. PNS increases serotonin and 5-HIAA total
content in the dSTR (Gerardin et al., 2005) and PNS males, but not
females, show significantly lower levels of 5-HT1A receptor bind-
ing in the ventral hippocampus (Van den Hove et al., 2006). PNS
rats also exhibit decreased basal extracellular levels of serotonin
measured by conventional microdialysis in the NAcc, but not in
the PFC (Kippin et al., 2008). Conversely, basal levels of norepi-
nephrine are lower in the NAcc of adolescent, but not adult, PNS
rats (Silvagni et al., 2008) and in the PFC of both adult and adoles-
cent PNS rats (Carboni et al., 2010). Given the roles of serotonin
and norepinephrine in the regulation of dopamine systems and
addiction (see, e.g., Goodman, 2008; Sofuoglu and Sewell, 2009),
actions within these areas are widely believed to mediate the rein-
forcing properties of abused drugs, as well as play critical roles
in addiction processes (reviewed in, e.g., McBride and Li, 1998;
Lapish et al., 2006; Feltenstein and See, 2008; Koob and Volkow,
2010). Neuroplastic changes that are promoted by prolonged drug
use may exert effects that are long-term and pervasive (Tindell
et al., 2005). Within these reward circuits, PNS may also have per-
vasive effects to reduce the spine density of the medium spiny cells
of the NAcc in adult, but not pre-adolescent, male rats (Martinez-
Tellez et al., 2009). Thus, PNS has effects to alter the morphology
and neurotransmitter activity of the rodent brain, which may have
pervasive effects to influence reward responding throughout life.

Changes in neural structure and activity associated with PNS
interact with drugs of abuse to influence their effects. In addition
to PNS-induced changes under basal conditions, neurotransmit-
ter responses are further altered with drug administration in PNS
rodents. Cocaine-naïve and -experienced PNS males exhibit both
greater dopamine and glutamate release in the NAcc, but not PFC,
during acute cocaine challenge (Kippin et al.,2008). Acute amphet-
amine, but not nicotine, challenge produces greater dopamine
release in the NAcc in both PNS adolescent and adult rats com-
pared to controls (Silvagni et al., 2008), whereas amphetamine
challenge also produces lower dopamine release in the PFC of adult
PNS offspring (Carboni et al., 2010). Conversely, both amphet-
amine and nicotine challenge produced greater norepinephrine
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release in the NAcc of adult, but not adolescent, PNS rats (Sil-
vagni et al., 2008). Amphetamine and nicotine challenge produced
larger and smaller, respectively, norepinephrine release in the PFC
of adult, but not adolescent, PNS rats (Carboni et al., 2010). Thus,
PNS alters the circuitry mediating addiction-related behaviors in
both drug-naïve and -experienced individuals under both basal
and drug challenge conditions. However, the precise roles of these
basal and drug-induced alterations to elevate drug-seeking behav-
ior or drug-induced plasticity remain to be clarified. Moreover,
how PNS alters natural reward processes is of interest.

IMPACT OF PRENATAL STRESS ON ANIMAL MODELS OF
NATURAL REWARD
Natural rewards, as well as pharmacological rewards, via drugs
of abuse, interact with PNS to affect the mesocorticolimbic and
nigrostriatal dopamine systems. Actions of these systems are
involved in providing incentive salience to stimuli and inducing, or
maintaining, the performance of goal-directed behavior (e.g., Ike-
moto and Panksepp, 1999; Salamone et al., 2009). The midbrain
ventral tegmental area (VTA) is an important region involved
in endogenously rewarding behavior and has been considered
to be among the most important regions underlying pharma-
cological and natural reward (Nestler and Carlezon, 2006). The
VTA receives glutamatergic inputs from the hippocampus, PFC,
and amygdala, as well as monoaminergic inputs from the dorsal
raphe, locus coeruleus, and hypothalamus and projects dopamin-
ergic efferents to GABAergic neurons in the NAcc (reviewed in
Nestler and Carlezon, 2006). Among rodents, engaging in mat-
ing is rewarding and can condition a place preference (Frye et al.,
1998; Paredes and Vazquez, 1999; Meerts and Clark, 2007). In the
VTA, actions at dopamine type 1-like receptors facilitate (while
actions at dopamine type 2-like receptors inhibit) mating in female
rodents (Frye et al., 2004, 2006a; Sumida et al., 2005; Frye and
Walf, 2008b). Dopamine is a necessary component involved in the
motivational processes that facilitate mating among female rats
(Becker et al., 2001). Some of these actions may be progestogen-
dependent. Microinfusion of AlloP to the VTA enhances mating in
female rodents in minutes (Frye et al., 2006a, 2008). Blocking D1
receptors attenuates AlloP’s intra-VTA actions to enhance mat-
ing among female rats (Frye et al., 2004, 2006a). Indeed, PNS
alters mating responses in adult female rats (Frye and Orecki,
2002) and increases total dopamine content in the dSTR (Ger-
ardin et al., 2005), and NAcc (Alonso et al., 1994, 1997; McArthur
et al., 2005). Notably, dopaminergic pharmacotherapy can bolster
the motivational aspects of reward in animal models (Tindell et al.,
2005).

Actions of AlloP in the VTA of the midbrain are profound and
mediate goal-directed behaviors including those involved in nat-
ural reward, such as engagement in mating. For example, in adult
female rats or hamsters, AlloP mediates approach and consumma-
tory aspects of mating behavior, which are integral for conception
to occur (Frye et al., 2006a). The proportion, intensity, and dura-
tion of lordosis responding (a stereotypical posture essential for
mating behavior of rodents to occur) can be modulated by AlloP
(Frye et al., 2006a). Midbrain dopamine cell bodies in the VTA
project to limbic structures, including the amygdalar areas, hip-
pocampus, and NAcc, as well as to areas of the PFC, and cell bodies

in the substantia nigra innervate dSTR regions and other motor
structures (reviewed in Haber and Fudge, 1997; Horvitz, 2000).
Together, dopaminergic VTA projections makeup the mesolimbic
dopamine system. Connections between the VTA and NAcc mod-
ulate the valence of pharmacological and natural reward and the
motivation to engage rewarding stimuli (Koob and Le Moal, 2001;
Kelley and Berridge, 2002; Wise, 2004). Investigation into the abil-
ity of AlloP, and other neurosteroids, to mediate altered neural
function associated with heightened vulnerability to drug abuse
(as well as other disorders) may lead to novel therapeutic avenues
for the management of addiction-related problems. Thus, PNS
alterations in levels of AlloP may partly mediate the lifelong alter-
ations in the mesocorticolimbic dopamine system and perhaps
other components of addiction circuitry involved in PNS-induced
elevations of drug/alcohol-seeking behavior.

PRENATAL STRESS-INDUCED ALTERATIONS IN
NEUROCHEMISTRY AND ALLOPREGNANOLONE MAY BE
ASSOCIATED WITH CHANGES IN ADDICTION-RELATED
BEHAVIOR
Prenatal stress influences the circuitry of addiction, as well as AlloP,
in adulthood. Although direct evidence is not available,we hypoth-
esize that these endpoints are functionally inter-related. Indirect
support for this hypothesis stems from separate lines of research
indicating that: (1) PNS impacts cortico-limbic circuitry and its
midbrain monoamine modulatory systems; (2) PNS alters hor-
monal milieu, including levels of AlloP, in a sex-dependent fashion;
(3) AlloP modulates drug/alcohol-seeking behavior; and (4) AlloP
has direct effects on “addiction circuitry” that are behaviorally
relevant.

PRENATAL STRESS ALTERS ALLOPREGNANOLONE
Prenatal stress can influence endogenous AlloP concentrations of
rodents. There are several models of PNS that are used in rats,
which typically involve applying stressful stimuli during gesta-
tional days (GDs) 17–21, which is a critical period of hippocampal
development in rats. Psychological stress can involve exposing
pregnant dams to either a chronic predictable stressor (such as
restraint thrice daily for 45 min), or chronic unpredictable stres-
sors (including forced swim, restraint, cold exposure, overnight
fasting, light, and social crowding). We have previously observed
perinatal psychosocial stressors, such as early maternal separation,
reduce the ratio of P4 to its 5α-reduced metabolites, dihydroprog-
esterone (DHP), and AlloP, in whole brain of postnatal day 2 rats,
and dysregulate DHP and AlloP formation in whole brain of post-
natal day 9 rats (Kehoe et al., 2000). We have recently investigated
similar effects among juvenile rats. Among male and female off-
spring (between 28 and 30 days of age), stress resulted in decreased
maternal AlloP levels during gestation, and reduced cognitive per-
formance among offspring in an object recognition task, compared
to controls (Table 1). These data are in concordance with find-
ings wherein perinatal isolation is observed to increase circulating
concentrations of the stress hormone, corticosterone, concurrent
with reduced whole brain AlloP in rats (McCormick et al., 2002).
Together, these data support the notion that early developmen-
tal stress can result in programmatic changes in neuroendocrine
status with later consequences for cognition.
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Table 1 | Summarized results (mean ± SEM) adapted from recent prenatal stress (PNS) studies in our lab, which indicate the effects of PNS via

psychological stress [exposure to physical restraint (restraint) or unpredictable variable stress (variable) which included forced swim, restraint,

cold exposure, overnight fasting, light, and social crowding], immune challenge [exposure to lipopolysaccharide (LPS, 30 μg/kg; dams only), or

interleukin-1β (IL-1β, 1 μg/rat)], finasteride administration (50 mg/kg), or minimal handling/vehicle (control) on gestational days 17–21 (n = 4–8

dams/group; n = 17–30 offspring/group) has on maternal/fetal allopregnanolone and dependent cognitive behaviors (object recognition

performance) of male and female rats (data are collapsed on the variable of sex).

Challenge at

GD17-21

How? Dams’ plasma AlloP

at parturition

(ng/ml)

Offspring (male and

female) Hippo

AlloP (ng/g)

Novel obj

recognition (% time

with Object)

Reference

Control (nothing,

vehicle)

Handling, IP

Saline, SC oil

2.2 ± 0.8 1.8 ± 0.2 53 ± 4% •Paris and Frye (2011a,b),

Paris et al. (2011, under

review)

Psychological

(restraint, variable)

Thrice daily 0.7 ± 0.2* 1.0 ± 0.4 31 ± 9%* •Paris and Frye (2011a),

Paris and Frye (2011b)

Immune (LPS-dams

only, IL-1β)

LPS (30 μg/kg,

IP); IL-1β

(1 μg/day, IP)

1.2 ± 0.1* 1.5 ± 0.6 (IL-1β only) 27 ± 9%* (IL-1β only) • Paris et al. (under review)

Endocrine

(finasteride)

50 mg/kg 0.5 ± 0.3* 0.5 ± 0.2* 22 ± 7%* •Paris et al. (2011)

*Indicates significantly different from control group, p < 0.05.

MECHANISMS OF PRENATAL STRESS: EVIDENCE FOR
CRUCIAL INTERACTIONS BETWEEN GLUCOCORTICOIDS AND
PROGESTOGENS
There are pervasive effects of stress on developmental program-
ming and functions throughout the lifespan; however, the mech-
anisms underlying these effects are not fully understood. There
exists extensive evidence supporting a critical role for glucocorti-
coids in the programming effects of PNS,as well as, indications that
glucocorticoids may be acting, in part, through alterations of other
hormonal systems. We are interested in elucidating the extent to
which AlloP may influence such responses through its actions on
the stress axis. Changes in AlloP via PNS may be one mechanism by
which PNS alters HPA axis-sensitive behaviors, such as drug use.
Thus, findings regarding the stress axis and its interactions with
AlloP on people, and in animal models, are summarized below.

THE STRESS RESPONSE
In response to acute stressors, there are changes in autonomic and
neuroendocrine processes which may subserve adaptive behav-
iors. Irrespective of the type of stress experienced, the autonomic
and neuroendocrine responses are ubiquitous and rapid. Cate-
cholamines, epinephrine, and norepinephrine, heighten arousal by
dilating pupils, increasing heart rate and respiration, and prepar-
ing for energy mobilization (reviewed in Wortsman, 2002). The
sustained neuroendocrine response is mediated by the HPA axis.
The HPA is comprised of the paraventricular nucleus (PVN) of
the hypothalamus, the anterior pituitary (adenohypophysis), and
the adrenals (reviewed in Turnbull and Rivier, 1997). The PVN
synthesizes and releases corticotropin-releasing factor (CRF) to
the adenohypophysis, where it promotes the release of adreno-
corticotropic hormone (ACTH) into the periphery. ACTH stimu-
lates the adrenal cortex to release glucocorticoids (i.e., cortisol in
humans and corticosterone in most rodents), which have actions
peripherally and centrally (reviewed in George and Koob, 2010).

Activation of these systems subserve behavioral responding (i.e.,
flight-or-flight) to acute stress, and may function to consolidate
information surrounding salient events. Termination of the stress
response occurs via negative feedback by glucocorticoid actions
in the hypothalamus and pituitary (Herman et al., 1996) and
also by AlloP (Patchev et al., 1994; Patchev and Almeida, 1996).
Under chronic stress, the HPA feedback systems that typically act
to restore (para)sympathetic tone are dysregulated and stressors
may elicit a greater, lesser, or more prolonged HPA response than
is typical.

Prenatal corticosterone exposure alone mirrors the effects of
PNS on increased basal dopamine metabolism in both the dSTR
and NAcc in male and female offspring (Diaz et al., 1995) sug-
gesting that these processes may be influenced by HPA activation.
Notably, PNS changes the expression and/or binding potential of
dopamine D1 and D2 receptors, the dopamine transporter, as well
as, the number of tyrosine hydroxylase-positive cells within the
mesocorticolimbic dopamine system, including the NAcc, medial
PFC, and hippocampal subregions (Alonso et al., 1994; Henry
et al., 1995; Berger et al., 2002; McArthur et al., 2005; Son et al.,
2007), which are important targets of the VTA (Nestler and Car-
lezon, 2006). As such, PNS may exert organizational effects to
perturb the trajectory of the developing mesolimbic dopamine
system. Indeed, perinatal stress (via early maternal separation)
is observed to attenuate motor and dopamine responses to stress
among adolescent rats (McCormick et al., 2002). Thus, there is evi-
dence for PNS-induced changes in the structural and functional
integrity of the dopamine reward circuitry among rodents.

PROGESTOGEN MODULATION OF THE HPA AXIS RESPONSE
There are differences in how females and males respond to
stress and/or HPA activation, which may have bearing on the
organizing effects of progestogens and/or responses to PNS. In
response to stress, women typically have higher circulating cortisol
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levels and are more sensitive to glucocorticoid secretion than are
men (Ellermeier and Westphal, 1995; Jezová et al., 1996; Ferrini
et al., 1997; Hinojosa-Laborde et al., 1999; Rhodes and Rubin,
1999; Rohleder et al., 2001); however, females also demonstrate
greater physiological and behavioral resiliency to negative/long-
term effects of stress (Uno et al., 1989; Mizoguchi et al., 1992;
Brown et al., 1996; Galea et al., 1997; Bowman et al., 2001, 2002;
Beck and Luine, 2002; Conrad et al., 2003; Kitraki et al., 2004;
McFadden et al., 2011). These sex differences in stress responding
may be mediated by circulating levels of progestogens and/or their
neurosteroid metabolites.

Progesterone, via actions of its metabolites, can suppress HPA
axis activation. Progesterone can be 5α-reduced to form DHP,
which can be 3α-hydroxylated to form the neuroactive metabolite,
AlloP. Unlike progesterone and DHP, physiological concentrations
of AlloP have little affinity for intracellular progestin receptors
(Iswari et al., 1986). Rather, AlloP is a potent positive modula-
tor of inhibitory GABAA receptors (Majewska et al., 1986), which
may underlie its effects to dampen the HPA axis response (Purdy
et al., 1991; Barbaccia et al., 1998). As such, it is progesterone’s
metabolism to AlloP, in response to stress, that promotes direct
actions in hypothalamus to reduce CRF transcription and peptide
precursors of the HPA mediated response (Patchev et al., 1994;
Patchev and Almeida, 1996). These actions of AlloP partly underlie
actions of progestogens to dampen HPA responsiveness in preg-
nancy; thereby, reducing fetal glucocorticoid exposure (Brunton
et al., 2009). During pregnancy of people, the fetus can mount HPA
responses by the second trimester, independent of the mother’s
HPA response (Gitau et al., 2001). Among female rats, PNS is asso-
ciated with increased circulating corticosterone levels later in life
(Walf and Frye, 2007). The extent to which stress-promoted mater-
nal and/or fetal AlloP formation may account for physiological and
behavioral stress phenotypes is of interest.

ALLOPREGNANOLONE NORMALLY INHIBITS THE HPA AXIS RESPONSE
TO STRESS DURING PREGNANCY
AlloP’s role in attenuating stress axis response extends to maintain-
ing gestation, protection of the fetus, and/or possible organizing
effects. Among pregnant women and rodents, circulatory AlloP
is elevated throughout gestation and its decline precedes partu-
rition (Concas et al., 1999; Gilbert-Evans et al., 2005; Paris and
Frye, 2008). During early pregnancy, progestogens are secreted
from the corpora lutea until the placenta becomes a source of
progestogens (Concas et al., 1998). Circulating levels of P4 and
AlloP co-vary and increase together during the first half of gesta-
tion. However, P4 levels decline prior to AlloP, later in pregnancy.
Among rats, P4 levels peak between GD 10–15; whereas, AlloP
asymptotes later in pregnancy (GD19; Concas et al., 1998) and
declines to estrous levels around GD21 (Concas et al., 1998). Dur-
ing pregnancy, ACTH, corticosterone, and PVN CRF levels are
lower, and oxytocin neurons are inhibited, such that stimuli that
evoke a stress response in virgin rats do not elicit the same stress
response in pregnant rats (Atkinson and Waddell, 1995; Johnstone
et al., 2000; Brunton and Russell, 2003; Brunton et al., 2006a,b,
2005; Ma et al., 2005). In the developing offspring, central AlloP
is observed as early as embryonic day 14 in rats (Kellogg and Frye,
1999), while postnatal AlloP increases in response to stressors

on GD 6 (Kehoe et al., 2000; McCormick et al., 2002). Inhibit-
ing AlloP formation with a 5α-reductase inhibitor, finasteride, in
late pregnancy restores HPA activation of ACTH, corticosterone,
CRF, and oxytocin which can result in termination of pregnancy
(Antonijevic et al., 2000; Brussaard and Herbison, 2000; Grobin
and Morrow, 2001; Russell et al., 2003; Chanrachakul et al., 2005;
Brunton and Russell, 2008a,b, 2010; Brunton et al., 2009). Thus,
AlloP during gestation influences stress responding and gestational
outcomes. Notably, administration of AlloP prenatally, counter-
acts the effects of PNS on anxiety-like tasks, indicating its role
in neuropsychiatric-relevant behaviors (Zimmerberg and Blaskey,
1998).

AlloP during perinatal development may influence sex-typical
differences in stress responding. We,and others,have utilized mod-
els of PNS in order to assess AlloP’s developmental effects prior
to parturition. Epidemiological studies of people, and experimen-
tal investigations using rodents, provide evidence that PNS can
confer vulnerability to stress-related disorders that persist into
adulthood. Behavioral and neurobiological aberrations associated
with PNS may be sex-typical (i.e., predominant in one sex and/or
related to changes in sex hormones), stress-sensitive (i.e., related
to HPA activation and/or changes in stress hormones), and/or
disorder-relevant (i.e., associated with the etiology or pathology
of a neurodevelopmental, neuropsychiatric, and/or neurodegen-
erative disorder) functions. Although acute stress can be adap-
tive in adults through enhancing autonomic, neuroendocrine,
and behavioral outputs that subserve species-typical adaptive
responses (e.g., fight-or-flight), developmental stress can be patho-
logical and detrimental to mothers and offspring. Typically, during
late gestation, maternal stress responding is dampened. This stress
hyporesponsive period, which is well-documented in rodents, may
limit the deleterious developmental programming effects of PNS.
The period of stress hyporesponsiveness coincides with elevations
in AlloP (Paris and Frye, 2008; Brunton et al., 2009), which can
be protective to the offspring (Frye and Bayon, 1998; Yawno et al.,
2009), and dampen HPA axis reactivity (Patchev et al., 1994, 1996;
Patchev and Almeida, 1996; Paris and Frye, 2008; Frye, 2009).
There are PNS-induced alterations in neurosteroid levels which
may play a direct role in programming the developing fetus (Kehoe
et al., 2000; McCormick et al., 2002). This has led to our hypoth-
esis that some effects of PNS may involve 5α-reduced progesto-
gens influence on developmental programming of sex-typical,
stress-sensitive, and/or disorder-relevant phenotypes. Addition-
ally, postnatal perturbation of maternal–infant interactions may
have profound effects on stress responding and AlloP formation
in offspring that are sex-dependent. We have found that mater-
nal separation during postnatal days two through nine produces
increases in central AlloP in offspring and these effects are greater
in males (Kehoe et al., 2000). Thus, AlloP formation during early
postnatal development may play an important role in program-
ming of stress responses, and may present as a mechanism of PNS
pervasive effects to influence drug reward and related sequelae.

ALLOPREGNANOLONE INFLUENCES DRUG RESPONDING AND HAS
POTENTIAL LINKS TO PRENATAL STRESS EFFECTS
Pharmacological stimuli, such as drugs of abuse, activate the HPA
robustly, as do the physical, psychological, and immune challenges
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described heretofore. We have presented evidence that PNS can
alter responses to drugs of abuse, and that there are sex differences
in response to PNS in these measures. Additionally, there is evi-
dence consistent with the notion that PNS alters HPA function
as well as AlloP levels, and that changes in AlloP can alter subse-
quent drug intake behaviors, also in a sex-dependent way. Causal
relationships have not been established between perturbation
of endogenous AlloP formation via PNS and later drug-seeking
behavior. Rather, separate lines of research have revealed PNS to
alter susceptibility to drug abuse/responding and AlloP forma-
tion in adolescence and adulthood. Adolescents are vulnerable to
substance use, which is co-morbid with neuropsychiatric disor-
ders and neurodegeneration. An important question for future
investigation is what role progestogen formation may play in con-
ferring vulnerability to natural or pharmacological reward. In sup-
port, progestogens, including AlloP, have been shown to modulate
responding to many drugs of abuse. It is beyond the scope of this
review to provide an in depth analysis of progestogen interactions
with all drugs of abuse, such as depressants (i.e., alcohol), stim-
ulants (i.e., cocaine, amphetamine, nicotine), and opiates. Thus,
we focus on recent findings surrounding progestogens and drug
abuse, and provide specific references for the complex interactions
between AlloP and other steroid hormones with drugs, including
alcohol and cocaine.

In addition to organizational effects of progestogens suggested
by PNS, activational effects of progestogens are observed, which
can differ across the sexes (another indication of potential orga-
nizing actions of hormones). There are sex differences in response
to drugs of abuse, which may be partly mediated by progesto-
gens and other sex steroids. Women are more likely than men to
initiate drug use, demonstrate binge use, experience greater crav-
ings, and relapse to greater use (Brady and Randall, 1999; Robbins
et al., 1999; Mann et al., 2005; Gallop et al., 2007; Becker and Hu,
2008). Some evidence for hormonal mediation of drug use among
pre-menopausal women is observed during cyclical hormonal
fluctuations. In response to alcohol, women in the luteal phase
(when circulatory progestogens are typically low) have increased
positive effects of alcohol (Evans and Levin,2011),decreased elimi-
nation, and blood alcohol clearance, which correlates with P4 levels
(Sutker et al., 1987), lower AlloP levels (Nyberg et al., 2005), and
feelings of anxiety and stress (Howell et al., 2010), the latter of
which is co-morbid with cocaine use (Morton, 1999; Torres and
Ortega, 2003; Poling et al., 2007; Rubin et al., 2007). In people,
alcohol consumption decreases circulating P4 and AlloP levels in
men (Pierucci-Lagha et al., 2006) and in women in the luteal phase
(Nyberg et al., 2005). Nicotine effects, like alcohol, may vary based
on hormone condition. During the luteal phase, number of cig-
arets smoked, nicotine craving, and positive subjective effects of
smoking, increased in women (Mello et al., 1987; Snively et al.,
2000; Franklin et al., 2004). Thus, low endogenous progestogen
profile may yield vulnerability to alcohol’s hedonic effects among
naturally cycling women.

Animal models also show sex differences in substance use which
may be influenced by hormonal milieu. Female rats and monkeys
acquire, maintain, and escalate drug use, extinction, and reinstate-
ment more readily than do males (see, e.g., Anker and Carroll,
2010). More targeted analyses have been conducted in rodents

in response to alcohol that may be mediated by sex and dura-
tion of exposure. Notably, PNS can perturb hormone-sensitive
behaviors across the estrous cycle of rats, which has been observed
via reduced engagement in copulatory behaviors when rats are
naturally sexually receptive (Frye and Orecki, 2002). When orally
consumed, ethanol increased brain AlloP in male, but not female
mice, an effect not observed when ethanol was injected (Finn
et al., 2004). However, when alcohol is administered to facili-
tate alcohol-dependence, exposure may decrease cortical levels
of AlloP in male, but not female, rats (Janis et al., 1998). As
such, effects of alcohol on neurosteroid formation are bipha-
sic and complex; a linear relationship between alcohol-enhanced
neurosteroidogenesis and reward is unlikely. In support, cynomol-
gus monkeys that were trained to discriminate alcohol from
water, demonstrated an enhanced ability to also discriminate
AlloP when in the luteal (vs. follicular) phase of the men-
strual cycle; however, cycle differences in discrimination were not
observed for alcohol (Green et al., 1999). Neurosteroids, includ-
ing 3α,5α-tetrahydrodeoxycorticosterone and 3α-androstanediol,
can be enhanced with alcohol administration and/or implicated
in some alcohol effects (Paris and Frye, 2009; Serra et al., 2007.
Indeed,AlloP and 3α-androstanediol may promote hedonic effects
in males, given that male rats will orally self-administer AlloP
preferentially over water (Sinnott et al., 2002a), and male ham-
sters will orally self-administer 3α-androstanediol over water (Frye
et al., 2007). However, any effects that neurosteroid mechanisms
may contribute to the reinforcing properties of alcohol are likely
sex- and dose-dependent, given that AlloP injections have been
observed to dose-dependently increase oral alcohol consumption
among male, but not female, mice (Sinnott et al., 2002b). In addi-
tion to pregnane and androstane neurosteroids, estradiol may
also contribute to sex differences to increase, while progestogens
decrease, drug effects among females compared to males (Becker
and Hu, 2008; Anker and Carroll, 2010). However, estradiol has
been observed to not be altered in adult cycling female rats that
have been exposed to PNS (Walf and Frye, 2007), which may sug-
gest that it is a less likely mechanism for PNS-mediated changes
in drug use. As such, there are complex interactions between sex
hormones and many different drugs of abuse. These interactions
may influence aspects of drugs abuse. For further review of alco-
hol’s reinforcing interactions with AlloP (see Morrow et al., 2001;
Finn et al., 2008; Helms and Grant, 2011). For evidence of other
gonadal hormone contributions to alcohol’s reinforcing effects
(see Devaud et al., 2006).

Much research surrounding progestogens’effects on drug abuse
have focused on cocaine. Autonomic, pleasurable effects, stress-
induced cravings, and self-administration for cocaine are reduced
when hormone levels are high in women during the luteal phase
(Sofuoglu et al., 1999; Evans et al., 2002; Evans and Foltin, 2006;
Sinha et al., 2007) and in rats during the proestrus phase (Hecht
et al., 1999; Feltenstein and See, 2007). Administration of P4 to
women attenuates subjective and HPA axis autonomic effects of
cocaine and reduces craving (Sofuoglu et al., 2002, 2004; Evans
and Foltin, 2006). Indeed, suppression of HPA axis responding fol-
lowing craving may be associated with some of cocaine’s hedonic
effects. Rodents will voluntarily self-administer either corticos-
terone (DeRoche et al., 1993) or AlloP (Sinnott et al., 2002a).
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We, and others, have found that P4 and AlloP levels of males
and females are elevated in plasma, striatum, and hippocampus
following cocaine administration, along with enhanced psy-
chomotor behavior (Quinones-Jenab et al., 2008). Some of these
effects may be dependent on estrous cycle phase, given that thresh-
old for dose-dependent psychomotor activation to cocaine was
increased among diestrous, compared to proestrus, female rats
(Kohtz et al., 2010). Moreover, AlloP may influence some of
cocaine’s reinforcing effects. Pretreatment with AlloP diminishes
escalating self-administration of cocaine in rats (Larsen et al., 2007;
Anker et al., 2010). Progesterone reduced cocaine-primed rein-
statement of cocaine-seeking behavior in female, but not male,
rats and this effect was attenuated by finasteride and mimicked by
AlloP administration (Anker et al., 2009). Although other gonadal
hormones, such as estradiol have been investigated for their role
on cocaine effects (for review see Segarra et al., 2009), it is P4

that has been utilized for clinical applications. Indeed, oral P4 has
been investigated as a potential treatment for cocaine dependence
(Reed et al., 2011); however, despite the need for further investi-
gations, that study did not yield discriminating effects of P4 on
self-administration. Therefore, drug effects and addiction behav-
iors that are increased by exposure to PNS, in particular, cocaine,
are mediated by progestogens, including AlloP, which may indicate
a possible mechanisms for further exploration into the neurode-
velopmental impact and mechanisms of PNS on maternal–fetal
interactions and later offspring behavior.

NEURODEVELOPMENTAL, NEUROPSYCHIATRIC, AND
NEURODEGENERATIVE SEQUELAE ASSOCIATED WITH
PRENATAL STRESS AND/OR DRUG USE AND MAY BE
PROGESTOGEN-SENSITIVE
Neurodevelopmental, neuropsychiatric, and/or neurodegenera-
tive disorders are co-morbid with drug use and are characterized by
gender/sex differences and sensitivity to stress that may be influ-
enced by progestogens. There is emerging consensus for similar
neurobiological factors to underlie disorders that share similar fea-
tures and/or endophenotypes. Thus, findings regarding the impact
of gestational stress on people and animals, and the influence of
progestogens in these processes, are summarized below.

IMPACT OF PRENATAL STRESS ON DEVELOPMENTAL DISORDERS IN
PEOPLE AND ANIMAL MODELS
There are neurodevelopmental consequences of prenatal and peri-
natal stress that can be observed in juvenile (pre-pubertal) off-
spring. Despite the relative protection of the uterine environment,
the fetus can be affected by environmental stressors that the
mother experiences (Schlotz and Phillips, 2009). Like most stress
challenges, in utero adaptation to environmental stressors may be
an important aspect of organismal preparation for survival; how-
ever, enhancements in the chronicity, or saliency, of such stressors
may also promote adverse effects. In people, PNS via chronic psy-
chological and/or physical stress (such as those associated with low
socio-economic status, poor coping skills, and maternal physical
abuse) are associated with preterm birth and low birth-weight off-
spring (Facchinetti et al., 2007; Rodrigues et al., 2008; Giurgescu,
2009; Latendresse, 2009). Early birth under these conditions may
lead to impairments in social, cognitive, and emotional behavior,

which are observable when children are of school-age (Talge et al.,
2010; Kerstjens et al., 2011; Lind et al., 2011). Among infants
who are born preterm, there are also aberrations in cortico-limbic
volume and/or sulci/gyri folding may be associated with neurode-
velopmental disabilities, compared to antenatally age-matched
controls (reviewed in Lodygensky et al., 2010). Moreover, the sever-
ity of premature birth may predict poorer neurodevelopmental
outcomes (Talge et al., 2010). In addition to chronic stress, salient
stress exposure during pregnancy can promote similar outcomes.
After hurricane Katrina, over a two-fold increase in the incidence
of preterm births was reported among pregnant women who were
residing in a severely hit area, compared to those in less dam-
aged areas (Xiong et al., 2008). Similarly, offspring born to women
enlisted in the military that were deployed to a combat zone while
pregnant, have a greater incidence of preterm birth and neurode-
velopmental disorders, such as a major birth defect or malignancy
(Ryan et al., 2011). Thus, chronic and/or salient PNS may promote
neurodevelopmental disorder among people.

Prenatal stress exerts neurodevelopmental effects that can be
modeled in rodents. In particular, the cortico-limbic brain regions
may be a target for PNS. Compared to controls, pre-adolescent
male rats that were born to dams that underwent physical restraint
(2 h/day from GD 11 to birth), exhibited increased CA1, but
decreased CA3, spine densities, while adult PNS male offspring
had reduced spine densities in both areas (Martinez-Tellez et al.,
2009). Long-term neurodevelopmental effects of PNS on the hip-
pocampus may be particularly salient among females, given that a
single exposure of PNS on GD18 can reduce adult dentate gyrus
volume in female, but not male, rats (Schmitz et al., 2002). PNS
is also observed to reduce spine density in PFC (Murmu et al.,
2006; Michelsen et al., 2007). Over the course of development,
the volumes of amygdalar sub-nuclei (an extension of the lim-
bic system) tend to diverge among male PNS vs. control rats. By
early adulthood PNS individuals may begin to match controls on
some measures of nuclei volume (Kraszpulski et al., 2006), and
may even surpass controls in the region of the lateral nucleus
later in adulthood (Salm et al., 2004). The production of new
neurons in the adult hippocampus is also reduced following PNS
(e.g., Lemaire et al., 2000; Coe et al., 2003; Odagiri et al., 2008).
Further, PNS or prenatal corticosterone treatment alter the lev-
els of trophic factors and synapse-regulating proteins in limbic
and cortical structures in an age-dependent fashion that may be
responsible for the observed changes in dendritic spine densities
(Fumagalli et al., 2004, 2005; Burton et al., 2007; Afadlal et al.,
2010; Jutapakdeegul et al., 2010). Accordingly, these effects may
have important consequences for early social and emotional devel-
opment given the role of cortico-limbic function in regulating
decision making and affect. In support, female PNS rats that are
juvenile (∼30 days of age) have increased anxiety-like behavior
and decreased weight compared to control females (Baker et al.,
2008). Male and female PNS juvenile offspring also show decreased
social play behavior and reduced psychomotor activity (Kleinhaus
et al., 2010). Additionally, PNS can affect male and female juve-
nile cognitive function in Y-maze, T-maze, and passive avoidance,
the latter of which revealed females to have decreased perfor-
mance compared to males (Gué et al., 2004). In rats, perinatal
isolation has also been observed to worsen adult performance
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in the Morris water maze (Frisone et al., 2002). In people, this
time period is equivalent to adolescence, which is characterized by
the emergence of sex-typical, stress-sensitive behavioral disorders
(i.e., autism, attention deficit hyperactivity disorder; McCormick
and Mathews, 2007), novelty/drug seeking, and substance abuse
(reviewed in Kroll, 2007; Bukstein, 2008). These findings suggest
that aberrations in cortico-limbic brain regions may be present
in adolescence and pervasive, at least until adulthood, following a
history of PNS.

The HPA axis is activated in response to stressors, such as
the physical and psychological stressors described above; how-
ever, one method to activate HPA axis activity in pregnancy
is via immune challenge. This methodology is clinically rele-
vant given that up to 40% of preterm births are associated with
immune challenge/infection (Goldenberg et al., 2008). Admin-
istration of the bacterial endotoxin, lipopolysaccharide (LPS), or
the cytokine, interleukin-1β (IL-1β), in late gestation mimics infec-
tion/inflammation (Hermus and Sweep, 1990; Johnson et al., 1997;
Turnbull and Rivier, 1999) and activates adrenergic synapses in
the hypothalamus (Besedovsky and del Rey, 1992; Ericsson et al.,
1994; Givalois et al., 1995; Turnbull et al., 1998; Brunton et al.,
2005) and placenta (Paintlia et al., 2008). We have observed these
regimens to reduce circulating AlloP in dams at the time of par-
turition (Table 1). Offspring that were gestationally exposed to
immune challenge spent a significantly lower percentage of time
with a novel object compared to controls (Table 1), which may
indicate reduced cognitive performance. Given AlloP’s importance
in dampening HPA response during pregnancy, and the results
from studies indicating decreased maternal AlloP following gesta-
tional stress (Frye and Walf, 2004; Paris and Frye, 2011a), we have
investigated the necessity of maternal AlloP for these effects by
administering finasteride (50 mg/kg) to dams in late gestation.
Indeed, gestational finasteride produced similar effects to that
of gestational stressors, resulting in reduced offspring cognitive
behavior (Table 1). Notably, we have observed adolescent rats to
spend less time with a novel object than do adult rats, irrespective
of gestational manipulations. These data may imply a neophobic
aspect to this task, that is not observed in adults, which may explain
some of the aversion observed among adolescent rats exposed to
gestational stressors (Paris and Frye, 2011a). These data support
the notion that maternally derived 5α-reduced steroids play an
important role in the neurodevelopmental programming of late-
gestating offspring. This does not preclude finasteride interacting
with other steroid hormones; given that finasteride also inhibits
formation of androstane and glucocorticoid metabolites (reviewed
in Finn et al., 2006) and further study of AlloP add-back will assess
the ability of AlloP to rescue these effects.

Involvement of the HPA axis is further implied in studies of
perinatal perturbation. Deficiencies in AlloP formation that are
observed in plasma, via perinatal stress (lithium chloride injec-
tion), at 10 and 60 days of age are ameliorated by 90 days of
age (Frye et al., 2006b). These data indicate that some perinatal
reprogramming effects on the endocrine system may be transient;
however, in these experiments, hippocampus AlloP remained per-
turbed at 60 and 90 days of age, suggesting that perturbation
of central steroid formation may be pervasive throughout life
(Frye et al., 2006b). These investigations imply that chronic HPA

perturbation may be less severe in rodent models when manipu-
lations occur later in development. An intriguing hypothesis for
future consideration is that AlloP can have organizational effects
in pre- or perinatal development which may be associated with
its actions as a trophic factor throughout life. We have previously
observed AlloP to be neuroprotective in rats, particularly when the
HPA axis is perturbed (Rhodes et al., 2004). Thus, PNS can result
in perturbed maternal and offspring AlloP levels and increased
HPA responses, which may have effects on fetal neurodevelop-
ment, neuropsychiatric-relevant behavior, and may reduce later
neuroprotective capacity.

IMPACT OF PRENATAL STRESS ON NEUROPSYCHIATRIC DISORDERS IN
PEOPLE AND NEUROPSYCHIATRIC-RELEVANT BEHAVIOR IN RODENTS
Among people, some findings suggests that stress during gestation
may influence the etiopathology of neuropsychiatric processes.
Those exposed to inordinate stressors during gestation, partic-
ularly during mid-gestation, are more likely to be diagnosed
with schizophrenia, anxiety disorders, and depressive disorders
(as reviewed in Bertram and Hanson, 2002; Matthews et al., 2002;
Huizink et al., 2004; Seckl and Meaney, 2004; King, 2011). Children
whose mothers experienced psychological stress during pregnancy
show less social behavior, which is an early symptom of schizo-
phrenia (Done et al., 1994). Adolescent children of women who
had lost husbands during WWII while pregnant, suffered from
higher rates of mood disorders and schizophrenia (Huttunen and
Niskanen, 1978). There is also a significant correlation between
the maternal experience of famine during the second and third
trimesters and affective disorders in the adult children of those
women (Brown et al., 2000).

Some of these effects may be due to perturbations in AlloP
formation or actions. Women diagnosed with depression and/or
premenstrual dysphoric disorder have decreased AlloP sensitiv-
ity (Freeman et al., 2002; Girdler and Klatzkin, 2007; Gracias
et al., 2009) and do not experience the expected increase in AlloP
following stress (Klatzkin et al., 2006). Women suffering from
post-traumatic stress disorder (PTSD) have decreased AlloP levels
in cerebrospinal fluid (Rasmusson et al., 2006). Men with PTSD,
who have a greater psychological distress to trauma-relevant stim-
uli have lower levels of AlloP (Casada and Roache, 2004; Frye,
2009). Moreover, reduced 5α-reductase activity (as determined
by cortisol metabolism) was associated with symptom severity
among individuals afflicted with treatment-resistant PTSD follow-
ing the World Trade Center attacks in 2001 (Yehuda et al., 2009).
Post-mortem brain AlloP levels were also decreased in a com-
bined male/female sample of schizophrenic patients (Marx et al.,
2006). As such, stress during human fetal development, and/or
later chronic stress, may promote sex-typical, stress-sensitive dis-
orders in adulthood, where AlloP varies with the incidence or
expression of these disorders.

Findings from animal models suggest that PNS influences
the developmental trajectory of neuropsychiatric-relevant func-
tion. Rodent models of PNS, specifically stress during late ges-
tation, can produce behavioral sequelae later in life that were
initially characterized by hyper-responsiveness to stressors. These
responses have since been typified as maladaptive and/or early
symptoms of behavioral disturbances. Offspring of PNS dams can
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be behaviorally inhibited, as is observed in response to maternal
separation, wherein PNS pups vocalize and move less than do their
non-PNS counterparts (Morgan et al., 1999). Male PNS juvenile
rats demonstrate less social behavior and rough-and-tumble play
than do control males (Ohkawa, 1987; Ward and Stehm, 1991).
PNS increases anxiety-like behavior, indicated by spending less
time on the open arms of an elevated plus maze (Fride et al.,
1985; Zimmerberg and Blaskey, 1998) and/or more defecation in
a novel environment (Wakshlak and Weinstock, 1990; Poltyrev
et al., 1996; Vallée et al., 1997). PNS also increases depressive
behavior, such as learned helplessness in the inescapable footshock
paradigm, and increases anhedonia in the sucrose consumption
model (Keshet and Weinstock, 1995; Secoli and Teixeira, 1998).
Females, in particular, may be more vulnerable to some effects of
PNS on depressive behavior as indicated by greater immobility in
the forced swim test and less responsiveness to the anti-depressive
effects of hormonal intervention, compared to their male counter-
parts (Drago et al., 1999; Frye and Wawrzycki, 2003). Aberrations
in affective-like behavior may persist in female rats throughout
life; adult females exposed to PNS demonstrate less struggling
behavior (indicative of depression-like phenotype) in the forced
swim test when pregnant (albeit not statistically significant), and
significantly less struggling behavior when post-partum, com-
pared to controls (Frye and Walf, 2004). While, it is not clear
that AlloP formation/perturbation plays a role in the etiology of
neuropsychiatric disorder, converging pre-clinical and clinical evi-
dence support investigation of this premise, and provide evidence
of the therapeutic efficacy of AlloP. For instance, AlloP add-back,
concomitant with PNS, has been demonstrated to ameliorate, or
reverse, anxiety-like behaviors produced by PNS (Zimmerberg
and Blaskey, 1998). AlloP has demonstrated efficacy in improv-
ing neurodevelopmental disorders in mouse models of Niemann
Pick disease (Mellon et al., 2008). Moreover, AlloP enhancement is
associated with improvement in neuropsychiatric disorders, such
as premenstrual dysphoric disorder among women (Freeman et al.,
2002; Gracias et al., 2009).

IMPACT OF PRENATAL STRESS ON NEURODEGENERATION IN ANIMAL
MODELS
Prenatal stress may promote neurodegenerative processes. Depres-
sion is associated with neurodegeneration in the hippocampus,
concomitant with increased circulatory glucocorticoids (stress
hormones), which may be facilitated by PNS. In adults, and rodent
models, depression is associated with decreased neurogenesis in
dentate gyrus and increased plasma glucocorticoid formation
(Manji et al., 2001; Sapolsky, 2001). Early corticosterone expo-
sure is necessary for dentate gyrus development of rodents and
species-typical cognitive function (He et al., 2009) and gluco-
corticoid production from the adrenals promotes cell survival in
the brain. Indeed, removal of the adrenals in rats increases cell
death in the granule layer and dentate gyrus of the hippocampus
(Frye and McCormick, 2000a,b; Rhodes et al., 2004). Moreover,
co-administration of the 5α-reductase inhibitor, finasteride, with
P4 reinstatement attenuates these effects in ovariectomized females
(Rhodes et al., 2004), suggesting that adrenally derived,5α-reduced
progestogens have important trophic effects to maintain limbic
integrity. These data support lines of research that utilize murine

models of Alzheimer’s disease. In support, APPswe + PSEN1Δe9
mice that present with central plaques and neurofibrillary tan-
gles (an Alzheimer’s disease-like phenotype) have decrements in
hippocampally mediated behavioral tasks, compared to wild-type
mice, and are deficient in their conversion of P4 to AlloP (Frye
and Walf, 2008a). Thus, progestogens, such as AlloP, may have
important trophic and neuroprotective effects throughout life.

Chronic stress exposure can promote neural degeneration
(reviewed in Schoenfeld and Gould, 2011), as can exposure to
a salient, acute stressors. For instance, a single episode of maternal
restraint during a critical period for limbic development (GD18)
reduces the number of granule cells in CA1-3 of adult female
(but not male) offspring (Schmitz et al., 2002). Female PNS rats
also exhibit age-dependent reductions in hippocampal neurogen-
esis (Koehl et al., 2009) and repeated maternal restraint, not only
reduces the production of adult-born neurons, but also the num-
ber of adult neural stem cells (Kippin et al., 2004). These cells
are critical for limiting the damage induced by central insults (Li
et al., 2010). Thus, PNS effects may also promote later degenera-
tive processes, and/or reduce proliferative processes, in the rodent
brain, predisposing organisms to neurodevelopmental/affective
disorder. Unfortunately, the greater incidence of morbidity and
mortality among PNS offspring limits what is known about the
influence of PNS on neurodegeneration throughout development.
However, PNS is also notably associated with vulnerability to
substance use and addiction. Indeed, adolescents are uniquely
vulnerable to engagement in drugs of abuse, which is co-morbid
with neuropsychiatric disorder and can promote/facilitate neu-
rodegenerative processes. While, PNS can alter fetal program-
ming of the neuroendocrine axis, altering AlloP formation, direct
evidence for involvement of AlloP formation, via PNS, in the
etiology of neurodevelopmental and/or neurodegenerative dis-
orders is not clearly established. However, AlloP administration
is associated with improvement in rodent models of neurode-
generative disorders including Alzheimer’s disease (Wang et al.,
2010), ischemic brain insult (Sayeed et al., 2006), and traumatic
brain injury (Djebaili et al., 2005). Further, AlloP formation is
perturbed in a mouse model of Alzheimer’s disease and P admin-
istration improves cognitive performance (Frye and Walf, 2008a)
and reduces depressive-like behavior (Frye and Walf, 2009) in a
mouse model.

CONCLUSION
In conclusion, PNS may influence fetal programming, promot-
ing vulnerability to drug seeking/use as well as some co-morbid
neurodevelopmental, neuropsychiatric, and/or neurodegenerative
disorders. These sequelae may be partly associated with sec-
ondary effects of PNS to alter natural reward processes, promoting
vulnerability to substance abuse, and addiction. Thus, for its
role in modulating drug salience, endogenous reward, develop-
mental-, neuropsychiatric-, and neurodegenerative-relevant
sequelae, AlloP remains an intriguing target for investigation.
The extent to which regulation/actions of AlloP contribute to
the etiopathophysiology of various sex-typical, stress-sensitive,
neurodevelopmental, neuropsychiatric, and/or neurodegenerative
disorders that have their origins in early puerperal, mother–infant
interactions is an open and critical question.
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Clinical and experimental reports suggest that prenatal cocaine exposure (PCE) alters the
offsprings’ social interactions with caregivers and conspecifics. Children exposed to pre-
natal cocaine show deficits in caregiver attachment and play behavior. In animal models,
a developmental pattern of effects that range from deficits in play and social interaction
during adolescence, to aggressive reactions during competition in adulthood is seen. This
review will focus primarily on the effects of PCE on social behaviors involving conspecifics
in animal models. Social relationships are critical to the developing organism; maternally
directed interactions are necessary for initial survival. Juvenile rats deprived of play behav-
ior, one of the earliest forms of non-mother directed social behaviors in rodents, show
deficits in learning tasks and sexual competence. Social behavior is inherently complex.
Because the emergence of appropriate social skills involves the interplay between various
conceptual and biological facets of behavior and social information, it may be a particularly
sensitive measure of prenatal insult. The social behavior surveyed include social interac-
tions, play behavior/fighting, scent marking, and aggressive behavior in the offspring, as
well as aspects of maternal behavior. The goal is to determine if there is a consensus
of results in the literature with respect to PCE and social behaviors, and to discuss dis-
crepant findings in terms of exposure models, the paradigms, and dependent variables,
as well as housing conditions, and the sex and age of the offspring at testing. As there
is increasing evidence that deficits in social behavior may be sequelae of developmental
exposure alcohol, we compare changes in social behaviors reported for prenatal alcohol
with those reported for prenatal cocaine. Shortcomings in the both literatures are identified
and addressed in an effort to improve the translational value of future experimentation.

Keywords: prenatal cocaine, social interactions, play behavior/fighting, aggression, scent marking, maternal

behavior, prenatal alcohol

INTRODUCTION
Social behavior is inherently complex. The socialization of human
beings begins very early and continues throughout the lifespan.
Social relationships are critical to the developing organism. Mater-
nally directed interactions are necessary for initial survival, and
attachment behaviors in the infant are part of a social behav-
ior system that operates to ensure that the primary caretaker is
nearby to protect and nurture the infant (Bowlby, 1988). The-
ories concerning social development of the child have focused
on the mother–infant dyad (Tronick and Cohn, 1989), where
the interaction is both the result of the infant’s behaviors and
the responses of the mother/caretaker to those behaviors. Inter-
acting with one’s own infant is reported to be a rewarding
and pleasurable experience. This behavior promotes maternal–
infant attachments, which ensures optimal care for the develop-
ing infant in the face of competing demands (Strathearn et al.,
2008).

Play behavior is one of the earliest forms of non-mother
directed social behaviors. Children and most other young mam-
mals devote a significant amount of time and energy playing

together. Social play is not just a pleasurable activity. It has
been suggested that it is an affiliative form of behavior func-
tioning to facilitate social development. Social play is reward-
ing and serves as a natural reinforcer that is crucial for the
development of behavioral flexibility, the acquisition of social
communication and cognitive competence, and may function
to establish social organization and maintain cohesion in a
group, or facilitate the ability to cope with social conflicts (Thor
and Holloway, 1984; Pellis and Pellis, 1998; Auger and Ole-
sen, 2009; Trezza et al., 2010). With respect to the sex differ-
ences in social play, theories emphasize either social or motor
learning functions. In juvenile male non-human primates, social
rank correlates with the number of peer social interactions
in the form of play fighting (Meaney, 1989). Females spend
more time competing for interaction with infants, whereby they
acquire the motor skills necessary for handling infants (Meaney,
1989). In general social play behaviors facilitate different aspects
of social development which contribute to the acquisition of
adaptive social functioning in adulthood (Thor and Holloway,
1984).
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WHILE PLAY DECLINES AS THE CHILD AGES, SOCIAL INTERACTIONS
CONTINUE THROUGHOUT THE LIFESPAN
Social behavior in an adult individual is the result of a com-
plex interaction of genetics, brain development, early childhood
experiences pertaining to socialization, and learning throughout
the lifespan. These factors combine to affect social cognition and
motivation (Kelly et al., 2000).

Moreover, abnormalities in socialization or in the social
learning processes can impact social interactions and behaviors
throughout the lifespan. Because the emergence of normal appro-
priate social skills involves the proper interplay between various
conceptual and biological facets of behavior and social informa-
tion, social behaviors may be a particularly sensitive measure of
prenatal insult (Chae and Covington, 2009). However, human
studies of prenatal insults, especially those involving drugs, are
limited in experimental designs available. Animal models afford
better control of pre- and peri-natal care, the postnatal environ-
ment, nutritional factors, dose and timing of cocaine adminis-
tration and ploy drug exposure in order to examine behavioral
outcomes of prenatal manipulations (Gendle et al., 2004; Chae
and Covington, 2009). In addition, they can determine if the
maternal–infant interaction is altered by drug-induced changes
in the behavior of the offspring. The use of experimental cross-
fostering, where offspring from 1 litter is given to an unrelated
dam from a different (control) treatment group, typically at birth,
allows for the successful empirical dissection of maternal ver-
sus pup effects (see Wolf et al., 2011 for review). The impact
of environmental factors can also be assessed by housing post-
weaning offspring in enriched, impoverished or standard caging
conditions. These various rearing environments can facilitate the
examination of simple social processes and establish more clearly
the degree to which the changes in social behavior are the direct
result of cocaine-induced changes. Moreover, social behavior in
rats has been shown to follow similar principles as in humans,
and is also a function of genetics, teratogenic influences, early
maternal–infant interactions, and later social learning (Kelly et al.,
2000). This review will focus primarily on the effects of prena-
tal cocaine on social behaviors involving conspecifics in rodent
models; the effects of developmental alcohol exposure on these
behaviors is included as a control. The social behaviors reviewed
include social interaction, play fighting/solicitation, and aggres-
sive behaviors, as well as maternal care, maternal aggression, and
mother–infant communication. Sexual behavior was not included
as it does not parallel the variables in the clinical articles included
in this volume.

PRENATAL COCAINE AND SOCIAL BEHAVIOR
A significant body of literature published during the past 25 years
has identified effects of prenatal cocaine exposure (PCE) on
growth and development in children. PCE has been shown to
influence the ontogeny of motor, cognitive, social skills, and emo-
tional behaviors. Both dose- and gender-specific effects have been
identified following PCE, with social behaviors more likely dis-
rupted in boys prenatally exposed to higher levels of cocaine
(Delaney-Black et al., 1998; Tronick et al., 2005). Although effects
are small, they are first evident in the neonate, remain through-
out early childhood, and have been documented in adolescents

(Chae and Covington, 2009). The magnitude of the effects may
be masked, in part, by confounding factors in study designs.
Most children reported in studies in the literature come from
low-income backgrounds and consequently have been exposed to
multiple medical and social risk factors associated with long-term
poverty, that include poor prenatal care, peri-natal complica-
tions, and impoverished parenting styles. The fact that exposure
to multiple risk factors has compromising effects on children’s
outcomes may overshadow any specific effects of PCE (Rodning
et al., 1989; Tronick and Beeghly, 1999). Moreover, clinical stud-
ies involving drugs of abuse often entail exposure to drugs other
than the one of interest, and as a result behavioral alterations
may reflect insults other than those due to the specific action of
cocaine.

Despite the exponential increase in the number of experimen-
tal studies published since the 1980s on the effects of PCE, only
a small percentage have focused on social behaviors. Rodents are
most often used, with rats being the preferred species; mice were
used in only two of the studies discussed (Hahn et al., 2000; Estelles
et al., 2005). We did not find published studies of PCE and social
behavior that used primates or other mammalian species. While
the focus of this review is on prenatal exposure, several studies
with combined prenatal–postnatal (lactational) exposure, as well
as those in which cocaine was administered to pre-weaning rats or
females prior to mating have been included (see Table 1).

Although the number of studies is limited, there are trends in
the data that suggest reliable effects of developmental exposure
to cocaine for individual categories of social behavior. Table 1
summarizes these findings collapsed across both species; exposure
period and housing conditions are indicated. When not specified,
cocaine was administered prenatally to rat dams and animals were
raised in a standard housing environment. Detailed summaries of
results are provided in the following text. These will be preceded
by a brief review of the relevance of the behavior, and pertinent
clinical findings.

PRENATAL COCAINE AND MATERNAL BEHAVIORS
Maternal substance abuse has been associated with deficits in
parental functioning. Mothers recovering from cocaine addiction
experience difficulties in their maternal roles as care givers, and are
described as more passive and disengaged in interactions with their
newborns than non-drug-using mothers (see Johnson et al., 2002
for review). It is possible that some of these deficits in maternal
care are influenced by the state-traits of PCE infant; these infants
are frequently irritable and hyper-aroused by environmental stim-
uli, responses which might elicit less care and establish a cycle of
passivity in which the caretaker becomes more and more pas-
sive in attempts at interaction (Chasnoff et al., 1987). Maternal
interaction with their young children continue to be problem-
atic, as exemplified by reduced mother–child play interactions and
increased hostility toward the child (see Febo and Ferris, 2007 for
review).

Although frequently associated with poor parenting outcomes,
maternal drug use is not always related to deficits in parent-
ing skills. No differences between cocaine-using and comparison
mothers were noted in sensitivity, social–emotional and cog-
nitive growth fostering, and response to infant distress on a
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Table 1 | Effects of developmental cocaine exposure on maternal behaviors in dams and first generation offspring compared to controls.

Behavior Enhanced No effect Impaired/reduced

Maternal care

(F 0 dams)

2 9 8

Peeke et al. (1994; pre-mating, gestational,

and lactational cocaine: PPD 1–20)

Nephew and Febo (2010; pre-mating cocaine:

PPD 2)

Johns et al. (2005; PPD 5 or 10) Johns et al. (1994b; 2005; PPD 1)
Nelson et al. (1998; PPD 3) Nelson et al. (1998; PPD 1)

Sobrian et al. (1990; 1995; PPD 1) Kinsley et al. (1994; PPD 1–2)

Heyser et al. (1992; PPD 2, 5–9) McMurray et al. (2008a; IC: ges-

tational and lactational: PPD 8)Tonkiss et al. (1995; pre-mating and

gestational cocaine: PPD 2–12)

McMurray et al. (2008a; PPD 8 and 12)

Nephew and Febo (2010; pre-mating

cocaine: PPD 9 and 16)

Acute cocaine

(F 0 dams)

Vernotica et al. (1996; single acute

cocaine injection PPD 1, testing: 16 h

later)

Vernotica et al. (1996; single acute

cocaine injection PPD 1.Testing: 4

hrs later)

Kinsley et al. (1994; single acute

cocaine injection on PPD 5–6)

Intergenerational

effects (F 1

offspring)

1 2 3

McMurray et al. (2008a; IC: gestational and

lactational: PND 60 mated; tested at PPD 8)

Johns et al. (2005; adult mated; tested

at PPD 5 or 10)

Johns et al. (2005; adult mated;

tested at PPD 1)

Johns et al. (2007; tested at PND 28:

Pup-induced retrieval-M and F)

Johns et al. (2007; PND 60: M)
McMurray et al. (2008a; PND 60

mated; tested at PPD 8)

Maternal

aggression (F 0

dams)

8 1 1

Heyser et al. (1992; PPD 10) McMurray et al. (2008a; CC: PPD8 and

CC and IC: PPD 12)

McMurray et al. (2008a; IC: PPD8)
Johns et al. (1997; PPD 6)

Johns et al. (1998a,b; PPD 6, 8,

and 10)

Lubin et al. (2001; PPD 2, 3, and 5)

Johns et al. (2010; PPD 31–35)

Nephew and Febo (2010; pre-mating cocaine:

PPD 2)

Intergenerational

effects (F 1 dams)

McMurray et al. (2008a; PPD 8)

Mother–infant

communication

(ultrasonic

vocalizations)

1 4 1

Hahn et al. (2000; M and F; mice: BALB/cJ

and DBA/2J: tested at PND 2–4)

Meyer et al. (1992; M and F; tested at

PND 11) and Hahn et al. (2000); M and

F; mice: SLJ/J: tested at PND 2–4)

Hahn et al. (2000; M and F; mice:

BALB/cJ and DBA/2J. Tested at

PND 2–4)

Barron and Gilbertson (2005) (M and F;

neonatal cocaine: PND 4–10. Tested at

PND 14)

Barron et al. (2000; M and F; Neonatal

cocaine: PND 4–10. Tested at PND 14)

Numbers in bold refer to number of findings for each outcome. Unless otherwise stipulated, cocaine exposure is gestational, and subjects are rats. PND: postnatal

day at which ultrasonic vocalization was tested; PPD: postpartum day on which maternal behavior was tested; CC: chronic cocaine during gestation; IC: intermittent

cocaine during gestation and lactation; F1: first generation dams. F = females; M = males.

measure of maternal behavior during infant feeding (Neuspiel
et al., 1991), or maternal responsivity during free-play (Black
et al., 1993). In explaining the impact of prenatal cocaine use
on the mother–child parenting outcomes, confounding factors
such as maternal psychological functioning and socioeconomic
resources must be considered (Jeremy and Bernstein, 1984;
Sood et al., 2005). These factors alone or in combination with

maternal substance abuse may better explain the impact of pre-
natal drug use on mother–child relationship outcomes. More-
over, women who use cocaine during pregnancy often continue
drug use after delivery, and postnatal maternal substance use
is also associated with a number of environmental risk fac-
tors that may impact parent–child interactions (Johnson et al.,
2002).
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Maternal care
Poly drug use and other confounding factors in human cocaine
abusers (i.e., the availability of prenatal care, socioeconomic sta-
tus, and environmental conditions in the home) have promoted
the use of animal models in which these variables can be more
easily controlled. Maternal care behavior has been well character-
ized in rat models. Female rats show little interest in infants of
their own species until shortly before parturition. Approximately
24 h prior to delivery, they show an intense interest in pups from
other litters with nest building, retrieval, grooming, and defense
of the young. These behaviors persist through lactation and then
abate with weaning (Winslow and Insel, 2002). Moreover, indi-
vidual variations in key behaviors have been linked to alterations
in offspring development (Insel, 2003; Sousa et al., 2006). In gen-
eral, early care giving experiences can influence the subsequent
maternal behavior, stress–susceptibility, and emotionality of the
offspring (Sousa et al., 2006; Strathearn and Mayes, 2010).

Environmental insults can give rise to disruptions in mother–
pup interactions, and such disruptions of the social milieu can
influence behavioral development and brain function of the off-
spring independent of any direct effect of the drug (Tonkiss et al.,
1995). Maternal behavior in rats is a complex interplay of hor-
monal milieu of the dam and the behavior of both the pup and
dam. Disruption of the behavior in the maternal–pup dyad is
known to have a critical impact on the long-term outcome of
the pup and in particular on the socio-emotional behavior of the
pup (Meaney, 2001). As in humans, alterations in early maternal–
infant interactions may occur because of drug-induced behavioral
abnormalities in either or both the rodent pup and/or the mother,
resulting in altered dynamics of the maternal–infant interaction
(Kelly et al., 2000).

Exposure of the dams to cocaine, either prior to or during
gestation and/or during lactation alters maternal care of infants
(Table 1). This effect is short lived, and does not require multiple
daily cocaine doses. Following daily gestational cocaine exposure,
Johns et al. (1994b, 2005) found impaired maternal behavior on
postpartum day (PPD) 1 but not PPDs 5 or 10; Nelson et al. (1998)
found similar effects on PPD 1 but not 3. However, intermittent
cocaine exposure during both gestation and lactation extends the
impairment in maternal behavior until PPD 8 (McMurray et al.,
2008a). Moreover, Vernotica et al. (1996) reported that a single
postnatal cocaine injection on PPD 1 impaired maternal behavior
4 h but not 16 h later. Similarly, Kinsley et al. (1994) saw a short-
term decrement in maternal behavior on PPD 5 or 6 following a
single cocaine injection.

Enhanced maternal behavior has been reported in two studies,
both of which involved pre-mating cocaine exposure. Peeke et al.
(1994), who dosed dams with cocaine 21 days prior to mating, as
well as throughout gestation and for 2 weeks postpartum, reported
that exposed dams spent more time nursing throughout lactation.
However, enhanced maternal behavior was seen only on PPD 2 but
not PPD 9 or 16 with only a 10-day pre-mating exposure (Nephew
and Febo, 2010).

Developmental cocaine exposure failed to affect maternal
behavior in nine studies. This lack of effect is seen primarily fol-
lowing gestational cocaine exposure alone (Sobrian et al., 1990,
1995; Heyser et al., 1992; Nelson et al., 1998; Johns et al., 2005;

McMurray et al., 2008a), and is evident during both early (Sobrian
et al., 1990, 1995; Tonkiss et al., 1995; Vernotica et al., 1996; Nel-
son et al., 1998), and mid (Heyser et al., 1992; Tonkiss et al., 1995;
Johns et al., 2005; McMurray et al., 2008a) lactation.

Intergenerational effects of gestational cocaine exposure on
the maternal behavior have been assessed in the female offspring
of dams exposed to cocaine during pregnancy (first generation
dams: F 1). Gestational exposure to cocaine either impaired (Johns
et al., 2005; McMurray et al., 2008a) or had not effect on (Johns
et al., 2005) the maternal behavior of F 1 dams. In the Johns et al.
(2005) study, the direction of the change was the same for the F 1

dams as those reported for their F 0 mothers. In contrast, with the
McMurray et al. (2008a) study, it was the F 1 dams of the chronic
gestational cocaine F 0 dams that showed an impairment, an effect
not seen in the original dams. In contrast, F 1 dams, whose mothers
were exposed to intermittent cocaine during both gestation and
lactation, showed enhanced maternal care of their pups.

In a similar study, first generation adolescent and young adult
offspring were exposed to pups to induce maternal behavior (Johns
et al., 2007). When testing occurred at PND 28, gestational cocaine
exposure did not impair male or female juveniles’ interactions
with 1- to 5-day-old pups (Johns et al., 2007). Subsequently how-
ever, 60-day-old male rats did display impaired maternal care of
neonates (Johns et al., 2007; females were not tested on PND 60).
Taken together, these studies indicate that the effects of develop-
mental cocaine exposure are intergenerational, at least for some
aspects of maternal behavior. Clearly, it is an intriguing finding
that deserves more study.

Maternal aggression
Interacting with one’s own infant is reported to be a rewarding and
pleasurable experience, which promotes maternal–infant attach-
ments, and ensures optimal care for the developing infant in the
face of competing demands (Strathearn and Mayes, 2010). How-
ever, cocaine abuse is highly correlated with maternal neglect and
poorer maternal–infant interactions; mothers who are addicted
to cocaine appear to be not only less appropriately responsive to
their infants, but also find these interactions less rewarding and
stress provoking, a situation which may engender child neglect
and abuse (Mayes et al., 1997). It has also been reported that
in their interactions with young children, drug-using mothers
are less likely to use positive reinforcement and more likely to
threaten physical discipline than non-drug-using mothers (John-
son et al., 2002). Moreover, there is a higher incidence of fos-
ter care placements and allegations of physical abuse, sexual
abuse, and neglect among cocaine-exposed 2 year olds compared
with non-drug-exposed 2 year olds (Wasserman and Leventhal,
1993).

Maternal aggression has been defined as a subset of maternal
behaviors in mammals that is aimed at intruders into the post-
parturient female’s nest area or at those threatening her young
(Blanchard et al., 2003). In rat, both offensive and defensive aggres-
sive behaviors have been well characterized (Sousa et al., 2006).
While maternal aggressive behavior is generally considered adap-
tive, excessive, or mal-adaptive attacks can result in injury to pups
(Lubin et al., 2001). Maternal aggression can be elicited 48–24 h
prior to birth; it peaks during the first 10 PPD (McMurray et al.,
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2008a), and drops off sharply in the hours following pup removal
(Blanchard et al., 2003).

Cocaine has been reported to disrupt various aspect of maternal
behavior, including maternal aggression. Table 1 lists the effects of
chronic and intermittent cocaine during gestation alone or in com-
bination with postnatal lactational exposure on intruder-induced
maternal aggression in dams (F 0) and their first generation (F 1)
female offspring. The resident/intruder paradigm was used in all
seven studies.

Heyser et al. (1992) reported that cocaine-treated dams raising
their own offspring were quicker to initiate the first attack on a
female intruder at PPD 10. While a similar increase was seen in
controls dams, only cocaine-treated females exhibited an increased
number of aggressive attacks against the female intruder through-
out the testing period. The lack of sustained aggression reported
in cocaine-exposed dams rearing cross-fostered normal pups sug-
gested that characteristics of the PCE-pups may contribute to the
treatment-induced increase in maternal aggression (Heyser et al.,
1992). However, is should be noted that dams exposed to cocaine
during pregnancy did not differ from control dams in pup retrieval
latency, nest building behavior, time spent in the nest, or time spent
suckling pups (Heyser et al., 1992).

Increased aggression was also reported in cocaine-exposed
dams tested early in postpartum period. At PPD 6, these females
exhibited an increase in threats and attacks toward an intruder,
behavior that did not reflect withdrawal from cocaine; increased
aggression was seen in dams whose cocaine treatment ended on
gestational day 20, and dams who received cocaine throughout lac-
tation (PPD 1–20; Johns et al., 1997). Similar increases in maternal
aggression were reported on PPD 6, 8, and 10 for dams treated
chronically with cocaine during gestation (Johns et al., 1998a).
This increase was hypothesized to reflect altered sensory or percep-
tual systems that caused stimuli to be viewed as more threatening
than they are (Johns et al., 1998a).

When tested during the initial postpartum period at PPD 2,
3, and 5, gestational cocaine exposure produced a non-dose-
dependent increase in the duration of the attacks on the male
intruder but not fight attack behavior, in general (Lubin et al.,
2001). All dams rearing their natural litters exhibited increased
aggressive behavior as evidenced by a decreased latency to pin an
intruder. The authors suggest that the aggressive behavior seen in
this early postpartum period is not as robust as seen during mid-
lactation (Lubin et al., 2001). However, pre-mating exposure of
the female to cocaine produces an increased aggressive response
to a male intruder at PPD 2 (Nephew and Febo, 2010). Female
rats sensitized to cocaine within the 2-week period prior to mat-
ing exhibited shorter attack latencies and an increased frequency
and duration of attacks on PPD 2, but not on PPD 9, suggest-
ing that in contrast to gestational exposure which produces more
aggressive behavior from the dams at mid-lactation, the effects
of pre-mating cocaine are more robust almost immediately after
birth. This increase in maternal aggression was attributed to a pos-
sible cross-sensitization between cocaine and the natural reward
of maternal care (Nephew and Febo, 2010). At PPD 8, gesta-
tional exposure to chronic cocaine (CC) failed to alter defensive or
aggressive behaviors in the dams, while dams exposed to intermit-
tent gestational and lactational cocaine (IC) were less aggressive

toward a male intruder (McMurray et al., 2008a). However, rearing
conditions altered aggressive behavior in IC dams, who exhibited
increased threat to a small male intruder only when rearing their
biological litter. No significant differences were found in any group
on PND 12.

As with maternal behavior, intergenerational effects have been
reported for maternal aggression. However, rearing conditions (F 0

dam treatment) rather than prenatal exposure history have been
shown to impact the aggressive responses of first generation (F 1)
dams. All F 1 dams raised by either CC or IC F 0 dams displayed
increased maternal aggression toward a small male intruder when
tested on PPD 8; moreover, IC-reared F 1 dams exhibited increases
in more aspects of aggressive behavior and threatened intrud-
ers more often (McMurray et al., 2008a). These data suggest that
F 0 dam treatment, rather than prenatal exposure condition of
the litter appears to be the more salient intergenerational factor
influencing maternal aggression.

In summary, clearly prenatal exposure to cocaine increases
maternal aggression in the resident/intruder paradigm, irrespec-
tive of the sex of the intruder. Factors that influence this effect
include not only prenatal treatment, but also the postpartum age
at testing, and whether the dam is rearing her biological or foster
litter. Increased aggression against an intruder has been reliably
reported to occur on PPD 2–6; reports of its occurrence on PPD 8,
9, and 10 are mixed, while it is absent at PPDs 12 and 16. There is
some suggestion that the effects of PCE on maternal aggression are
more robust during mid-gestation. In contrast the reverse is seen
following pre-mating cocaine. There is also evidence of intergen-
erational effects of developmental cocaine exposure on maternal
aggression. F 1 dams appear to exhibit higher levels of aggressive
behavior than their F 0 dams; as with F 1 dams, this behavior is
influenced by PCE and rearing conditions.

Maternal–infant communication
Crying is a universal vocalization in human infants, as well as
in the infants of other mammals. It represents an early evolu-
tionary adaptation for maternal contact and sustenance of an
infant, where the need to re-establish mother–infant contact
is essential for infant survival when contact is lost (Newman,
2007). Human infants prenatally exposed to cocaine show more
passive-withdrawn negative engagement (Tronick et al., 2005),
and are reported to produce fewer and shorter cries (Hahn et al.,
2000).

In rodents, auditory signals produced by pups play an impor-
tant role in the regulation of the mother–infant relationship. The
ultrasonic vocalizations (USV) emitted by neonatal rats and mice
are a critical aspect of pup behavior upon separation from the
dam (Kelly et al., 2009a). The frequency of ultrasonic calling is
a measure of separation distress, which increases with increas-
ing amounts of separation, and reliably elicits maternal search
and retrieval behavior. Moreover, call length and call frequency
communicate information about individual identity, as well as the
age and gender of the caller (Hahn et al., 2000). As USVs have
been shown to promote lactation by increasing prolactin release,
and also reduce maternal biting and cannibalism (Barron and
Gilbertson, 2005), alterations in USVs can negatively impact pup
survival.
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Table 1 summarizes the results of four studies that investi-
gated the characteristics of USVs after developmental exposure
to cocaine. In F 1 mice of three different genotypes, alterations in
the call characteristics of USV reflected an interaction between
gestational drug exposure and genotype. Overall, PCE influenced
two call characteristic of USV on PNDs 2–4: the rate of calling
was reduced in two strains, while there was an increase of the
beginning pitch of calls in the same two strains. However, pups of
one genotype were unaffected by PCE (Hahn et al., 2000). These
cocaine effects, though reliable, were small and differences in USVs
were strongly influenced by mouse genotype. In a rat model, PCE
failed to alter the frequency of isolation-induced USV in male and
female offspring at PND 11, while acute exposure prior to testing
markedly suppressed this behavior (Meyer et al., 1992). Postnatal
cocaine exposure had an effect similar to that seen with PCE. When
tested on PND 14, exposure to cocaine on PNDs 4–10 had no effect
on either the frequency of vocalization (Barron et al., 2000) or the
sonographic waveform analysis in either male or female offspring
(Barron and Gilbertson, 2005). Sex differences were not observed
in any of the studies.

In summary, neither chronic pre- nor post-natal exposure to
cocaine altered isolation-induced USVs in rat. In mice, the direc-
tion of the effect following prenatal cocaine was genotype depen-
dent, with a decreased frequency seen in two of the three strains
tested. In addition to species differences, it should be noted that
the production of USVs decreases with increasing age (Barron and
Gilbertson, 2005) and the lack of an effect in older pups could rep-
resent a floor effect. However, the fact that acute cocaine prior to
testing markedly suppressed USVs at PND 14 (Meyer et al., 1992)
does not support this hypothesis. Despite the small number of
studies, it would appear that species differences rather than expo-
sure window, i.e., prenatal or postnatal, has the greater influence
on the effects of developmental cocaine exposure on USVs.

SOCIAL INTERACTIONS
The necessity of social interactions for normal development
has been outlined above. Infants and young children prenatally
exposed to cocaine are somewhat aggressive, show poorer social
attachment, and display abnormal play behavior in unstructured
environments (Chasnoff et al., 1987; Oro and Dixon, 1987).
Social interactions are also an important aspect of a rodent’s
life. They include all sexual and reproductive activities (although
these are not be covered in this review), as well as aggressive
behavior.

Social interactions are highly complex functions, requiring
recruitment of and interaction between multiple neural circuits,
with endocrine hormones and pheromonal cues playing a signifi-
cant role in their coordination and execution (Sousa et al., 2006).
This aspect of social behavior differs from play in that it continues
throughout the life of the animal.

We have been able to locate four separate studies of gestational
cocaine effects on social investigation, with six findings that are
presented in Table 2. Estelles et al. (2005) assessed social investiga-
tion in adult male mice exposed prenatally to cocaine. Following
weaning, subjects were reared either in isolation or in an enriched,
multiple-animal environment. Animals were placed for 10 min in
an open field with an unfamiliar test male; group-reared males

showed enhanced social investigation of strangers, while males
raised in isolation investigated strangers less than controls.

The remaining three studies utilized rats. Following PCE, Johns
and Noonan (1995) tested male offspring at PND 90, and females
at PND 60. Single subjects were placed in an open field with two
unfamiliar subjects of the same sex for 10 min. Frequency,duration
and latency of eight social behaviors were measured. Hence there
were 24 behavioral measures per sex. Cocaine-exposed females
showed an increased frequency of rough grooming, with no
changes on the other 23 variables; males showed increased latency
to reciprocate contact, with no changes on the other 23 variables.
To what degree these single differences constitute anything more
than statistical noise is not clear.

Neugebauer et al. (2004) tested only female offspring exposed to
gestational cocaine. On the assumption that female cycling would
confound results, all females were ovariectomized prior to testing.
Again, pups were reared in either social (enriched) or isolation
conditions. Animals were tested on three daily 10 min tests start-
ing at each of three ages (PND 62, 90, and 122). Test animals were
exposed to a single novel stranger. Four behavioral variables [play
solicitations (see Play), follows, mutual sniffs, and mutual rears]
were measured. Gestational exposure to cocaine increased mutual
sniffs and mutual rears in both rearing conditions.

Finally, Overstreet et al. (2000) cross-fostered male and female
cocaine-exposed pups to non-treated dams at birth. Pairs of rats
of the same sex and treatment condition were tested for 5 min on
PNDs 30, 60, and 120 days. Total time spent on social interactions
was assessed. Results were the same across sexes: males and females
exposed to gestational cocaine interacted less on PNDs 30 and 120,
but did not differ from controls on PND 60.

Clearly, these findings do not provide evidence for any strong
effect of gestational cocaine exposure on subsequent social inves-
tigation in offspring. Half the findings report enhanced social
investigation, and half report precisely the opposite outcome.
Neither sex, species, nor testing paradigms provide any obvious
resolution for these disparate results. However, these studies do
indicate that social investigation is sensitive to gestational cocaine.

PLAY
Play behavior is essential for the normal development of social
skills. PCE has been associated with deficits in this social behavior.
Toddlers exposed to cocaine in utero were found to differ from
controls on measures of attachment and play behavior, and as
young children they were somewhat aggressive, showed poor social
attachment and displayed abnormal play behavior in unstruc-
tured environments (Oro and Dixon, 1987). These drug-exposed
children experienced no distress in response to separation from
caregivers, did not seek close physical contact, and appeared to
show no strong feelings of pleasure or distress. They were unwill-
ing to combine toys and fantasy play, and exhibited decreased
representational play. Elements of their play behavior were char-
acterized by the investigators as a soft neurological sign (Rodning
et al., 1989; Howard et al., 1990).

Juvenile rats engage in a distinctive form of interactive social
behavior commonly referred to as social play, play fighting, or
play chasing that is readily observed in pairs or larger groups,
and differs from other forms of social activities. Juvenile social
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Table 2 | Effects of developmental cocaine exposure on social behaviors in offspring compared to controls.

Behavior Enhanced No effect Impaired/reduced

Social

investigation

3 0 3

Estelles et al. (2005; M; social rearing) Estelles et al. (2005; M; isolation

rearing)

Johns and Noonan (1995; F) Johns and Noonan (1995; M)

Neugebauer et al. (2004; F; Ovariectomized) Overstreet et al. (2000; M and F)

Play 2 3 3

Magalhaes et al. (2007; M and F; postnatal

cocaine – PND 1–28: enriched Rearing)

Magalhaes et al. (2006; M and F; standard

rearing)

Magalhaes et al. (2007; M and

F; postnatal cocaine – PND 1–28:

standard rearing)Neugebauer et al. (2004; F; ovariectomized:

enriched rearing)Neugebauer et al. (2004; F; ovariectomized:

isolation rearing)

Magalhaes et al. (2006; M and F;

enriched rearing)

Wood et al. (1995; M and F) Wood et al. (1994; M and F)

Aggression 4 5 0

Estelles et al. (2005; M; mice: isolated and group

housed. Cocaine challenge, tested: PND 110)

Estelles et al. (2005; M; mice: isolated and

group housed, tested: PND 110)

Johns et al. (1994a; M; tested: PND 180) Goodwin et al. (1992; M; tested: PND 60–70)

Johns and Noonan (1995; M-tested: PND 180;

F-tested: PND 60)

Johns et al. (1998b; M; pre-and postnatal

intermittent cocaine, tested: PND 180)

Wood and Spear (1998; M; tested: PND 33 and

60–70)

Johns and Noonan (1995; M; tested: PND 90)

Wood and Spear (1998; F; tested: PND 33 and

60–70)

Scent

marking

1 1

Vorhees et al. (2000; M and F; pre-weaning

exposure)

Raum et al. (1990; M)

Numbers in bold refer to number of findings for each outcome. Unless otherwise stipulated, cocaine exposure is gestational and subjects are rats. M, male; F, female;

PND, postnatal day.

play behavior (JSPB) is well characterized in the rat, and con-
sists of a flurry of chasing, pouncing, tumbling, and wrestling
movements which often terminates after one juvenile assumes
a dominance stance over an inverted juvenile partner (i.e., pin-
ning). JSPB occurs mainly before sexual maturity, peaking at a
midpoint of the periadolescent period. Although JSPB is sexually
dimorphic, with males exhibiting higher levels of social play than
females, due to increased rates of play initiation, there are only
minor differences in the sequential organization of play. The early
social environment can influence JSPB, in that increased maternal
grooming can reduce later juvenile social play and vice versa (Thor
and Holloway, 1984; Pellis and Pellis, 1998; Magalhaes et al., 2007;
Auger and Olesen, 2009).

Table 2 lists the five studies that involved play behavior; rats
were used in all studies and cocaine was administered prena-
tally in all but one (Magalhaes et al., 2007). In an initial study by
Wood et al. (1994), both male and female PCE offspring showed
play deficits. Both sexes exhibited less pinning during social play,
and were pinned more by their same sex-partner. The submissive
behavior exhibited by PCE offspring was thought to reflect changes
in the animals’ overall ability to respond appropriately in play or
social situations. In a second study by these investigators (Wood
et al., 1995), adolescent play behaviors (pinning and pouncing)
were unaffected by exposure to foot-shock, forced swim or white
noise stress, suggesting that stress might have normalized play

behavior in PCE offspring. However, alterations in play behavior
were manifested by the way in which other animals played with
cocaine-exposed animals; play partners were more hesitant to ini-
tiate and less likely to continue play with PCE adolescents. This
latter finding was interpreted as decreased attractiveness of the
PCE offspring to conspecifics.

Environmental conditions have been identified as a confound-
ing variable in clinical studies of PCE (van Gelder et al., 2010).
A third study reported that environmental manipulations atten-
uate the behavioral effects of prenatal cocaine on play behaviors
(Neugebauer et al., 2004). While rearing in an impoverished envi-
ronment increased play solicitations in prenatal PCE offspring at
PND 60, 90, and 120, those raised in enriched conditions did not
differ from controls. Magalhaes et al. (2006) reported that rearing
PCE offspring in a standard environment (SE) had no effect on
play fighting, solicitation, or social investigation. In contrast, rear-
ing in an enriched environment (EE) decreased both play behavior
and social investigation in offspring prenatally exposed to cocaine.
This reduction was attributed to the preference of EE-reared ani-
mals to explore a novel environment instead of engaging in social
play, and to improved social memory in the PCE rats.

These investigators evaluated the effects of EE in rats exposed
to cocaine during the first 28 days of postnatal life (Magalhaes
et al., 2007). Again, environmental rearing condition interacted
with developmental cocaine exposure. However, in contrast to PCE
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offspring, animals postnatally exposed to cocaine and reared in a
SE showed a decreased frequency of play solicitation, while those
reared in the EE displayed more invitation to play and comfort
behaviors, as well as a decrease in social investigation. The increase
in play solicitation suggested that the rearing in an EE enhances
the attractiveness of the play partner. An increased display of
comfort behavior (i.e., social groom and pile-up behavior) was
interpreted as a stress-reducing strategy in a novel environment,
while the decrease in social investigation exhibited by postna-
tal cocaine rats reared in an EE again suggested improved social
memory.

The results of these five studies suggest that PCE either impairs
or has no effect on play behaviors; outcome differences are seen
despite the similarity in dependent variables across studies.

Enhanced play behavior reflects an interaction of the rearing
environment and developmental period of cocaine exposure, and
is seen only with postnatal cocaine exposure. In both PCE and
postnatally exposed cocaine offspring, rearing in an EE appears to
improve social memory.

AGGRESSION
While aggressiveness per se is not considered abnormal in humans,
abnormal aggression has been linked to psychiatric conditions
and is seen as a symptom rather than a disorder of its own (see
Haller and Kruk,2006 for a review). Despite the underlying pathol-
ogy, aggressive behavior is a social, economic, and medical issue
(Blanchard et al., 2003).

Childhood aggression can be a serious problem, as such chil-
dren are more likely to be involved in future juvenile delin-
quency. Prenatal exposure to cocaine may contribute a risk factor
for aggressive behavior problems. Infants born to mothers who
used cocaine during pregnancy are characterized as fussy/difficult,
unadaptable, and exhibit signs of increased irritability (Chasnoff
et al., 1987). There are also reports of increasing externalization
problems (aggression, delinquency) in children who were prena-
tally exposed to cocaine, some as early as 3 years of age (Griffith
et al., 1994; Delaney-Black et al., 2000; Richardson et al., 2009),
although there are findings to the contrary (Accornero et al., 2002;
Bennett et al., 2002).

The expression of aggressive behavior appears to be modulated
not only by child-related variables, such as altered emotional reg-
ulation and impulse control (Bendersky and Lewis, 1998a,b), but
also by increased environmental and maternal risk factors (Ben-
dersky et al., 2006). Women who use cocaine have higher rates of
depression and have been found to be less responsive in interac-
tions with their children (Wood et al., 1995; Mayes et al., 1997).
Maternal harsh discipline and greater caregiver psychological dis-
tress have also been associated with increased behavioral problems
in children (Bennett et al., 2002; Minnes et al., 2010). Moreover
the lower economic and educational status of the most likely sin-
gle head of household can create a chaotic living environment that
increases the risk of aggression through poor parenting and vari-
ables involved in living in marginalized neighborhoods. However,
it should be noted that prenatal cocaine-exposed children in adop-
tive or foster care are rated as having more behavioral problems
than those living with maternal or relative caregivers (Linares et al.,
2006).

The contribution of the male gender and age to displays of
aggressive behavior following PCE has been consistently reported
(see Delaney-Black et al., 2000; Anderson and Bushman, 2002;
Bendersky et al., 2006 for reviews), although there are reports that
girls between 4 and 10 years of age show increased rates of delin-
quency (Minnes et al., 2010), and higher aggression scores (Sood
et al., 2005). While PCE disposes pre-teens to aggressive behav-
ior (Delaney-Black et al., 1998; Bendersky et al., 2006; Linares
et al., 2006), social provocation of adolescent or young adult males
exposed to heavy/persistent prenatal cocaine is associated with
greater escape behavior, inferring greater submission, social with-
drawal, or anxiety as opposed to aggressive behavior (Greenwald
et al., 2011).

Aggressive behavior in animals is used to establish social hier-
archies and to defend territories. Pre-clinical research has pro-
vided a detailed description of aggression and defense patterns in
rodents. Although components of aggression are similar, patterns
of aggressive behavior are usually distinctive in males and females.
The identification of target sites for attack, and the motivational
antecedents of attack behavior have allowed for the analyses of
offensive and defensive aggression strategies and for the use of
these maneuvers in maternal behavior (see Blanchard et al., 2003
for review).

Six experimental studies are summarized in Table 2. All except
one used rats (Estelles et al., 2005). While all used chronic ges-
tational cocaine exposure, two also used intermittent prenatal
exposure alone (Johns et al., 1994a,1998b),and Johns et al. (1998b)
used combined intermittent pre and postnatal cocaine exposure.
Several paradigms have been used to study aggressive behavior:
resident-intruder (Goodwin et al., 1992; Johns et al., 1994a; Johns
and Noonan, 1995; Estelles et al., 2005), shock-elicited aggres-
sion (Goodwin et al., 1992), and water competition (Wood and
Spear, 1998). Although males are most often used for investigat-
ing aggressive behavior, three studies tested both male and female
offspring (Johns and Noonan, 1995; Johns et al., 1998b; Wood and
Spear, 1998).

In mice (Estelles et al., 2005) PCE had no effect on offen-
sive (i.e., attack latency and number) or defensive (i.e., threat,
avoidance/flee) aggressive behaviors in adult (PND 110) offspring
reared in groups or in isolation. In contrast, housing conditions
impacted aggression scores following cocaine challenge. While iso-
lated PCE animals exhibited an increase in defensive aggression,
groups housed PCE males were clearly more aggressive, exhibiting
increases in both defensive and offensive aggressive behavior.

Rearing conditions have also been shown to exert modest but
detectable influence on aggressive behavior. Using a shock-elicited
design, Goodwin et al. (1992) reported that prenatal cocaine per se
did not influence aggressive behavior in adulthood. Irrespective
of prenatal treatment exposure, both fostered and non-fostered
young adult male offspring, PND 60–70, raised by cocaine-treated
dams were more aggressive, exhibiting shorter attack latencies,
with no effect on the number of fighting episodes. Moreover, in
contrast to mice, no aggression was observed in any offspring in
the resident/intruder model.

A series of studies by Johns et al. (1994a, 1998b), Johns and
Noonan (1995) investigated the effects of daily or intermittent PCE
alone or in combination with postnatal intermittent exposure on
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aggressive behaviors in male offspring in a resident/intruder par-
adigm. In all studies, litters were cross-fostered to untreated sur-
rogate dams. Following daily gestational cocaine exposure, male
offspring tested at PND 180 exhibited increased duration of circle
threat to a male intruder (Johns et al., 1994a). In a similar study
(Johns and Noonan, 1995), at PND 180 chronic PCE male off-
spring tested for aggression exhibited an increased frequency and
duration, and decreased latency to chase a male intruder. At PND
90, PCE did not alter any of the 11 measures of aggression scored.
Rough grooming can be considered as social interaction or mild
aggression. PCE female offspring at PND 60 showed an increase in
this behavior toward non-exposed females. However, while inter-
mittent gestational cocaine did not significantly affect aggressive
behavior in either male or female pups at PND 30 and 60, com-
bined intermittent gestational and postnatal cocaine increased the
incidence and duration, and decreased the latency of PCE males
to chase an intruder (Johns et al., 1998b).

Adolescent and young adult rats were tested for aggression in
a water competition task (Wood and Spear, 1998). At PND 33,
there was an increased incidence of attacks by PCE males, but not
females. As young adults, offspring between PND 60–70, again
on PCE males engaged in more incidences of boxing during water
competition. In contrast, the incidence of attacks exhibited by PCE
female offspring did not differ from control females at either.

In summary, these studies suggest that aggressive behavior
in PCE rats may be sensitive to the same factors the influence
this behavior in humans: age, gender, and environmental rear-
ing/housing conditions. Consistent increases in aggressive behav-
iors are seen in PCE male rats with increasing age, and while the
studies testing females are very limited, it would appear that mild
aggression may be present earlier than in males. In humans, the
results of a recent laboratory simulation of an aggressive situa-
tion, indicates that teenage males show escape/avoidance behavior
rather than aggression when presented with a choice (Greenwald
et al., 2011). Although aggressive behavior is more often reported
in male children following PCE, it is possible that a more subtle or
defensive form of aggression is evidenced by females (see Maternal
Aggression).

SCENT MARKING
Urinary scent marks have ethologically important roles in social
communication among conspecifics in many rodent species. Scent
marking behavior is a communication tool for maintaining social
relationships in both sexes; however, males mark two to three times
more than females (Raum et al.,1990). When deposited in the envi-
ronment, scent marks convey information on territory ownership
in the absent of the owner, social status, as well as reproductive,
health, and nutritional status, and enable recognition of individu-
als. Among males, scent marking and the counter-marking of the
scent marks of other males are important components of dom-
inance advertisement, especially among male mice, and strongly
influence their aggressive interactions (see Arakawa et al., 2008 for
recent review).

In adulthood, prenatal cocaine-exposed males, but not females,
exhibited significantly less marking behavior than controls. Males
also exhibited demasculinization in some sexual behaviors (Raum
et al., 1990). In contrast, pre-weaning exposure to cocaine failed to

alter scent marking behavior in PND 80 rats of either sex. More-
over, typical gender differences were seen, with males marking two
to three times more than females (Vorhees et al., 2000). Although
cocaine alters scent marking behavior in rats, the effect may be
function of the developmental exposure period.

SUMMARY
Prenatal cocaine exposure clearly exerts an immediate, short-term
negative effect on maternal care of offspring. This finding has
important methodological implications. Given the demonstrated
long-term effects of abnormal maternal care seen in first genera-
tion male and female offspring, such drug-induced impairments
confound direct and indirect effects on exposed pups. Presum-
ably these behavioral changes in dams can be parceled out by
cross-fostering pups to drug-naive dams at birth. Such cross-
fostering should be a common technique until/unless it can be
demonstrated that these drug-induced changes in early postnatal
maternal care have no long-term effects on offspring.

A consistent finding is that cocaine exposure enhances mater-
nal aggression toward unfamiliar intruders, for more than a week
after the final gestational cocaine exposure. Effects are intergen-
erational, with first generation dams also exhibiting increased
maternal aggression. Whether this enhanced aggression is due
to drug-induced increases in anxiety/fearfulness or increased
combativeness remains to be elucidated.

Finally, a variety of other behaviors appear to be sensitive to
developmental cocaine exposure, in that the majority of studies
report changes of some kind. Yet the direction of these changes
is currently unclear. Thus reported developmental cocaine effects
on infant vocalizations, play, social investigation, and scent mark-
ing are more or less evenly divided between reports of no effects,
enhanced, or diminished/impaired effects. The commonality of
such mixed results clearly provides a major challenge to experi-
menters. Collectively, the above findings provide evidence for clear
species or sex differences; the one exception is offspring aggression.

MECHANISTIC CONSIDERATIONS: OXYTOCIN AND
ARGININE-VASOPRESSIN
Oxytocin
Evidence from several decades of animal research indicated that
the neuropeptides oxytocin (OT) and arginine-vasopressin (AVP)
have substantial roles in regulating complex social behaviors and
social cognition. Oxytocin (OT), a nine amino acid peptide, is syn-
thesized primarily in magnocellular neurons of the hypothalamus,
and is released directly into the bloodstream from the posterior
pituitary. Its function on both peripheral reproductive tissue and
in the central nervous system (CNS) is now well characterized.
As a neurosecretory hormone on reproductive tissue, OT plays a
critical role in the onset of parturition and milk ejection during
lactation. In the CNS, it is not only responsible for the induction of
maternal nurturing behavior, but also for modulating social cog-
nition, and affiliative behavior in both sexes (see Ross and Young,
2009 for review).

Animal studies indicate a role for OT in mediating maternal
behavior in rodents and alloparental care in prairie voles, mother–
infant bonding in sheep and pup–mother interactions in rodents,
social (pair) bonding adult in adult voles, and social recognition
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in adult rodents. Pharmacological manipulations with exogenous
OT, OT antagonists, and antisera indicate that OT plays a more
important role in regulating the onset of maternal behavior than
in the maintenance of maternal behavior in rat (Fahrbach et al.,
1985; van Leengoed et al., 1987). Genetic experiments using OT
and OT receptor (OTR) knock out (KO) mice support pharma-
cological findings in rat of the role of OT in regulating maternal
behavior (Nishimori et al., 1996; Young et al., 1996). OTKO mice
were more likely to display infanticidal behavior than wild-type
mice housed in a social semi-natural environment (Ragnauth et al.,
2005), while OTRKO mice are more deficient in maternal behav-
ior than peptide-KO mice (Tankayanagi et al., 2005). There is also
evidence that transgenerational transmission of maternal behav-
ior may be mediated by changes in OTR expression (Francis et al.,
1999, 2002).

Prairie vole juveniles and some adult females display nurturing
behavior toward pups that are not their own. There is evidence
that OT may play an important role in this alloparental behavior
(Ross and Young, 2009). OTR density in the nucleus accumbens
(NAc) is significantly correlated with the display of alloparental
behavior in both juvenile and adult virgin females (Olazabal and
Young, 2006), and injections of an OT antagonist into the NAc
block the expression of maternal-like behavior toward pups in
adult females.

There is some evidence in rodents that OT also modulates the
pup’s response to the mother. OTKO and OTRKO mouse pups
emit fewer USV following separation from their dams than their
wild-type counterparts (Winslow et al., 2000; Tankayanagi et al.,
2005). OT also influences the attraction of the pup to their dam,
as OT antagonist blocks the preference for maternal odors in pups
at 15 days of age (Nelson and Pankseep, 1996).

Social recognition, which allows social species to distinguish
familiar conspecifics from strangers and to remember individuals
previously encountered, is necessary for successful group living
and survival. While central injections of OT have been shown to
enhance the time that a male rat remembers a conspecific (see Cho-
leris et al., 2009 for review), OTR antagonists do not block memory
performance. However, while wild-type mice habituate to familiar
mice, OTKO males fail to habituate after repeated exposures to the
same mouse (Ferguson et al., 2000).

There is a growing body of literature suggesting that in humans
OT modulates social perception, social cognition, and social
behavior, all of which promote social approach and affiliation
(see Heinrichs et al., 2009; Lee et al., 2009 for reviews). Phar-
macological studies have suggested that OT is also able to enhance
human social cognition (see Heinrichs et al., 2009), a finding that
is consistent with the role of OT in social recognition in rodents.
Intranasal OT improved identity recognition for neutral and angry
faces (Savaskan et al., 2008) and during game play, stimulated
behavior consistent with enhanced interpersonal trust which is a
prerequisite of social affiliation and social approach in humans
(Kosfeld et al., 2005).

Data involving the role of OT in human interpersonal relation-
ships is scarce and inconclusive. However, active maternal behavior
during the first trimester and the first postpartum month has been
correlated with high plasma concentration of OT (Feldman et al.,
2007; Galbally et al., 2011). OT in humans has been associated with

both an enhanced ability to interact socially (Nelson and Pankseep,
1996), and a better central control of stress and anxiety in social
situations (Kavaliers et al., 2003).

Arginine-vasopressin
Arginine-vasopressin is similar in structure to OT. It is also synthe-
sized in the hypothalamus and released into the bloodstream via
the posterior pituitary gland. Like OT, numerous animal studies
have also implicated AVP in mating, pair bonding, and adult–
infant attachment (Lim and Young, 2006). Whereas OT is involved
in the regulation of social approach behavior, social affiliation, and
attachment, AVP has primarily been implicated in male-typical
social behaviors, including aggression, pair-bond formation, scent
marking, and courtship (see Choleris et al., 2009; Heinrichs et al.,
2009 for reviews).

In male rats, social recognition of a juvenile conspecific is
enhanced by peripheral administration of AVP immediately after
exposure (Sekiguchi et al., 1991; Freeberg et al., 1999), and is
reversed by an AVP antagonist (Dantzer et al., 1987). Unlike OT,
however, AVP appears to play a more important role in social
recognition in males than in females. While AVP improves social
recognition in both sexes, AVP antagonists impair social memory
only in males (Blunthe and Dantzer, 1990). Two AVP receptors in
the CNS, V1aR, and V1bR, have been implicated in species and sex
differences in social behavior (Donaldson and Young, 2008). While
male V1aR KO mice are completely impaired in social recognition,
V1bR KO mice, while impaired with respect to WT mice, can dis-
tinguish between familiar and unfamiliar conspecifics (Wersinger
et al., 2004). Moreover, AVP V1a receptor antagonist selectively
blocks aggressive behavior in hamsters (Ferris et al., 2006), and
there appears to be an association between Avpr-1a receptor gene
and partner preference in the male prairie vole (Young and Wang,
2004).

The few studies conducted on the role of AVP in human
social behavior suggest behavioral effects similar to those found
in animals. In subjects with personality disorders, the positive
correlation found between levels of AVP in cerebrospinal fluid
and life histories of general aggression was suggested as reflecting
an enhancing effect of central AVP in individuals with impulsive
aggressive behavior (Coccaro et al., 1998). As has been reported in
animal studies, intranasal AVP influences social communication in
a sex-specific manner. In men, AVP stimulated agonistic responses
to faces of unfamiliar men, while in women the neuropeptide pro-
duced affiliative responses to unfamiliar female faces (Thompson
et al., 2006). In addition, the Avpr-1a seems to be associated with
differences in altruistic or prosocial behavior in men and women,
and with pair bonding and marital satisfaction in men (Walum
et al., 2008).

Prenatal cocaine, maternal behavior, and oxytocin
In lactating rats, maternal aggression serves to protect the nesting
environment from intruders. Administration of oxytocin directly
into the central nucleus of the amygdala (CeA) or the bed nucleus
of the stria terminalis of the lactating rat has been shown to
decrease maternal aggression during the postpartum period (Con-
siglio et al., 2005). In contrast, the infusion of an OT antagonist
into the CeA increases maternal aggression to the point that it is not
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adaptive (Lubin et al., 2003). The role of OT in maternal behavior
following gestational cocaine treatment has focused on aggres-
sive behavior in lactating dams. Research, primarily from Johns
et al. (1994b, 1997, 1998a, 2004), indicate that chronic exposure to
cocaine throughout gestation (i.e., GD 1–20) results in decreased
levels of OT, up-regulation of the oxytocin receptor binding den-
sity, and decreased receptor affinity in the amygdala, that coincide
with significant increases in maternal aggression on PPD 6 (Johns
et al., 1994b, 1997, 1998a, 2004; Elliott et al., 2001). However,
during the early postpartum period (i.e., PPD 2), gestational expo-
sure to cocaine resulted in an increase in oxytocin mRNA in
the paraventricular nucleus, without an effect on receptor bind-
ing (McMurray et al., 2008b). Increased maternal aggression has
also been reported at PPD 2 following gestational (Lubin et al.,
2001) and pre-mating (Nephew and Febo, 2010) cocaine exposure.
Prenatal cocaine-induced disruptions in the onset of maternal
behavior have been correlated with decreased levels of OT in the
ventral tegmental area (VTA), the medial pre-optic area, and the
hippocampus (Johns et al., 1997; Jarrett et al., 2006). The inter-
generational effects of PCE that have been reported for maternal
aggressive behavior have also been seen for OT. First generation
dams also had lower levels of OT in the amygdala (McMurray
et al., 2008a), but in contrast to their dams, only a strong trend for
increased mRNA was found in the supraoptic nucleus (McMurray
et al., 2008b). It would therefore appear that gestational cocaine
exposure induces wide-spread alterations in OT system dynamics
that may mediate heightened maternal aggression in rat during the
postpartum period. We are unaware of published studies involving
the effects of PCE on vasopressin.

With respect to the possible mechanism that underlies gesta-
tional cocaine’s effect on OT and postpartum maternal aggression,
there is some suggestion that dynamic changes in serotonergic (5-
HT) and/or dopaminergic (DA) system may be involved (Johns
et al., 2004). Brain structures involved in maternal behavior or
aggression, such as the paraventricular nucleus, hippocampus,
amygdala, and the VTA contain both OT neurons fibers and/or
receptors, as well as DA and 5-HT projections and receptors.
Anatomical evidence indicates that OT neurons are in close contact
or have synaptic connections with DA and 5-HT neurons, and that
OT system dynamics are altered by cocaine and manipulation of
these two transmitter systems. Moreover, the fact that pup retrieval
and a nursing posture over pups is blocked in parturient dams by
infusion of an OT antagonist into either the VTA or the medial pre-
optic area highlights the interaction between DA neurons and OT
pathways in maternal behavior (see Johns et al., 2004; McMurray
et al., 2008b, and Strathearn and Mayes, 2010 for reviews).

DEVELOPMENTAL ETHANOL EXPOSURE AND SOCIAL
BEHAVIOR
Evidence linking gestational alcohol exposure in humans to social
defects, including a range of misbehaviors, is subject to high lev-
els of confounding variables. Not surprisingly, women who drink
during pregnancy in modern industrialized nations differ on a
large variety of factors from those who do not. These confounds
necessitate independent validation of a biological linkage between
social deficits and developmental alcohol exposure in animal mod-
els, which provide satisfactory control of the many confounds

plaguing human research. Although animal research is still very
limited, this review will show that developmental alcohol expo-
sure does indeed impact a range of rodent social behaviors. These
data will be compared to findings reviewed with animal mod-
els of developmental cocaine exposure to determine whether the
effects on social behaviors produced by cocaine exposure are of
the same general nature and magnitude as those reported for
alcohol-exposed animals.

DEVELOPMENTAL ETHANOL EXPOSURE IN HUMANS
Gestational exposure to alcohol is doubtlessly as old as human
consumption of alcoholic beverages, yet it is only in the past half-
century that fetal alcohol syndrome (FAS), which occurs in 0.3–2.2
per 1,000 live births in the US (Ripabelli et al., 2006) and is the con-
sequence of heavy drinking during pregnancy, has been identified
and characterized. More recently, concern has shifted to the ques-
tion of the effects the on brain and behavior of the prevalent use
of lower levels of drinking during pregnancy, ethanol intake levels
below those required for FAS. It is now recognized that prenatal
alcohol exposure may produce a broader spectrum of defects, now
recognized as fetal alcohol spectrum disorders (FASD; Jones et al.,
2010). Infants affected by FASD show not only intellectual impair-
ment, and difficulties in learning, memory, problem-solving, and
attention, but also experience additional problems with mental
health and social interactions (Ripabelli et al., 2006). These social
disorders are variously characterized as conduct disorder, external-
izing disorders, or antisocial personality disorder, and have in com-
mon a higher level of misbehavior, delinquency, and even criminal
conduct. For simplicity, this variety of misbehaviors will discussed
under the term “externalizing disorder,” realizing that in actuality
there can be subtle differences between these various terms.

Evidence for ethanol-induced externalizing disorders in humans
A number of studies have provided evidence for linkages between
externalizing disorders, as defined above, and mild (Sood et al.,
2001; Sayal et al., 2007), moderate (Olson et al., 1997), and high
(Mattson and Riley, 2000; D’Onofrio et al., 2007; Disney et al.,
2008) levels of gestational alcohol intake. Although these stud-
ies have attempted to control for a variety of common confounds
(Schuckit et al., 2003; Huizink and Mulder, 2006; McGee and Riley,
2007) it is unlikely that they have been able to either identify or
control for all sources. Despite these uncertainties, results of some
studies have already suggested that it is these confounds and not
developmental alcohol exposure per se which account for subse-
quent externalizing behaviors in exposed offspring (e.g., Hill et al.,
2000).

DEVELOPMENTAL ETHANOL EXPOSURE IN ANIMALS
We have identified 19 published peer-reviewed studies that have
investigated a range of social behaviors following developmen-
tal exposure, i.e., gestational, postnatal, or combined exposure to
ethanol. Of these 19 studies, 16 used rats (Barron and Riley, 1985;
Meyer and Riley, 1986; Royalty, 1990; Blanchard and Hannigan,
1994; Kelly and Dillingham, 1994; Wilson et al., 1996; Lugo et al.,
2003, 2006; Lawrence et al., 2008; Kelly et al., 2009b; Hamilton
et al., 2010; Mooney and Varlinskaya, 2011) and three used mice
(Kršiak et al., 1977; Ewart and Cutler, 1979; Hale et al., 1992). There
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were no studies of primates or other mammalian species. Further,
of these 19 studies, 8 exclusively used gestational exposure (Kršiak
et al., 1977; Barron and Riley, 1985; Meyer and Riley, 1986; Ness
and Franchina, 1990; Royalty, 1990; Hale et al., 1992; Blanchard
and Hannigan, 1994; Hamilton et al., 2010), three used exclusively
postnatal exposure (Kelly and Dillingham, 1994; Wilson et al.,
1996; Wellmann et al., 2010), and the remaining eight studies
combined gestational and postnatal exposure (Ewart and Cutler,
1979; Tattoli et al., 2001; Marino et al., 2002; Lugo et al., 2003,
2006; Lawrence et al., 2008; Kelly et al., 2009b; Mooney and Var-
linskaya, 2011). There are too few comparable studies within these
various exposure periods to allow meaningful comparisons across
developmental exposure periods for individual social behavior cat-
egories. Consequently studies were collapsed across both species
and exposure periods, to get a first approximation of alcohol expo-
sure effects on social behaviors. These 19 studies looked at six
different social behaviors; outcomes were reviewed by behavior
and summarized in Table 3.

Maternal behavior
Three studies in rats have reported reductions in maternal
response to neonates following either gestational (Barron and

Riley, 1985; Ness and Franchina, 1990) or postnatal exposure
(Wilson et al., 1996). These reductions were seen both at an early
age (Barron and Riley, 1985; Ness and Franchina, 1990; Wilson
et al., 1996) and in adults (Barron and Riley, 1985), and in young
rats of both sexes (Barron and Riley, 1985; Ness and Franchina,
1990). In contrast, Marino et al. (2002) reported no effects of
combined pre- and postnatal ethanol exposure on the maternal
response to neonates. Four studies with three different ethanol
exposure periods do not allow strong conclusions, especially in
the presence of one negative report. However, the suggestion is
clearly that ethanol exposure over a wide developmental range
may impair simple pup retrieval behaviors.

Play
The results for play behavior are contradictory. There are two
reports of unchanged behavior (Blanchard and Hannigan, 1994;
Mooney and Varlinskaya, 2011), four of enhanced play behav-
ior (Meyer and Riley, 1986; Royalty, 1990; Lawrence et al., 2008;
Hamilton et al., 2010) and two of reduced play following develop-
mental exposure (Meyer and Riley, 1986; Mooney and Varlinskaya,
2011). Again, as shown in Table 3, these various behavioral out-
comes do not segregate by sex; all three possible outcomes are

Table 3 | Social behavior in rodents exposed developmentally to ethanol compared to controls.

Behavior Enhanced No effect Impaired/reduced

Maternal

care

0 1 3

Marino et al. (2002; M and F; pre and

postnatal exposure)

Barron and Riley (1985; M and F)
Wilson et al. (1996; M and F; Postnatal exposure)

Ness and Franchina (1990; M and F)

Play 4 2 2

Hamilton et al. (2010; M and F) Blanchard and Hannigan (1994; M) Meyer and Riley (1986; M)

Lawrence et al. (2008; M and F; pre

and postnatal exposure)

Mooney and Varlinskaya (2011; F; pre

and postnatal exposure)

Mooney and Varlinskaya (2011; M; pre and postna-

tal exposure)

Royalty (1990; M and F)

Meyer and Riley (1986; F)

Social

investigation

2 5 4

Kelly and Dillingham (1994; F;

postnatal exposure)

Hamilton et al. (2010; F) Ewart and Cutler (1979; M and F)
Hamilton et al. (2010; M and F) Hamilton et al. (2010; M)

Lugo et al. (2003; M and F; pre and

postnatal exposure)

Kelly et al. (2009b; M and F; pre and

postnatal exposure)

Kelly and Dillingham (1994; M; postnatal exposure)

Kršiak et al. (1977; M; mouse) Mooney and Varlinskaya (2011; M)

Mooney and Varlinskaya (2011; F)

Aggression 2 1 1

Kršiak et al. (1977; M; mouse) Ewart and Cutler (1979; M and F;

mouse: pre- and postnatal exposure)

Lugo et al. (2006; M; pre- and postnatal exposure)
Royalty (1990; M)

Scent

marking

0 1 1

Hale et al. [1992; mice:C56Bl/6J: (M

and F); C3H/He (F)]

Hale et al. [1992; mice: C3H/He (M)]

Ultrasonic

vocalizations

1 1 2

Marino et al. (2002; M and F; pre- and

postnatal exposure)

Wellmann et al. (2010; M and F;

postnatal exposure, PND 8–14)

Wellmann et al. (2010; M and F; postnatal expo-

sure, PND 1–7)

Tattoli et al. (2001; M; pre- and postnatal exposure)

Numbers in bold refer to number of findings. Unless otherwise stipulated, alcohol exposure is gestational and subjects are rats. F, females; M, males; PND, postnatal

day.
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seen in both sexes, across studies. The increase in play behavior
may reflect an enhanced responsiveness to stimulation related
to social experiences as a consequence of developmental alco-
hol exposure (Hamilton et al., 2010). Moreover, alterations in the
normal sexually dimorphic patterns of play behavior (Meyer and
Riley,1986) are suggestive of masculinization of females (increased
play) and demasculinization of males (decreased play) as a con-
sequence of developmental alcohol exposure. This finding agrees
with hormonal and morphological studies suggesting that gesta-
tional alcohol can masculinize females and demasculinize males
(McGivern et al., 1984; Barron et al., 1988).

Social investigation
Social investigation is the behavioral variable most often measured.
However, the results do not provide strong evidence for effects of
developmental alcohol in either direction, or on one sex more
than the other. Two studies report increases in social investigation
(Kelly and Dillingham, 1994; Lugo et al., 2003). Of these two, Kelly
and Dillingham (1994) study again suggested that developmental
ethanol exposure demasculinizes males and defeminizes females.
In contrast, five studies found no changes in social investigation,
in one but not both sexes. Hamilton et al. (2010) reported that
males but not females show reduced social investigation; however,
after 24 h of social isolation neither sex showed changes in social
investigation. Similar results were reported in three other studies
(Kršiak et al., 1977; Kelly et al., 2009b; Mooney and Varlinskaya,
2011). Finally, four studies reported reductions in social investi-
gation by one or both sexes (Ewart and Cutler, 1979; Kelly and
Dillingham, 1994; Hamilton et al., 2010; Mooney and Varlinskaya,
2011).

Aggression
Given the possible link between gestational alcohol exposure and
externalizing disorders in humans, it is surprising that so few
studies have investigated aggression in rodents following develop-
mental exposure to alcohol. As with play and social investigation,
these studies have variously reported increases, (Kršiak et al., 1977;
Royalty, 1990), decreases (Lugo et al., 2006), and no change (Ewart
and Cutler, 1979) in aggressive behavior, with both the increased
and the decreased aggression reported in males.

Scent marking
A single study of scent marking in mice (Hale et al., 1992) found
that gestational effects were strain- and sex-dependent. Gestational
ethanol had no effect on the scent marking of either sex in the
C56Bl/6J strain, but reduced male but not female scent marking
in the C3H/He strain.

Summary
Overall, 11 studies reported no effects of developmental ethanol
exposure, 9 found increases and 13 found reductions or impair-
ment of some measure of social behavior (Table 3). These results
do not appear to differ by sex, age at exposure or species, nor
did any one type of social behavior stand out as producing a
clear developmental ethanol behavioral effect in a single direc-
tion. Additional research, including within-laboratory replication,
is required, as this research area has been woefully neglected.

However, a plurality of studies (22 of 33) do show some change
in social behavior following developmental alcohol exposure, and
at the very least suggest that developmental alcohol exposure has
some, as yet uncharacterized, impact upon rodent social behav-
iors. Further, five of the above studies report some degree of sex
difference in developmental alcohol effects upon social behaviors
(Meyer and Riley, 1986; Hale et al., 1992; Kelly and Dillingham,
1994; Hamilton et al., 2010; Mooney and Varlinskaya, 2011). Such
findings combine with the known sex differences in social behav-
iors to make imperative the inclusion of both sexes in all future
studies.

COMPARISON/CONCLUSION
The clinical literature indicates that in humans, prenatal and/or
postnatal exposure to either alcohol or cocaine is associated with
what we have referred to as externalizing disorders in the off-
spring, disorders characterized by abnormalities in social behavior.
However, such findings are necessarily entangled in a number of
confounding factors, which can be addressed in animal studies.
While this review has concentrated on the impact of PCE on rodent
social behaviors, it has also surveyed findings of developmental
ethanol effects on social behaviors.

In comparing these two sets of literature, it is somewhat sur-
prising that for neither substance of abuse has there been a major
effort to determine effects of prenatal exposure on measures of
social behavior in rodents or any other species. Our inability to
characterize the impacts of these substances on social behaviors
reflects in part this relative paucity of studies.

With few exceptions, both literatures are marked by a lack of
consistent effects. In many cases, results are divided almost evenly
between reports of no effects, increases and decreases on a variety
of social behaviors as a consequence of prenatal/developmental
exposure to cocaine or ethanol. This lack of unanimity also makes
it difficult to reliably characterize the effects of either compound
on the range of rodent social behaviors surveyed.

Establishing a phenotype of social behavior following develop-
mental exposure to cocaine or alcohol is imperative. It is therefore
necessary that future research concentrates on successful within-
and between-laboratory replication of results. With exception of
Johns and colleagues, even deliberate within-laboratory replica-
tion has not been attempted in either arena. Ultimately, only
experimental replication will succeed in unraveling the current
confusion of reported results. Here it is important to note that
failures to replicate are by no means limited to the fields reviewed
herein. True within-laboratory replicate experimental design is
simply unheard of in the vast bulk of animal research. Until
funding agencies and investigators understand replicate design
and analysis, and are forced to utilize such designs, much rodent
research will continue to be as fundamentally flawed as the studies
reviewed here.

A second conclusion relates to methodological issues. The
cocaine literature in this area has been marked by an unusu-
ally careful attempt to identify and address the confounds found
not only in clinical but also in animal research. Thus, unlike the
ethanol literature reviewed here, researchers investigating devel-
opmental cocaine effects have begun to identify and control for
the effects of this drug that are mediated by the behavioral impact
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of drug exposure on the maternal–neonatal unit. As we have seen,
researchers have clearly established that cocaine directly impairs
maternal care of offspring, and increases maternal aggression. In
view of these findings, it is imperative that future designs using
gestational exposure cross-foster offspring to drug-naive dams.
Equally, it is also important to characterize the effects of such
impaired maternal care on the pups. Such attempts are currently
under way (e.g., Johns and colleagues), and are very much encour-
aged. Since it is also not unlikely that alcohol exposure will impair

maternal care of pups, the ethanol research clearly needs to adopt
the same approach.

To summarize, increased research, replication of results, and
research which controls for confounding of direct drug effects and
effects mediated by abnormalities in the mother–pup unit is neces-
sary. With the implementation of the above suggestions, it will be
possible to successfully characterize the impact of these common
drugs of abuse on the social behavior of rodents, and by extension
perhaps humans as well.
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The use of structural magnetic resonance imaging (sMRI) and diffusion tensor imaging
(DTI) in animal models of neuropathology is of increasing interest to the neuroscience
community. In this work, we present our approach to create optimal translational studies
that include both animal and human neuroimaging data within the frameworks of a study
of post-natal neuro-development in intra-uterine cocaine-exposure. We propose the use
of non-invasive neuroimaging to study developmental brain structural and white matter
pathway abnormalities via sMRI and DTI, as advanced MR imaging technology is readily
available and automated image analysis methodology have recently been transferred from
the human to animal imaging setting. For this purpose, we developed a synergistic, par-
allel approach to imaging and image analysis for the human and the rodent branch of our
study. We propose an equivalent design in both the selection of the developmental assess-
ment stage and the neuroimaging setup. This approach brings significant advantages to
study neurobiological features of early brain development that are common to animals and
humans but also preserve analysis capabilities only possible in animal research.This paper
presents the main framework and individual methods for the proposed cross-species study
design, as well as preliminary DTI cross-species comparative results in the intra-uterine
cocaine-exposure study.

Keywords: small animal imaging, neonatal neuroimaging, drug abuse, brain segmentation, white matter pathways,

magnetic resonance imaging, diffusion tensor imaging

INTRODUCTION
In the last decade, research in many psychiatric disorders has
focused on a potential onset very early in life (Bale et al., 2010),
perhaps even in utero (Brown and Derkits, 2010), before any onset
of clinical symptoms (NIMH, 2008). While many neuroimaging
research projects have provided novel insights (Kennedy et al.,
2003; Shaw et al., 2008; Hazlett et al., 2009; Mosconi et al.,
2009; Gilmore et al., 2010), overall progress into the neurobio-
logical etiology of mental illness can be considered slow, as no
major breakthrough toward a more complete understanding of a
major psychiatric disorder has yet been reported. Main reasons
include the necessary time scale to study a neuro-developmental
disorder into adolescence, the correspondingly large monetary
requirements, the difficulty of rigorously controlling the devel-
opmental environment and the need for handling ethical limi-
tations on the collection of human developmental neurobiolog-
ical data. In contrary to human clinical studies, animal models
have several advantages, such as a well controlled environment
and access to genetic modifications that allow for the creation
of knock-out models (Nieman et al., 2005; Bugos et al., 2009),
as well as the typically shorter lifespan of small animals, which

provides ample time to study the disease from conception to
adulthood. With respect to neuroimaging, rodent imaging has the
advantage that scan time is commonly only limited by access to
the imaging facility availability; another advantage is the avail-
ability of contrast enhancers that can be used in rodents that
are not fit for use in human studies (Nieman et al., 2005).
These enhancements result in higher resolution scans as well as
increased signal to noise ratio (SNR) as compared human neu-
roimaging. Finally, there are inherent benefits to using rodent
MRI models, such as the capability to augment and validate the
neuroimaging results with traditional histology (Nieman et al.,
2005).

While few experimental tools have shown themselves to be of
use for thein-vivo study of neurobiological mechanisms in clinical
human neuro-development, magnetic resonance imaging (MRI)
has proven itself an invaluable tool for such research. MRI pro-
vides a non-invasive tool to probe brain anatomy and function.
As it has no known, detectable influence on neuro-development,
it allows for repeated longitudinal assessments (Paus et al., 1999;
Gilmore et al., 2007; NIMH, 2008). Furthermore, MRI can be
applied both in the clinical settings for humans and in animal
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research, as the MR data can be acquired and processed using
similar methodology in both humans and animals as illustrated
in this paper. Thus, findings have the potential to directly trans-
late from basic science to clinical science, within reason. Rodent
imaging is commonly acquired with specialized coils and high-
field scanners (up to 17.4 T), although commercial-grade clinical
scanners can be used for studies with less stringent requirements
on spatial resolution and SNR (Pfefferbaum et al., 2004; Lee et al.,
2006; Mayer et al., 2007; Pillai et al., 2011). The higher field strength
and the smaller bore size of such high-field magnet not only allow
for sub-millimeter resolution at appropriate SNR, but also provide
a more homogeneous static magnetic field (Nieman et al., 2005).
Nevertheless, the basic science community has been rather cau-
tious to embrace MRI, as small animal researchers have a number
of non-MRI tools at their disposal such as microscopy and elec-
trophysiology that allow for dramatically enhanced neurochemical
and anatomical assessment at considerably higher spatial resolu-
tion. On the other hand, MRI offers the advantage of assessing
undistorted, three-dimensional structural changes (Nieman et al.,
2005). Consequently, the use of rodent MRI has increased signifi-
cantly in the last few years in order to study small animal models of
human neuropathology via knock-outs (Badea et al., 2007; Lerch
et al., 2008), lesion models (VanCamp et al., 2009; Zhang et al.,
2009), as well as exposure models (Fatemi et al., 2009; Fernandes
de Abreu et al., 2010; O’Leary-Moore et al., 2010). However, to our
knowledge, none have attempted to do both human and rodent imag-
ing in a parallel fashion and compare results across-species directly.
Comparisons are usually ad hoc and compare a mouse model
against human literature, or human neuroimaging results against
mouse model literature. Here, we describe our approach to simul-
taneously study both aspects. This allows for the analysis to be as
comparable as possible between human and rodent study settings.
The standard comparison across existing studies usually entails
mismatched study paradigms and measurements related to the
drug exposure, assessment time points, assessed structures, and
tracts, as well as MR protocols. Our proposed approach is designed
to maximize the ability to infer findings from the rodent setting to
the human one.

The overall focus of our research project is the elucidation
of neurobiological and behavioral characteristics and responses
of mothers that have used primarily cocaine during pregnancy,
and of offspring prenatally exposed to cocaine, that could impact
negatively on normal mother–infant interactions. Assessment of
neurobiological changes includes structural imaging as a measure
in human and animal infants and mothers to assess differences in
brain structure and maturation.

In this paper, we present our proposed approach toward a cross-
species neuroimaging with synchronized, comparative assess-
ments of rodent pups and human neonates. In the next sections,
we will first discuss the general concept of our parallel assess-
ment approach. This approach demands comparative settings with
respect to assessment age, MR imaging acquisition sequences as
well as the MR image analysis methodology. These aspects are all
discussed by presenting data from our ongoing study on intra-
uterine cocaine-exposure and its effect on early post-natal brain
development. It is also important to note that while this paper
focuses on the neuroimaging aspects, our ongoing project devotes

similar attention toward physiological, behavioral, and biosample
measurements.

MATERIALS AND METHODS
STUDY ON POST-NATAL BRAIN DEVELOPMENT FOLLOWING
INTRA-UTERINE COCAINE-EXPOSURE
We are illustrating our parallel assessment approach for cross-
species neuroimaging studies employing an ongoing multidiscipli-
nary, translational research project that focuses on the elucidation
of neurobiological, and behavioral characteristics of offspring pre-
natally exposed to cocaine. While maternal cocaine use is known
to be highly correlated with maternal neglect and poorer mother–
infant interactions in both human and animal models, there is
little known about the potentially pathologic brain development
and the ensuing abnormal physiological/behavioral responses in
infants prenatally exposed to cocaine that may in turn impact
parenting behaviors of both drug using and non-using mothers.

The project assesses both intra-uterine cocaine-exposure in
humans as well as a small animal model using Sprague-Dawley
rats. The human part of our study was approved by the institu-
tional review board of the University of North Carolina School
of Medicine. All rodent procedures were approved by the institu-
tional animal care and use committee of the University of North
Carolina. While characterizing the influence of prenatal cocaine-
exposure on post-natal development directly in human infants is
the main goal of the project, such a study is nearly impossible
within controlled settings. Cocaine abusing mothers often also
abuse other drugs such as alcohol and nicotine during pregnancy.
Also social environment in both pre and post-natally settings
is commonly non-conventional. These factors are all potential
confounders for an appropriate analysis. In contrast, prenatal
cocaine-exposure in rodent models can be tightly controlled such
that effects on the rodent brain can be clearly described.

We focus here on the neuroimaging aspects of this project,
where brain structural abnormalities are hypothesized in regions
important for the production of relevant sensory stimuli and
integration of complex signals. Cocaine-exposed individuals are
hypothesized to exhibit increased ventricular size, reduced hypo-
thalamic, limbic, auditory, and olfactory regions, as well as delayed
myelination of tracts. Deficits in myelination following long term
cocaine-exposure in humans has been a consistent finding, as well
as enlarged ventricles and localized white matter (WM) reduction
(Moeller et al., 2005; Schlaepfer et al., 2005). Moeller et al. (2005)
correlated reduced myelination in the genu and rostral body of the
corpus callosum in cocaine-abusers to behavioral scores of impul-
sivity. This translational, interdisciplinary project aims to better
understand how drug abuse affects brain development in the intra-
uterine exposed offspring, as well as how the resulting behavioral
characteristics may influence neglect. This could result in early and
continuing intervention strategies to offset some of the negative
consequences of cocaine abuse during and post pregnancy.

GENERAL CONCEPT
Magnetic resonance imaging follows a parallel design (see
Figure 1) where human subjects are imaged on high-field human
scanners (3 T Siemens Trio for adults, 3 T Siemens Allegra for
neonates), whereas rodent imaging is using a dedicated high-field
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FIGURE 1 | Mother and infant neuroimaging of humans and animals using dedicated scanners, and comparable imaging sequences and image

processing methods for inter-species studies.

animal scanner (9.4 T Bruker). With primary interest in anatom-
ical and WM diffusion imaging, we selected optimal imaging
sequences on all scanners in regard to maximum contrast for
brain tissue types, fluid, and WM diffusivity. Image processing
and analysis methodologies and tools developed by our group are
generic with respect to the type of species imaged, and we apply
the same processing tools to characterize tissue types, to extract
anatomical structures, and to quantify WM integrity properties at
each voxel and also for selected fiber tracts of interest. In processing
steps that require subject-specific anatomical templates, often in
the form of probabilistic, normative brain atlases (Cocosco et al.,
1997; Prastawa et al., 2005), we use existing atlases for human brain
analysis and generate new atlases for rodent adult and pup analy-
sis. Anatomical structures and WM tracts hypothesized to show
changes due to drug abuse or drug exposure can then be compared
at the subsequent stage of biostatistical analysis.

SUBJECT AGE
Assessment of both behavioral and neuroimaging measurements
at comparative ages for humans and rodents is quite difficult to
establish, as not all brain development processes happen along
parallel trajectories. For example, rodent pups are born with their
eyes closed and remain so until post-natal day 5–6, resulting in a
comparatively slower visual system development. Similar disparate
relationships between the two species exist in social systems, learn-
ing and memory, stress, and numerous other brain systems. This
inconsistency in developmental trajectories a cross-species means
that it is important to define a priori the measurements of interest
and choose the assessment age in the studied species according to
a similar stage in development. In addition to the consideration
of developmental stage, we also need to take into account that
neuroimaging of human infants in their first year of life is usually
restricted to annual or biannual measurements by local institu-
tional review boards (IRB). No such considerations are in place
for small animal imaging, which offers thus a chance to capture a

FIGURE 2 | Approximate neuro-development comparison in humans

(blue) and rats (orange;Watson et al., 2006). 1–6 = myelination,
1 = myelination onset internal capsule, 2 = onset olfactory tract, 3 = onset
anterior commissure, 4 = onset fornix, 5 = 50% myelination of corpus
callosum, 6 = mature myelination, 7 = 50% cerebellum size, 8 = peak
synaptogenesis period, 9 = maximum brain growth velocity (peak),
10 = cortical dominance established, 11 = mature cerebral metabolism,
12 = adult pattern of slow wave and REM sleep, 13 = adult brain weight,
14 = mature prefrontal cortex.

more detailed characterization of the neuro-development process
with respect to the developmental time scale than is possible
in human clinical research studies. In Figure 2 several mile-
stones of post-natal brain development are compared between
humans and rats (data from Watson et al., 2006). While sev-
eral neuro-developmental milestones are mapped across-species
well in Figure 2, others clearly are mismatched such as cerebellar
growth or olfactory tract myelination.
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For our cocaine-exposure study we chose to study auditory,
emotional, and olfactory aspects. Consequently, hippocampus,
amygdala,and olfactory bulb are some of the main target measures.
The human neonate imaging time point was preset at 1–6 weeks
of age (median at 3 weeks) by the availability of prior control data
from a large study of normal development (Gilmore et al., 2007;
Marc et al., 2010). We selected two pup imaging time points, one
early time point at post-natal day (PND) five where pups are at
a similar neuro-developmental stage for the selected measures to
human 1-week-old neonates, as well as a second later time point at
PND 14 with myelination stages in the olfactory bulb comparable
to human infants at about 8 weeks of age, as well as established
cortical dominance comparable to human development at about
12 weeks of age (Bayer et al., 1993; Watson et al., 2006). All image
assessments occur during peak synaptogenesis, which ends at PND
16 in rats and 8 months in humans, as well as prior to mature
cerebral metabolism, adult sleep patterns, and 50% cerebral myeli-
nation. The use of two separate time points as compared to the
single human time point also allows us to better characterize the
developmental impact of intra-uterine cocaine-exposure in the rat
model.

MR IMAGING
We chose anatomical and structural imaging protocols on the var-
ious high-field MRI scanners which provided optimal contrast for
tissue type and fluid, and adequate WM diffusion information
This includes high-resolution sequences for T1- and T2-weighted
scans, which are mainly used for structural volumetry analysis,
as well as for diffusion tensor imaging (DTI) scans, which are
used for brain WM connectivity information. Derived DTI prop-
erty maps focus on the local fiber integrity [fractional anisotropy
(FA) and axonal diffusivity (AD)], the local degree of myelination
[Zhang et al., 2009; radial diffusivity (RD)] as well as the level of
micro-organization [mean diffusivity (MD)].

Animal imaging
Animal imaging is performed on a Bruker 9.4 T horizontal 30 cm
MR scanner with a 800 mT/m gradient coil. The system has a
35 mm quad volume coil for transmit and receive. In addition
to allowing acquisition of high-resolution images, the available
high gradient coil greatly facilitates the proposed DTI. A small
animal heating system is integrated with the animal bed. Finally,
a MR compatible small animal monitoring system is available
to provide the physiological monitoring, including respiration,
ECG and body temperature, while animals are being scanned.
Several imaging sequences are used to provide high-resolution
anatomical as well as DTI images. A high-resolution (minimally
150 μm × 150 μm × 110 μm) 3D RARE DTI sequence with dif-
fusion gradients applied in six non-collinear directions is used
to acquire DTI imagery (Cai et al., 2009). Two navigator-echoes
are utilized in this sequence to correct for motion artifacts.
The total data acquisition time is within 3–4 h. Animals are
maintained under ad lib conditions for 24 h prior to imag-
ing. General anesthesia is induced via gas isoflurane (1–2%
for induction and 0.75–1% for maintaining anesthesia). The
study design includes a total of 165 rat and pup MRI and DTI
scans.

Human infant imaging
The high-field 3 T scanning (Siemens 3 T Allegra head-only)
of newborns uses parallel imaging (eight-channel receiver array
head coil) to provide optimal contrast-to-noise ratio and opti-
mal success rate for motion-free scans of non-sedated newborns.
Structural imaging sequences include a turboflash, rapid gra-
dient echo (MP-RAGE) T1-weighted and a turbo spin echo,
dual-echo (proton density and T2-weighted). Spatial resolu-
tion is 1 mm × 1 mm × 1 mm voxel for T1-weighted images
and 1.25 mm × 1.25 mm × 1.5 mm voxel for proton density/T2-
weighted images. For diffusion weighted imaging, a single shot
echo planar SE DTI imaging sequence is used. Forty-two unique
gradient direction images at b = 1000 s/mm2 are acquired and
seven images without diffusion gradient (b = 0; Gilmore et al.,
2007). The total scan time is about 20 min. At the final stage
of the project, 120 children are planned to be enrolled in this
study, 60 with prenatal exposure to cocaine and 60 normal
controls.

IMAGE ANALYSIS
In this section we will focus on the methods and design of the
brain MR image analysis pipelines. As was the case for our selec-
tion of the MR imaging sequences, while these pipelines have been
developed for our cocaine-exposure projects, they are generally
applicable to any human or rodent MR neuroimaging projects.
Regional selections for the structural analysis as well as the fiber
selection for the DTI analysis are synchronized, such that the find-
ings can be compared between the human and rodent arms of our
project.

Structural MRI analysis workflow
Atlas space. A general necessity in neuroimaging is the ability to
compare findings across different studies, and for that purpose MR
datasets are commonly reoriented to a standard, prior atlas space,
usually a variant of the MNI (Mazziotta et al., 2001) atlas space
in human neuroimaging and the Paxinos (Paxinos and Franklin,
2001; MacKenzie-Graham et al., 2004) or Waxholm (Johnson et al.,
2010) atlas space in rodents. While such atlas spaces are commonly
well defined and publicly available for the adult brain, this is not the
case for developing subjects. As part of our neuro-developmental
projects we generated atlas images that represent an average brain
anatomy at every developmental stage of study. In this study,
we employed a prior human neonate T1-weighted atlas image
(Prastawa et al., 2005; Gilmore et al., 2010), and we computed
novel average DTI atlas images for Sprague-Dawley rats at PND
five and 14 from 10 post-mortem subject each (see also Figure 3).
All these atlases were built using a joint deformable registration of
all training datasets into a single, iteratively improving the unbi-
ased average image that has a minimal deformation to all training
images, as described in (Joshi et al., 2004; Styner et al., 2009;
AtlasWerks1). Prior to the deformable atlas building, one selected
training image was rigidly aligned to a prior atlas space (such
as the adult MNI space) and then all other training images were
affinely registered to it. Furthermore, skull stripping, initialized via

1http://www.sci.utah.edu/software/13/370-atlaswerks.html
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the automatic BET2 (Jenkinson et al., 2005) method followed by
manual post-processing using ITKSnap2 (Yushkevich et al., 2006),
and intensity calibration using pairwise histogram quantile match-
ing via AutoSeg3 (Gouttard et al., 2007) was performed prior to
atlas building.

Atlas priors. On the above mentioned atlas image space, we
further define additional prior information that is employed in
the subsequent image analysis steps. Such spatial prior informa-
tion can be encoding both voxel-wise attributes, such as spatial
tissue probability maps, and geometric attributes, such as sur-
faces or WM fiber tracts. In our structural MRI atlases, we define
the following voxel-wise attribute maps: (a) probabilistic tissue
maps for WM, gray matter (GM), and cerebrospinal fluid (CSF)
in humans (Prastawa et al., 2005), for WM and two separate classes
of GM (Lee et al., 2009) in rodents; (b) probabilistic or hard
label maps for brain structures (hippocampus, amygdala, cau-
date/putamen/striatum, globus pallidus, and lateral ventricles in
both human and rodent atlas); and (c) hard label maps for cortical
lobe parcellations (hemispheric definitions of occipital, temporal,
parietal, frontal, and prefrontal lobes in both human and rodent
atlas). All label definitions (b, c) were established by experts via
manual outlining with ITKSnap.

Brain tissue segmentation. Following rigid registration into the
atlas space, all MR images are automatically segmented into the
major brain tissue regions using an atlas-based expectation max-
imization (EM) scheme (Van Leemput et al., 1999; Prastawa et al.,
2005; see also brain renderings in Figure 1). Human neonate
data employed an adapted EM version that allows the separa-
tion WM into unmyelinated an myelinated regions (Prastawa
et al., 2005). Rodent brain segmentations use the same parame-
ter settings but separate atlases and tissue priors (via ABC4). It
is noteworthy that the relative sizes of GM and WM regions is
vastly different in the human and rodent brain, e.g., the hip-
pocampus is an order of magnitude larger, measured relative to
the overall brain size (Lee et al., 2009). Thus, whole brain tis-
sue measurements are difficult to compare between species and

2http://www.itksnap.org
3http://www.nitrc.org/projects/autoseg
4http://www.nitrc.org/projects/abc/

FIGURE 3 | Human neonateT2-weighted atlas (left) and rodent MD

atlas at PND 5 (middle) and PND 14 (right).

thus are of limited use in cross-species studies. Nevertheless, our
brain tissue segmentation step provides an overall segmentation
of the brain without the need for skull stripping. In fact, the com-
puted tissue segmentation serves as a mean to strip the skull from
the images, a necessary processing step before the regional seg-
mentation step can be computed (Oguz et al., 2011). Manual
post-processing is employed if necessary. It further noteworthy
that our EM based segmentation method provides an intensity
inhomogeneity correction that ensures that the different tissue
classes appear homogeneously with similar intensities across the
image.

Regional segmentation. In this step, we subdivide the brain into
several regions via a deformable fluid registration (Joshi et al.,
2004; AtlasWerks/AutoSeg) of the prior atlas (Gouttard et al., 2007;
Lee et al., 2009; see Figure 4 for an example). Since the registration
method is matching directly the intensities of the atlas image with
the intensities in the subject MR images, intensity calibration using
pairwise histogram quantile matching (Gouttard et al., 2007) is
applied before registration. Using the computed deformable trans-
form, prior regional atlas maps are propagated to the individual
image (a) to directly define the subcortical structure measure-
ments and (b) to be combined with the tissue segmentations for
cortical, lobar parcellation measurement.

While the same registration method should be employed in
human and rodent MRI data, the registration parameters have
to be optimized separately for each setting. In general, human
brain anatomy exhibits much higher inter-subject variability than
small animal models due to the fact that such small animal mod-
els do not have any complex cortical folds which are the main
contributors to the inter-subject variability in humans; the vari-
ability is further reduced due to the fact that the animals are
commonly only investigated within a genetically similar popu-
lation, such as only Sprague-Dawley rats in our study. In order
to match major cortical folds in the human settings, registration
parameters are chosen to provide a considerably more relaxed
deformation model than in the small animal settings. The para-
meters used in our human study are the default parameters in the
AutoSeg package.

FIGURE 4 | Visualization of the atlas registration based regional

segmentation for PND14: (A–C) Orthogonal slice views of the atlas;

(D–F) views on an example dataset; (G) 3D-rendering of example

segmentation. Red: hippocampus, green: cerebellum, blue: amygdala,
yellow: olfactory bulb.
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Cortical thickness analysis. As a final step in the structural analy-
sis workflow, we compute local cortical thickness measurements
using the cortical GM segmentation in humans (Vachet et al.,
2011; via GAMBIT5) and the regional neocortex segmentation
in rodents (via ShapeWorks6; Lee et al., 2011; Figure 5). While the
cortical thickness is estimated from the segmentations in a voxel-
wise fashion, it is analyzed on the cortical surface in a surface
location wise fashion. For this purpose, a group-wise correspon-
dence is established on the cortical surface (Oguz et al., 2008)
using a particle-based entropy optimization over surface location,
as well as sulcal depth measurements in human data due to the
folded nature of the human cortex (GAMBIT). Cortical thick-
ness measurements at corresponding surface locations are then
extracted and statistically analyzed using the statistical analysis
toolbox SurfStat7.

DTI analysis workflow
Prior to any processing, a strict diffusion weighted images
(DWI)/DTI quality control (QC), eddy current and motion cor-
rection was performed for all DWI scans via DWI/DTI data suffers
from inherent low SNR, motion, and eddy current artifacts. These
artifacts can be too severe for a correct and stable estimation of
the diffusion tensor without strict QC and correction methods.
Thus, all datasets are subjected to a strict QC using DTIPrep8

(Liu et al., 2010), which identifies signal corruption artifacts in the
DWI, as well as corrects for motion and eddy current artifacts.

5http://www.nitrc.org/projects/gambit/
6http://www.nitrc.org/projects/shapeworks/
7http://www.nitrc.org/projects/surfstat/
8http://www.nitrc.org/projects/dtiprep

FIGURE 5 | Mean cortical thickness (in μm) in a human 2 year old

population (top, seen on the original white matter surface and the

corresponding inflated brain surface;Vachet et al., 2011) and an

adolescent rat population (bottom, seen from two viewpoints; Lee

et al., 2011).

Skull stripping is performed automatically via tissue segmen-
tation masks from co-registered structural MRI data. Diffusion
tensor images are computed by standard weighted least-square
estimation.

Regional analysis using structural segmentations. White matter
integrity is assessed in our DTI analysis at three levels of scale. The
first step analyzes WM properties within larger regions using the
previously computed regional segmentation of the structural MRI
data. For human DTI datasets, the corresponding T2-weighted
structural image is registered with the baseline (b = 0) scan and
the regional segmentations are propagated accordingly. We employ
affine registration within 3D Slicer9 due to the presence of DTI
distortion artifacts. As we compute the regional segmentations
directly on the DTI property maps for the rat MRI datasets, no
registration is required for this data. Within each region, including
both the cortical parcellations as well as the subcortical structures,
we compute the mean and median DTI FA, MD, AD, and RD
measures for further statistical analysis. While region analysis usu-
ally provides stable measurements of both white and GM regions,
WM regions are not well represented, as different fiber tracts with
likely different developmental maturation trajectories are lumped
together. For example, the frontal lobe WM region contains infor-
mation from fiber tracts such as the cerebrospinal tract, which
myelinates early in development mainly during the first year of
life (Goodlett et al., 2009), as well as the arcuate fasciculus, which
myelinates later.

Voxel-wise analysis via atlas mapping. The second DTI analy-
sis step provides a highly localized voxel-wise analysis (Liu et al.,
2009), in contrast to the regional step that lumps together rather
large regions. For this voxel-wise analysis, all datasets are mapped
into a common reference space using the fluid diffeomorphic reg-
istration based atlas building (Joshi et al., 2004) also employed in
the structural analysis (via AtlasWerks). This creates an unbiased
analysis space, which allows the examination of the whole WM.
The discovered findings are often considered for hypothesis gen-
eration or as preliminary findings that have to be confirmed in the
third DTI analysis step.

Tract-based DTI analysis via atlas mapping. In the third DTI
analysis step, we measure WM diffusion properties along selected
tracts of interest (see Figure 6). This step thus provides a curvi-
linear regional analysis at an intermediate scale between the first
two analysis steps. Using the atlas space generated in the previous
step, Goodlett et al. (2009) developed a population-based analysis
scheme that uses fiber tractography in the common atlas space
to generate statistics of tract-based diffusion properties across all
images in the population. DTI fibers on the DTI altas are computed
with standard streamline tractography in 3D Slicer. Measurements
of FA mean diffusivity (MD), and axial and radial diffusivity (AD,
RD) are extracted at well defined locations along each tract (Fillard
et al., 2003; Corouge et al., 2005; Goodlett et al., 2005; via DTI-
TractStat10) to do group comparisons. In our cocaine study, the

9http://www.slicer.org
10http://www.nitrc.org/projects/dti_tract_stat/
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FIGURE 6 | Left/middle: white matter fiber tracts (splenium/red,

genu/cyan, mid-corpus callosum/blue and motor tracts/green) obtained

from population-based analysis of neonatal DTI with color coding of

fractional anisotropy (left) and as multi-colored fiber tracts (middle).

Right: genu fiber tract (red) in a rodent DTI scan (anterior

commissure = blue, hippocampal commissure = pink).

selected tracts of interest include major tracts such as the motor
tract, sensory tract, uncinate fasciculus, fornix, arcuate fasciculus,
splenium tract, genu tract, and the inferior longitudinal fasciculus.
This fiber based DTI analysis method has previously been used in
large clinical studies, such as our ongoing large neonatal MRI study
(Gilmore et al., 2007). Figure 6 demonstrates tract-based visual-
izations of WM diffusion properties based on 67 neonatal subjects
in our cocaine study (31 controls, 13 cocaine, and 23 nicotine only
subjects (Gerig et al., 2010; Gouttard et al., 2010).

PRELIMINARY COMPARATIVE DTI ANALYSIS
Our proposed cross-species analysis framework is currently being
applied to the previously described study on intra-uterine cocaine-
exposure and brain development. To highlight the proposed
framework, we present preliminary results that focus on the
fiber tract-based DTI analysis of the inter-hemispheric genu tract,
which connect the left and right hemispheric prefrontal cortices
through the corpus callosum. In Figure 6/middle, the human genu
tract is highlight in light blue, whereas in Figure 6/right, the rodent
genu tract is shown in red including also non-prefrontal projec-
tions, which were excluded in the preliminary results presented
in Figure 7. The human results were computed from scans of
10 neonates exposed to cocaine intra-uterinely as well as 22 age
matched controls. Rodent results were computed from scans of
20 cocaine-exposed Wistar rats at PND 14 and 20 ages matched
untreated controls. Figure 7 shows the surprising, though non-
significant (trends at p = 0.08 to 0.10) results of heightened FA
measures in the corpus callosum region (center section of the pro-
file) of the genu fiber tract in both human and rodent analyses. The
similarities of group differences between the human and rodent
results are also quite evident.

DISCUSSION
This report describes the study design of the neuroimaging and
image processing setup for a translational animal–human trans-
lational project to study effects of drug-abuse in mothers and
drug-exposure of infants. It is discussed that the choice of scanners
and imaging protocols for 3D anatomical and diffusion imaging
is carefully optimized with respect to the type of species and age
of subjects. Human adult imaging uses a full-body 3 T scanner,
whereas neonatal imaging makes use of a head-only 3 T device
which facilitates subject management. Animal imaging requires
much higher field strength due to much smaller structures, and

FIGURE 7 | Preliminary DTI–FA profile results of the genu fiber tract in

the intra-uterine cocaine-exposure study (plot shows left hemisphere

to right hemisphere). Top: human subjects, bottom: rodent subjects. Few
locations show statistical trends with surprising similarities across-species
in group differences along most of the tract.

this study therefore make use of a 9.4 T special animal research
scanner. It is discussed that pulse sequences are optimized on each
device to achieve maximum soft tissue contrast and also WM dif-
fusion information. Image processing, on the other hand, uses
exactly the same underlying methodological and computational
concepts, and can make use of the same toolboxes originally devel-
oped for human imaging. We can thus measure brain WM, GM,
cortical thickness, size, and shapes of subcortical structures, vol-
ume of lobar regions, and WM diffusion in regions and along fiber
tracts in animals and humans and in infants and adults. This allows
us to capture relevant anatomical and WM property changes
from normal due to drug exposure across-species. Comparison
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across-species is not done at the imaging level, but at the level of
statistical analysis of image-derived assessments of brain changes.
Information obtained from animal models can thus help us to gen-
erate possible hypothesis for human brain maturation and changes
as observed in non-invasive MRI and DTI imaging.

It is noteworthy to keep in mind that despite all the efforts
toward a cross-species analysis framework, no rodent model of
neuro-development will sufficiently characterize the human ter-
atologic impact of drug abuse. Nevertheless, such rodent models
provide highly valuable information highlighted as evidenced by
the vast literature on this topic. With respect to the framework pre-
sented here, we cannot compare the brain morphology between
humans and rodents directly, e.g., by combining human and
rodent atlases based results in a voxel-wise fashion. Rather we can
compare findings indirectly, e.g., reproducible findings of delayed
maturation in WM fibers within the genu region of the corpus cal-
losum both in humans and rodents would be a strong indication
that such a finding in infants would be due to the cocaine-exposure
and not one of the many possible confounding factors. Our frame-
work aims to enhance the confidence in such inferred cross-species
findings.

Animal and human capabilities for imaging carry significant
differences that make such a parallel approach very attractive and
potentially a powerful way to get better insight in brain changes

due to drug abuse or exposure but also in other scenarios. Human
brains show large individual variability within a population, which
presents significant challenges for measurements of comparable
regional and functional properties. Rat brains, on the other hand,
show very small anatomical variability due to the fact that they
can be genetically controlled. Further, human in vivo imaging
inherently is limited by safety and patient comfort constraints that
affect scan times and repetition of scanning for longitudinal assess-
ment. Choices of spatial resolution and of multi-modal imaging
sequences are therefore always limited by the total scan time but
also maximum time per image sequence to avoid artifacts due to
patient motion. These limitations are even more pronounced in
imaging infants since sedation is limited to subjects with indication
of pathology, which permits clinical scanning. Animal imaging
brings much more flexibility concerning scanning types and times
since subjects are imaged under general anesthesia.
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Functional neuroimaging studies in rodents have the potential to provide insight into
neurodevelopmental and psychiatric conditions. The strength of the technique lies in its
non-invasive nature that can permit longitudinal functional studies in the same animal over
its adult life.The relatively good spatial and temporal resolution and the ever-growing data-
base on the biological and biophysical basis of the blood oxygen level dependent (BOLD)
signal make it a unique technique in preclinical neuroscience research. Our laboratory has
used imaging to investigate brain activation in awake rats following cocaine administration
and during the presentation of lactation-associated sensory stimuli. Factors that deserve
attention when planning functional magnetic resonance imaging studies in rats include
technical issues, animal physiology and interpretability of the resulting data. The present
review discusses the pros and cons of animal imaging with a particular focus on the tech-
nical aspects of studies with awake rats. Overall, the benefits of the technique outweigh
its limitations and the rapidly evolving methods will open the way for more laboratories to
employ the technique in neuroscience research.

Keywords: fMRI, rats, anesthesia, neural circuits, awake rat imaging, motion artifact, stress, neuroimaging

INTRODUCTION
For over two decades functional magnetic resonance imaging
(fMRI) has been used to investigate human and animal brain
function using a variety of experimental paradigms. The most
popular functional imaging technique relies on the blood oxygen
level dependent (BOLD) contrast mechanism first reported in the
anesthetized rat by Ogawa et al. (1990). Rodent fMRI studies have
evolved from experiments focused on developing new MR imaging
methods to recent work that employs the technique to investigate
specific neurobiological mechanisms. A significant advantage of
fMRI is that it allows a functional characterization of the awake
rodent brain under different treatment and pharmacological con-
ditions (Peeters et al., 2001; Sachdev et al., 2003; Febo et al., 2004b,
2005a,b; Ferris et al., 2005, 2006, 2008; Chin et al., 2006, 2011; Chen
et al., 2009; Liang et al., 2011; Zhang et al., 2011). Rather than pro-
viding a direct window into neuronal activity, the BOLD fMRI
signal depends on the brain’s blood supply and cellular oxidative
metabolism. However, it supersedes previous in vitro techniques
that were used to examine cerebral blood flow (CBF) and glucose
utilization in the rat brain using injectable radiolabeled tracers
because of its measurement of neural signals in real-time (Porrino
et al., 1988; Stein and Fuller, 1992, 1993).

Thanks to a growing number of studies on the nature of the
BOLD signal, there is improved knowledge about the relationship
between BOLD and neuronal activity (Fox and Raichle, 1986; Fox
et al., 1988; Davis et al., 1998; Logothetis et al., 2001; Shmuel et al.,
2002, 2006; Kennerley et al., 2005; Tian et al., 2011). The BOLD
signal arises from changes in the oxy-to-deoxyhemoglobin ratio in
tissue and thus is primarily a hemodynamic signal restricted by the

biophysical properties of the local neurovasculature. This should
be kept in mind when interpreting neuroimaging data. The use
of in vivo single-unit, multi-unit, and local field potential (LFP)
recordings and optical imaging methods to investigate changes
in neural activity and vascular reactivity at sub-anatomical levels
can strengthen the interpretability of fMRI data. We have per-
formed fMRI of the neural actions of cocaine and the lactation
stimulus in the unanesthetized maternal rat (Febo et al., 2004b,
2008). The present review will use these studies as methodolog-
ical examples of fMRI in awake animals. Parallel preclinical and
clinical imaging studies can provide a basis for direct translational
research that could aid discoveries in different fields of neuropsy-
chiatry. For instance, there have been significant human imaging
studies that have investigated the neural actions of cocaine (Bre-
iter et al., 1997; Gollub et al., 1998; Li et al., 2000), whereas there
have been a separate series of imaging experiments on human
maternal care (Bartels and Zeki, 2004; Nitschke et al., 2004; Strat-
hearn et al., 2008). Collectively, these and other imaging studies
have been in partial agreement with several animal studies on the
brain regions that are involved in responding to cocaine or infant
sensory cues. Animal studies have the design flexibility to ver-
ify results with a multiplicity of invasive brain methods that can
inform human work and aid in data interpretations. Despite the
advantages, there are also challenges to awake animal imaging that
are different from those in anesthetized preparations. Several of
these have been addressed in past studies (Lahti et al., 1998, 1999;
Ludwig et al., 2004; King et al., 2005; Ferris et al., 2008). These
include hardware issues (Lahti et al., 1998; Ludwig et al., 2004), ani-
mal stress (King et al., 2005), data processing and artifacts (Ferris
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et al., 2005, 2008). This review provides a summary of the meth-
ods used for functional MRI experiments in rats with a special
focus on awake imaging methods that are used in our laboratory.
This includes information on technical and conceptual aspects of
fMRI in awake rats, starting with the physiological basis of the
BOLD fMRI signal, describing the hardware and methods used to
image awake as opposed to anesthetized rats and concluding with
a detailed examination of data interpretations.

PHYSIOLOGY OF THE BOLD CONTRAST MECHANISM
THE BOLD SIGNAL
The nuclear magnetic resonance mechanism that provides the
basis for generating contrast in MR images depends on the behav-
ior of hydrogen nuclei (protons) in water within the main tissue
compartments of the brain. Unpaired protons contain a net pos-
itive charge and can act as tiny magnetic dipoles that align along
the longitudinal axis (z-axis) of the external magnetic field (B0).
Protons possess an angular moment (ω0), or precession, that is
directly proportional to B0 and is described by the Larmor equa-
tion ω0 = γB0, where γ is the gyromagnetic ratio (in the case
of H1 42.6 MHz/T). Precession along the longitudinal z-axis is
manipulated during typical MR experiments. Combinations of
radiofrequency (RF) excitation pulses and switching of magnetic
field gradients ultimately result in the recovery of tissue RF signals
from different areas of the brain. RF pulses excite protons away
from their steady state position imposed by the surrounding B0

field. Relaxation back to the steady state position is governed by
two time constants termed T1 and T2. The time constants are
associated with the intrinsic properties of specific tissue types
(cerebrospinal fluid, white matter, gray matter) and thus allow
the generation of contrast through the experimenter-mediated
adjustment of echo times (TE) and repetition times (TR). The
excitation and relaxation processes result in the emission of RF
signals from tissue compartments of the brain. These are detected
using coils that localize signals from the tissue of interest (in reality
the MR signal is an “echo” of the original relaxation signal). The
RF excitation and detection mechanism is accompanied by a series
of slice selective, read-out and phase encoding gradient variations
that allow the encoding of brain spatial information.

A variant of T2, known as T∗
2 (“T-2-star”), is produced by

inhomogeneities in the magnetic field that cause reductions in
T2 (faster transverse relaxation rate). Deoxyhemoglobin (dHb)
in plasma red blood cells (RBCs) is paramagnetic while oxyhemo-
globin (HbO2) is diamagnetic (Pauling and Coryell, 1936) and the
intravascular difference between the two provides for an endoge-
nous contrast mechanism (Ogawa et al., 1990). Ogawa et al. (1990)
provided evidence that a decreased T∗

2 signal in blood vessels, par-
ticularly veins of the rat cortex, is due to blood oxygenation state.
Darker veins in the cortex were distinguishable in rats inhaling
low O2 concentrations in inspired air (more dHb) while increased
O2 saturation (significantly less dHb) increased the brightness
of images. The T∗

2 contrast was observed to be dependent on
blood oxygenation. Therefore the BOLD signal arises from changes
in the tissue concentrations of dHb. Seminal publications fol-
lowed that provided support for task-dependent changes in the
BOLD signal that occurs in T∗

2 weighted images of the human
somatosensory, motor and visual cortices (Bandettini et al., 1992;
Ogawa et al., 1992).

RELATION BETWEEN CEREBRAL HEMODYNAMICS AND NEURONAL
ACTIVITY
Oxidative and non-oxidative metabolism supports neurons and
glial cells (Kasischke et al., 2004). Elevations in arterial blood
flow supply glucose and O2, which serve as fuel to generate the
cellular energy substrates ATP and lactate. Most of the neuronal
ATP expenditure is used to restore the equilibrium of the electro-
chemical potential for Na+, K+ and Ca2+ at synapses (Attwell and
Iadecola, 2002). During conditions of high neuronal and meta-
bolic activity, O2 diffuses down a steep concentration gradient
from plasma RBCs across the capillary walls into the surround-
ing parenchymal tissue. This leads to dHb accumulation in the
venous compartment. The paramagnetic effect of dHb is “felt”
by local water protons in the intra and extravascular compart-
ments, and this increases the relaxation rate of protons, decreasing
the signal intensity in T∗

2 weighted MR images. This is a transient
effect, however, as the BOLD signal increases (increased T∗

2) within
a few seconds of stimulus delivery. The supply of oxygenated
blood is associated with increased delivery to metabolically active
regions of the brain. Fractional increases in plasma HbO2 satura-
tion from baseline levels therefore increase the T∗

2 signal. Indeed,
visual and somatosensory evoked changes in O2 metabolism was
estimated to be 5% above baseline levels, but there is nearly a 30–
50% increase in blood flow to the active cortical regions (Fox and
Raichle, 1986; Fox et al., 1988). Therefore, increased CBF is sev-
eral orders of magnitude above the O2 demand of the tissue. The
over-compensatory mechanism is instrumental in generating the
BOLD response observed in many studies.

There have been thorough investigations of the possible neu-
rovascular mechanisms contributing to the BOLD signal as well
as the relation between the BOLD signal and neuronal activity.
Knowledge from these studies contributes to the understanding of
fMRI data. Stimulus-dependent increases in O2 consumption in
the rat brain are associated with presynaptic action potential firing
and ATPase-dependent movement of ions against their electro-
chemical gradients across the cell membrane (Attwell and Iadecola,
2002). Techniques to measure microscopic changes in tissue oxy-
genation and perfusion have been instrumental in understanding
the underlying dynamics of the BOLD signal. Using intrinsic opti-
cal imaging and laser Doppler flowmetry, Malonek and Grinvald
(1996) investigated the dynamics of the hemodynamic response
in the cat visual cortex. It was shown that an increase in HbO2

and CBF response near single cortical columns occurs within
several seconds (2–3 s) of visual stimulus presentation (Malonek
and Grinvald, 1996; Malonek et al., 1997). At the single neuron
level, it appears that there is an initial decrease in tissue O2 con-
tent due to a greater oxygen extraction fraction immediately after
increasing firing activity (Thompson et al., 2003). This is fol-
lowed by increases in O2 that may be due to the elevated CBF
(Thompson et al., 2003). Simultaneous fMRI and neurophysio-
logical recordings taken from the anesthetized rhesus macacque’s
visual cortex demonstrated a near linear relation between BOLD
and LFP, but this may not be the case for single-unit activity (Logo-
thetis et al., 2001). The closer correspondence between BOLD
and LFP’s may be helpful in understanding the “type” of neural
processing and “computational level” contributing the most to
fMRI results. Estimates of the primate cortex indicate that each
1 mm3 (which is about the size of a single volume element or
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“voxel” in human studies) contains approximately 50,000 neu-
rons (Douglas et al., 2004). LFPs reflect larger scale electrical
activity as a result of the cooperative interactions between pop-
ulations of perhaps thousands of neurons rather than spike input
or output at the single neuron level (Nadasdy et al., 1998). This
is perhaps one of the most critical aspects of neural process-
ing that should be carefully considered when interpreting BOLD
data.

To sum, the above data describe biological correlates of the
mechanisms involved in generating the BOLD responses observed
in fMRI studies. It appears, at the microscopic level (measured
by intrinsic optical techniques), that there is evidence of a tight
coupling between single neuron activity and oxygen metabolism
that contributes to generating the BOLD signal, but larger scale
electrical oscillations at a macroscopic level may contribute to a
larger extent. Regardless the specific neural mechanism, the steps
between neuronal activity and BOLD involves coupling cellular
metabolism and cerebrovascular reactivity (Davis et al., 1998; Lee
et al., 2001; Sheth et al., 2004). fMRI signals are ultimately an indi-
rect reflection of neural activity that cannot offer details on specific
neuronal firing patterns as measured by electrophysiological tech-
niques (Buzsaki et al., 2007; Logothetis, 2008). On the other hand,
the measurement and mapping of neural signals over extended
regions of the rat brain is unmatched by these techniques.

HARDWARE
MR SCANNER
The high field MR scanner produces the external B0 field and con-
tains the spatial encoding gradient coils that are oriented along
the longitudinal z and transverse x–y axes. The use of 4.7 and 7 T
horizontal bore systems for rodent applications have been optimal
both because of the high signal-to-noise ratio (SNR) and good
T2/T∗

2 contrast for functional studies. Scanners with high quality
spatial encoding gradients, automated shimming (for correcting
small field variations around the brain), and pre-installed pulse
sequence routines that run on user-friendly console software are of
choice for many applications-driven laboratories. At higher fields
it is possible to obtain an in-plane voxel resolution for functional
scans of about 390–469 μm2 with 12–20 coronal slices (1–1.2 mm
slice thickness). This covers most of the rat brain from the olfac-
tory bulb to the cerebellum using T2 weighted fast spin echo (FSE)
sequences with minimal anatomical distortions (Figure 1). For
localized rat brain studies with fewer slices, focusing on the coor-
dinated activity of a few subsets of areas, the in-plane resolution
can be increased to 100–250 μm2. An advantage of having higher
resolution images is that they can create voxels that better localize
activity in the cortex (see columnar level resolution studies in Kim
et al., 2000). However, the smaller voxel size results in lower SNR
especially at lower field strengths.

Many fMRI studies have been performed using gradient echo
echo planar imaging (GE EPI) because of its greater sensitivity
to magnetic susceptibility and the BOLD effect. Gradient echo
sequences use rapidly changing MR gradients to excite protons
into the transverse plane (rather than using RF pulses). However,
because of the same susceptibility effects, the GE EPI is highly
vulnerable to signal loss at air-tissue interfaces in the temporal
and paranasal regions. This leads to loss of data in important

FIGURE 1 | Consistent somatosensory activation with ventrum trunk

stimulation across awake fMRI studies. Top images show four
representative rat coronal brain slices with significant increases in BOLD
bilaterally in the cortical representation ventrum. Colored pixels overlaid
onto high-resolution anatomical scans indicate significant differences from
baseline (p < 0.05, corrected using false-detection rate (Genovese et al.,
2002)). Atlas map to the right shows the somatosensory trunk region
(Paxinos and Watson, 1997). Bottom panel shows the temporal profile of
the BOLD signal response to ventrum stimulation (mean ± SD). Arrows
shows onset of stimulus. Data were acquired using a T2 weighted fast spin
echo sequence at 4.7T (effective TE = 53 ms and TR = 8.3 s).
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areas such as the ventral hippocampus, amygdala, and medial pre-
frontal cortex (Febo et al., 2004b; Ludwig et al., 2004). GE EPI
has a high sensitivity to physiological noise and shows anatomi-
cal distortions (spatial warping) that can produce alignment and
registration errors. Most modern MR console software contains
built-in algorithms that correct these distortions. However, to cor-
rect the spatial warping, additional scan time must be added to
acquire field maps that aid in unwarping reconstructed images.
Finally, GE EPI sequences are more sensitive to intravascular and
extravascular large vein signals that are distant from the actual foci
of activity (Duong et al., 2003). Spin echo EPI (SE EPI) at high
fields are more sensitive to intra and extravascular compartments
closer to the capillaries and therefore are commonly used for fMRI
studies at higher field strengths (Duong et al., 2003).

At high fields, T2 weighted spin echo sequences appear to suffer
less from the aforementioned issues (Duong et al., 2003; Goense
and Logothetis, 2006; Poser and Norris, 2007; Ye et al., 2011). Sin-
gle shot spin echo sequences (SE EPI) and multi-segmented T2

weighted FSE can be used successfully with rats. The latter has
been the sequence of choice for many of our experiments in awake
rats. There is support in the literature for the use of FSE and SE
EPI sequences for BOLD imaging (Duong et al., 2003; Goense
and Logothetis, 2006; Poser and Norris, 2007; Ye et al., 2011).
Figure 1 illustrates the results from a study of the rat somatosen-
sory cortex (Febo et al., 2008). In the study, awake female rats
were stimulated on the ventrum skin while being imaged at 4.7 T
using a T2 weighted FSE sequence (TR = 8 s and TE = 53 ms).
We observed increased BOLD signal intensity in areas that corre-
spond to the trunk region of the primary somatosensory cortex
(Figure 1). This was observed in all the tested animals. Temporal
profiles of the BOLD signal are shown for seven individual rats
just to give an idea of the variability between subjects. Figure 2
further supports the notion that T2 FSE sequences provide BOLD
weighting. Awake rats were provided with 5% CO2 in inspired air
during functional scanning. A rise in signal intensity is observed

FIGURE 2 | Vascular reactivity contributes to BOLD signal changes. The
figure illustrates how hypercapnic conditions can elevate the BOLD signal
in the absence of any neural stimulus. The activation map on the left shows
dramatic increases in BOLD with 5% CO2 inhalation during functional
image acquisition. Plot on the right shows the timecourse of BOLD signal
intensity changes over the course of the scanning. Plots are shown for four
individual rats, each showing a similar pattern of BOLD signal change. The
gray bars below indicate the interleaved epochs of normocapnia and CO2

exposure. Data were acquired using a T2 weighted fast spin echo sequence
at 4.7T (effective TE = 53 ms and TR = 8.3 s).

at the specific times in which animals are exposed to hypercap-
nia. Switching back to normocapnic conditions results in a return
to baseline signal intensity. This global cerebrovascular reactiv-
ity is due to changes in CBF in the absence of alterations in
neuronal activity. These two studies indicate that BOLD signal
changes may be of neural (Figure 1) and also of vascular origin
(Figure 2).

RF COILS AND ACCESSORY EQUIPMENT
Studies of the rat brain using MR scanners require the use of
RF coils that serve as the source of the B1 field (the 90 and 180
degree pulses) that excite water protons in tissue to the transverse
planes. The RF coils also serve to detect longitudinal and trans-
verse signal relaxation. There are varieties of coils that are used
for neuro-applications. Many laboratories construct their own RF
coils (Ugurbil et al., 2003; Doty et al., 2007). These are usually sin-
gle copper wire loop tuned to the magnet frequency (4.7–7 T or
200–300 MHz range, respectively). The coil is aligned over the area
of interest, such as over the head overlying the cortex. The loop
coil configuration, however, has less spatial coverage and usually
results in signal drop from dorsal to ventral areas of the brain that
makes this type of configuration less favorable for developmental
studies. The configuration prohibits coverage of signals from brain
structures such as the hypothalamus and midbrain that are far-
thest in distance from the coil. This can be overcome by using
a dual RF coil system built into an MR compatible restrainer of
the head and body (Ludwig et al., 2004), or a quadrature coil sys-
tem with improved B1 coverage of the brain (EkamImaging Inc.,
Shrewsbury, MA, USA; Figure 3).

In addition to the main electronics that are needed to run func-
tional brain scanning in rats there are also other useful accessory
devices. For anesthetized preps, beds with integrated head and/or
body holders are important to place animals correctly inside the
bore of the magnet. Typically these are necessary to align ani-
mals correctly within the isocenter of the MR spectrometer prior
to image acquisition. Physiological monitoring devices are also
an essential part of the animal imaging setup. This includes MR
compatible temperature probes, pulse oximeters, capnometers,
electroencephalographic (EEG) and electromyographic (EMG)
recorders, respiratory pillows and transducers, and other devices
according to the needs of the investigator. The physiological mea-
sures are used to “gate” the image acquisitions to remove respi-
ratory and cardiac pulsations that can appears as low frequency
artifacts (Purdon and Weisskoff, 1998; Peeters and Van Der Linden,
2002; Bhattacharyya and Lowe, 2004). Stimulation devices may be
needed when evoking sensory responses, such as for whisker and
forepaw stimulations. The stimuli for sensory evoked responses
can be timed to the functional image acquisitions for accurate
correlations with BOLD signal responses during block design
studies.

ANIMAL EXPERIMENTAL PREPARATIONS
ANESTHETIZED PREPARATION
Anesthetized preparations are used extensively for fMRI studies in
rats. The methods used generally are not suitable for longitudinal
studies in the same population of animals. In many applications
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FIGURE 3 | Awake animal setup used in our studies. Top images
show a quadrature radiofrequency coil system. Images on the left
show (from top-to-bottom) step-by-step procedures for setup in the
rat dual coil system. Figure on the right illustrates animal movement

during functional scanning. Shown are plots of displacement in mm
from the center of mass. Note that the most dramatic movements are in
the y -axis (up and down) direction. Newer coil designs minimize this form
of movement.

the femoral artery of the rat is catheterized to allow the sam-
pling of arterial blood gases and a close monitoring of arterial
blood pressure and pH during scanning. Changes in the partial

pressures of blood gases may be indicative of alterations of basal
conditions that can alter the magnitude of the BOLD signal. This
is important since hypoxia and hypercapnia modulate baseline
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BOLD signal in the rat, perhaps independently of basal neural
activity and metabolism (Bandettini and Wong, 1997; Cohen et al.,
2002). Figure 2 shows an example of this. Controlling for move-
ment is also important and some laboratories use chemical agents
that can suppress muscle contractility during scanning. Marota
et al. (2000) used the paralyzing agent pancuronium to eliminate
unwanted respiratory pulsations in the anesthetized rat. Others
have used the muscle relaxant gallamine to paralyze animals dur-
ing MR scanning (Xi et al., 2004). The animals in the cited studies
were tracheostomized and mechanically ventilated during experi-
ments (Marota et al., 2000). The experimenter-controlled activity
facilitates “gating” procedures to remove artifacts without sig-
nificant spontaneous variations in breathing rate. From a strict
engineering approach, this rigorous methodology is ideal given
the tenuous quality of the BOLD signal. Despite some of these
advantages, however, the invasive procedure precludes long-term
developmental studies in rats. Alternatively, arterial blood pres-
sure and respiration rates can be measured non-invasively using
a pulse oximetry over the tail of the rat and a respiratory pillow
placed just underneath the animals’ chest.

AWAKE SETUP
Our laboratory has utilized methods to image awake rats as an
alternative to imaging under anesthesia. Before this is done, how-
ever, animals must be acclimated to the restraint conditions and
MR pulse sequence noise. The procedures for acclimation are
carried out for 5 days prior to collection of imaging data. Both
acclimation and actual imaging experimental setup procedures are
done under similar conditions. Rats are first anesthetized under
2–4% isoflurane gas to enable placement into a head restrainer
(Figure 3). There is evidence that isoflurane anesthetized animals
regain motor function and coordination within minutes (Eger and
Johnson, 1987), and thus, volatile anesthetics such as isoflurane are
useful when quick setup and awakening are desired. An important
part of the restraint setup are the ear bars that allow the proper
orientation of the head (Figure 3). A semi-circular plastic head-
piece containing blunted ear bars are first placed over the animal’s
head and fitted into the ear canals. These are non-invasive (requir-
ing no surgery) and are not made of abrasive or harmful material.
Their placement is the same as standard stereotaxic ear bars. Other
laboratories have taken another approach, that is, to bolt or per-
manently affix the holders to the skull of the animals to ensure that
the animals will not be able to move during scanning (Miller et al.,
2003; Sachdev et al., 2003; Desai et al., 2011). We have not found
that this approach is necessary. The animal is then guided through
the center of the coil/head holder unit and the incisors placed over
a bite bar. A plastic latch locks down over the nose with a screw.
The lateral ear bars contain outer grooves that accommodate lat-
eral screws that are used to align the animal in the holder and fix its
position in the restrainer. The body is placed into a tube that has
shoulder bars and an overlying square plastic peg that prevents up-
and-down movement during scanning. The entire system is placed
into a chassis that fits the bore of the magnet and can be fastened
inside of it. In the experience of the author, the setup time is quite
short (∼10 min). The system has plenty of room to accommodate
accessory equipment for stimulus delivery or physiological moni-
toring (see above). The above system allows the rodent to remain

in a semi-crouched position while being scanned (forelimb move-
ment is more restricted). Figure 3 shows movement along the z
and x–y directions inside the scanner. As may be observed, most
movement comes from the y direction (up and down movements).
The rats seldom move in the back-and-forth (z) and side-to-side
(x) if positioned correctly. The design of the newer coil system
used in our laboratory (Febo and Pira, 2011) minimizes the y
direction movement. Other groups have used positioning screws
that are affixed to the skull and have obtained good results. For
example, Desai et al. (2011) carried out fMRI-optogenetic exper-
iments in awake restrained mice. The mice had miniature plastic
screws affixed to the skull. They used a short (3-day) acclimati-
zation period and provided animals with “treats” after restraint
sessions. It is possible that both approaches will yield good results,
and perhaps using cranial fixtures to prevent movement may be
preferable for methods that include additional invasive procedures
during fMRI scanning.

POTENTIAL EFFECTS OF ANESTHETICS AND RESTRAINT
STRESS
EFFECTS OF ANESTHETICS ON BASAL NEURONAL FIRING
Motion must be minimize during MR scanning (Figure 3). Both
gross movements (for example, slow shifts in head position, sus-
tained or transient leg motion, chewing, vocalizations) and physi-
ological motion (pulsations due to cardiac and respiratory cycles)
can significantly degrade multi-repetitions MR scans. It can also
contribute to false activation patterns that correlate motion with
stimulus presentations (Freire and Mangin, 2001). In our labora-
tory, we prescreen and process data for motion artifact and signal
drift that may arise from different sources. Images with minor arti-
facts are realigned using in house software or Statistical Parametric
Mapping software (SPM8; http://www.fil.ion.ucl.ac.uk/spm/). Of
course, anesthetizing animals during scanning also minimizes
motion artifacts but this reduces the magnitude of the BOLD
signal in the rat brain (Lahti et al., 1999; Peeters et al., 2001).

There are significant lines of evidence suggesting that agents
typically used for anesthetizing animals can suppress certain forms
of neuronal activity and modify specific patterns of neuronal activ-
ity and metabolism. For instance, there are differences in basal
and stimulated brain glucose utilization (cerebral metabolic rate
for glucose, or, CMRglu) and CBF in awake vs. anesthetized rats
(Nakao et al., 2001). Stimulation of the whisker-to-barrel cortex
pathway resulted in differential CBF and CMRglu across regions
when rats were anesthetized with halothane (Nakao et al., 2001).
The results of the latter study suggest that although the bar-
rel cortex is active in the anesthetized state, other regions along
the pathway arising from the stimulation of peripheral sensory
receptors are suppressed and may thus require a conscious state
(Nakao et al., 2001). Evoked potentials in the barrel field cortex
have been shown to vary between anesthetic conditions (Mar-
tin et al., 2006). The amplitudes of field potential responses to
graded levels of repetitive electrical stimulation to the whisker
pads are reduced to a greater degree in anesthetized vs. awake rats
(Martin et al., 2006). Firing of action potentials over localized
regions of the awake rat visual cortex showed higher frequencies
and bursting but lower pair-wise correlations between single units
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than ketamine-anesthetized rats (Greenberg et al., 2008), suggest-
ing that the propagation of actions potential in localized networks
is modified by the induction of an anesthetized state. Halothane,
isoflurane, and desflurane can differentially affect gamma band
oscillations in the rat cortex (Imas et al., 2004, 2005). This is
important because field potential activity is believed to correlate
well with BOLD signal changes. Graded levels of isoflurane (1.8–
2.2%) also suppress EEG bursts measured in the primary sensory
cortical area representing the forelimb of the rat and also reduced
spontaneous variations in CBF (Liu et al., 2011). These levels of
isoflurane are within the range that causes suppression of burst-
ing in sensory cortical EEG patterns (Hartikainen et al., 1995).
Research on the role of anesthetic agents in modulating neuronal
activity raises concerns about the use of deep levels of anesthesia
for rat brain imaging experiments (Austin et al., 2005; Masamoto
et al., 2009; Angenstein et al., 2011). Variations in the pattern and
magnitude of neuronal activity will vary according to anesthe-
sia type and concentration. This underscores the importance of
parsimony when interpreting data from studies with anesthetized
animals. It is impossible to infer the animal’s baseline state and
unwarranted to assume that functionally interconnected regions
respond similarly in awake and anesthetized conditions (Nakao
et al., 2001).

EFFECTS OF ANESTHETICS ON CEREBRAL HEMODYNAMICS
In addition to the cited neural actions, anesthesia can influence
global cerebrovascular reactivity. The choice of anesthetic and
calibration of the depth of anesthesia are therefore important.
The effects of volatile anesthetics on the BOLD signal, CBF, and
CBV have been investigated. Hypercapnia-induced BOLD signal
changes, which occur in the absence of neuronal activity, are of
much greater magnitude in awake rats (Brevard et al., 2003). This
suggests that cerebrovascular reactivity is affected by anesthesia.
It is also important to note that basal levels of O2 metabolism
and neuronal spiking frequency in the cortex are reduced by deep
levels of alpha-chloralose (Hyder et al., 2002). The results of the
latter study provide evidence that basal conditions might be associ-
ated with the magnitude BOLD signal changes. Larger magnitude
changes in BOLD may reflect lower basal firing of neurons in
animals that are deeply anesthetized whereas lighter levels of anes-
thesia allow for smaller magnitude changes in BOLD in the face
of higher basal activity (Hyder et al., 2002). Thus, the absence
of neuronal recording methods or imaging methods to assess
CBF may lead to incorrect interpretation of the magnitude of the
BOLD signal.

Basal CBF levels in 2% isoflurane anesthetized rats were
observed to be greater than in the awake state (Sicard et al., 2003).
Isoflurane anesthesia can act as a vasodilating agent that increases
blood flow. The percent change in CBF and BOLD in response to
CO2, however, is lower in anesthetized rats (Sicard et al., 2003).
The lower magnitude response could be due to higher basal levels
of blood flow (Sicard et al., 2003). Thus, in isoflurane anesthetized
animals there seems to be direct modulation of CBF that is inde-
pendent of the effects on neuronal activity (Masamoto et al., 2009).
Isoflurane reportedly increases CBF globally due to its vasodi-
lating actions (Liu et al., 2011). Spontaneous CBF changes are
suppressed by increasing levels of isoflurane from 1.8 to 2.2%

(Liu et al., 2011). Thus, light sedation with isoflurane (<1.8% in
inspired air) might minimize the above-described effects. It has
also been reported that alpha-chloralose specific parameters for
forepaw stimulated BOLD activity in the somatosensory cortex do
not work under isoflurane anesthesia (Masamoto et al., 2009). The
accumulating evidence underscores the importance of considering
the effects of anesthetics on both neuronal activity and cerebrovas-
cular reactivity when designing fMRI studies and interpreting
the data.

Finally, a fundamental concern of anesthetized preparations
is that, as a preference of choice or perhaps based in pub-
lished data, different laboratories vary their use of specific types
of anesthetic agents. These include volatile anesthetics, such as
isoflurane, desflurane, halothane, urethane, and injectable agents,
such as medetomidine, ketamine, alpha-chloralose, and others.
There is growing evidence that the different agents may have
varying effects on BOLD signal and neuronal activity, and this
could potentially lead to variations in findings between labo-
ratories. Austin et al. (2005) compared the effects of halothane
levels and alpha-chloralose on cortical stimulation evoked BOLD
activity and found that the amplitude responses with varying
levels of halothane were unchanged, whereas deepening anesthe-
sia levels with alpha-chloralose lead to greater amplitude evoked
responses (Austin et al., 2005). Indeed, a similar finding is reported
by Masamoto et al. (2009), however, the latter study seems to
show greater variability in peak CBF and summed field potential
responses with alpha-chloralose than with isoflurane (Masamoto
et al., 2009). BOLD functional connectivity (FC) analysis dur-
ing resting state is also hindered by variations of the type of
anesthetic chemical used. Medetomidine anesthesia allows better-
localized correlations between seed voxel regions (higher speci-
ficity of correlated regions) and isoflurane has the opposite effect
on FC analysis (Williams et al., 2011). It appears that FC analy-
sis works optimally under isoflurane with concentrations in the
range of 0.5–1.0% but fails at higher levels (2.9%; Wang et al.,
2011). Frequency-dependent changes in amplitude BOLD and
field potential responses to forepaw stimulation were observed
over a wider range of stimulation frequencies under urethane
(1–15 Hz) than under alpha-chloralose (1–3 Hz; Huttunen et al.,
2008). Therefore, two laboratories implementing different types of
anesthetics, say urethane in one and alpha-chloralose in the other,
may result in disparate results. There are no optimal anesthetic
types that can be used that will produce entirely reproducible find-
ings across laboratories that carry out discovery-oriented research.
The development of the technique, given the above-summarized
data, should be to employ the technique in awake conditions
wherever possible.

RESTRAINT STRESS
Stress is one of the biggest factors that present challenges to design-
ing and interpreting fMRI data in awake animals. One of the
concerns of acclimation is that it may produce chronic stress
exposure to the animals. Is the type of restraint used for imag-
ing equivalent to the form of restraint used in studies investigating
the chronic effects of immobilization stress? The latter usually
uses a wire mesh that restricts total movement while the imag-
ing setup only involves restraint of the head while the limbs
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and torso are not restrained. Thus, the imaging setup seems to
involve intermittent stress that may have transient and not chronic
effects. Do any residual chronic stress effects during acclimation
have a permanent impact on brain physiology and behavior? This
question really attends to the permanent changes that have been
reported using other chronic stress models such as the social defeat
stress model (Tornatzky and Miczek, 1993) that may result in
animal groups that are in an overall depressed state or a state
of behavioral despair (Krishnan and Nestler, 2008). Whether or
not stress is present in restraint-acclimated rats is not a matter of
debate. The aim is to determine whether the effects of stress are at
tolerable levels.

King et al. (2005) reported that various physiological variables
(e.g., respiratory rates, blood pressure, corticosterone levels) of
Sprague-Dawley rats are reduced following 5–8 days of restraint.
Most measures are reduced near to pre-stress baseline levels on day
4–5. An important outcome however was that there was a signif-
icant increase in contrast to noise while no changes in basal CBF
values were noted. This could signify that the lower gross move-
ment and physiological rhythms improve image quality. At the
same time it points to the brains autoregulatory capacity in awake
rats that remains intact regardless of whether or not they are accli-
mated (King et al., 2005). The data are consistent with reports
indicating that rats habituate to repeated daily 1–2 h restraint for
4–9 days (Melia et al., 1994; Dhabhar et al., 1997). Rats show nor-
mal patterns of food intake and heart rate following habituation to
restraint (Haleem, 1996; Stamp and Herbert, 2001). Importantly,
habituation to repeated daily sessions of restraint is not necessar-
ily indicative of impaired hypothalamic–pituitary–adrenal (HPA)
axis function, since rats acclimated to restraint stress still show
increased c-fos activation and corticosterone levels to a novel
stressor (Melia et al., 1994). Recent unpublished work from my
laboratory provides evidence that 22 kHz ultrasonic“distress”calls
are reduced by day 4 and 5 of acclimatization in comparison to
day 1 (Figure 4, unpublished results by Michael Reed and Marcelo
Febo). At the same time struggle movements diminish in these
animals when tested on a forced swim assay (Figure 4). One inter-
pretation might be that animals are in a state of behavioral despair

and are therefore not struggling. However, when viewed collec-
tively the tests point to signs of physical and behavioral adaptations
to the restraint conditions. The results support less struggle move-
ments reported previously in Sprague-Dawley rats (King et al.,
2005). Therefore rats seem to be fully capable of adapting to the
head restraint conditions.

A central question is whether animals adapt to stress and is
this adaptation indicative of learning or an overall impairment
of the HPA axis and a resultant depressed behavioral state. There
is partial support in the literature against the latter assertions.
Parry and Mcelligott (1993) devised a method for head immo-
bilization in awake rats in order to study central regulation of
cardiovascular function. They reported that side-by-side acclima-
tization of rats to restraint reduced the stress of individual animals
that are being acclimated. We have used a similar acclimatiza-
tion procedure in our studies in which groups of animals are
simultaneously exposed to daily sessions of restraint. Heart rate
and blood pressure normalized after initial exposure to restraint
indicating that the procedure was minimally stressful (Parry and
Mcelligott, 1993). Barnum et al. (2007) investigated the hyper-
thermia effects of chronic restraint stress and compared these to
other forms of stress such as the social defeat model and isolated
cage confinement (Barnum et al., 2007). They observed that corti-
costerone and stress-induced hyperthermic responses to restraint
stress adapted after 5–6 days of repeated exposure. However, this
was not observed for the social defeat stress model indicating that
the two forms of stress have different outcomes. There have been
reports of the differential reactivity of the HPA axis to stress and
immunological challenge across various strains of rats. Our initial
experiments were all in Sprague-Dawley (SD) rats while the more
recent work is performed in Long Evans. Dhabhar et al. (1997)
investigated the chronic effects of stress on adaptation of the HPA
axis in SD, Lewis and F344 rats (Dhabhar et al., 1997). SD and
Lewis rats showed adaptations over the course of the 4-h immo-
bilization stress paradigm as well as during the 10-day chronic
regime of stress whereas F344 rats did not in either case (Dhab-
har et al., 1997). Despite the reported evidence of adaptations to
stress, there are important long-term effects that should not be

FIGURE 4 | Effects of restraint over the course of 5 days on struggling time in a forced swim test and on the emission of 22 KHz ultrasonic

vocalizations. R, restraint; NR, no restraint; NR + Rest, no restraint and re-test after 2 weeks of rest. Star indicates significant difference between R Day 1 and
R Day 5 conditions (p < 0.05 paired t -test).
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overlooked. Naert et al. (2011) report a “depressed-like state” in
rats chronically exposed to repeated restraint stress. This included
behavioral changes while in the elevated plus maze indicative of
higher anxiety levels, changes in hedonic state as measured by
the sucrose preference test, depressed locomotion and a reduc-
tion in body weight by 17% (Naert et al., 2011). The adaptation
was accompanied by HPA associated changes in brain derived
neurotrophic factor (BNDF) expression, corticotropic releasing
hormone (CRH) and arginine vasopressin (AVP) levels suggest-
ing several biological markers for plasticity within the stress axis
(Naert et al., 2011).

It is important to keep in mind, however, that these studies use
very intensive stress exposure schedules. Most studies looking at
immobilization stress restrain animals for 90–120 min a day or
more. King et al. (2005) reported a maximum time spent under
restraint of 90 min. Ferris et al. (2008) have had success with 60-
min daily sessions over the course of 4–5 days. Animals are imaged
the day after the last acclimatization session or several days later.
Our laboratory has had success as well with incremental steps in
restraint duration (20, 40, up to 60 min). Success is measured by
the proportion of animals that are imaged without gross motion
and physiological artifact. Figure 4 shows the significant reduc-
tion in 22 kHz ultrasonic “distress” calls during 60-min sessions
over 5 days. In the above-cited study, the authors employed 3 h
daily sessions for 3 weeks (Naert et al., 2011). In addition to being
stressful, an extended stress paradigm imposes a physical challenge
to animals that can reduce overall activity (see results in Figure 4).
Results from an unpublished study in Figure 4 show that there
is reduction in time spent struggling on the fifth day of restraint
in comparison to the first restraint and FST session. The reduced
struggle time, or a curtailed effort to escape, may be considered a
sign of learned helplessness. However, an alternative explanation
is that the effort to escape on the first day of restraint and FST
is reduced on day 5 because of physical fatigue. Evidence for this
comes from a group in Figure 4 showing data for rats restrained for
5 days and then re-tested 2 weeks later (R + Rest). These animals
recover their levels of struggle time to levels observed in the first
day of testing. This result, in addition to supporting an adaptive
behavioral mechanism, also suggests that experiments should ide-
ally be carried out immediately after day 5 of restraint acclimation
procedures. Animals may again increase movement if not imaged
before 2 weeks (Figure 4). Reduced exposure time to intermittent
daily sessions may therefore minimize the effects seen with longer
chronic restraint sessions.

Evidence indicates that intensity of a stressor may have more of
an impact than the duration on the subsequent stress respon-
siveness of the animal (Garcia et al., 2000). However, there is
residual impairment of HPA ACTH responses with immobiliza-
tion stress (Garcia et al., 2000). The question remains whether
all stressors are equal and whether immobility stress as classically
studied has the same neurobiological and behavioral impact as the
head restraint used in functional neuroimaging studies. There have
been a host of other studies seeking to understand adaptations
to restraint stress and whether the changes involved permanent
modifications of the rodents brain (causing long-term changes
in the behavioral and neural responses; Kant et al., 1985; Briski
and Sylvester, 1987; Pierzchala and Van Loon, 1990; Girotti et al.,

2006). This latter effect may not be entirely avoidable. Indeed, even
single exposure to immobility stress can have long-term effects
on behavior, such as cross-sensitization of responses to stressors
(Belda et al., 2008).

EXPERIMENTS IN AWAKE RATS AND DATA
INTERPRETATIONS
The methodology for imaging awake animals is recent enough that
it has not yet been used across a broad spectrum of applications.
The work in our laboratory has focused on studies of the effects
of psychoactive substances, aggressive motivation, and the neural
basis of maternal behavior during lactation. In both cases the
methods employed can be of great use for studies seeking to under-
stand neurodevelopmental changes during distinct reproductive
stages of rats. The guidelines described apply to any investiga-
tion in which BOLD fMRI data are acquired. There have been
significant studies employing in vitro methods assessing cerebral
glucose metabolism following acute and repeated cocaine expo-
sure (Porrino et al., 1988; Stein and Fuller, 1992, 1993; Hammer
et al., 1993). Since the rewarding and psychomotor properties of
cocaine are attributed to changes in neuronal and synaptic activ-
ity within mesocortical and mesolimbic systems (Einhorn et al.,
1988; Chang et al., 1998), we used fMRI to investigate the neural
actions of cocaine in awake animals (Febo et al., 2004b). Prior
to this experiment there were several human functional imaging
experiments investigating changes in brain activation following
intravenous cocaine administration (Breiter et al., 1997; Kauf-
man et al., 1998; Li et al., 2000), however, experiments seeking
to understand the developmental events leading to an addicted
state cannot be studied in humans. Animal studies carried out in
anesthetized rats are hampered by the use of general anesthetics
for the reasons cited above (Marota et al., 2000; Mandeville et al.,
2001). We used spin EPI in unconscious rats at 4.7 T following an
intracerebroventricular injection of cocaine (20 μg) in artificial
cerebrospinal fluid (10 μL). Within 5 min of injection, there was
a significant increase in BOLD signal intensity in the substantia
nigra, ventral tegmental area, nucleus accumbens, dorsal striatum
and prefrontal cortex, as compared to vehicle controls (Figure 5).
Minimal negative BOLD signal changes were observed in response
to cocaine and no significant perturbations in normal cardiovas-
cular and respiratory function. The findings demonstrated the
technical feasibility of studying psychostimulant-induced brain
activity using functional MRI in conscious rats. The results using
BOLD fMRI corroborate findings from previous animal stud-
ies. Metabolic mapping with radiolabelled deoxyglucose showed
cocaine-induced, site-specific glucose utilization in the multiple
areas of the brain (London et al., 1986; Porrino et al., 1988). In
a follow up study the repeated effects of cocaine were examined
using the same methods. Seven days of pretreatment with cocaine
significantly reduced the BOLD response to the drug. Although
the lower BOLD response to cocaine appeared to be a generalized
and non-specific effect, several brain areas of acutely and repeat-
edly treated rats did not show differences in BOLD signal intensity
(namely, the dorsal prefrontal cortex, cingulate, and somatosen-
sory cortex). In addition, the lower BOLD response was not
associated with differences in cerebrovascular reactivity between
the two treatment groups, as measured by brief exposure to
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FIGURE 5 | Cocaine-stimulated increases in BOLD in the medial

prefrontal cortex and the nucleus accumbens. To left shows a rat
coronal atlas map highlighting the medial PFC (red) and the accumbens
(blue). Below is a representative rat coronal slice showing areas of
increased BOLD as orange-to-yellow pixels. Plots on the right show

changes in BOLD over time for the representative rat. Data are
expressed in arbitrary units. Arrow shows onset of cocaine injection
into the lateral cerebral ventricle. Data were acquired using a T2 weighted
spin echo echo planar imaging (EPI) sequence at 4.7T (effective TE = 55 ms
and TR = 2 s).

hypercapnia. One explanation proposed for the decreased BOLD
response observed is that it might be associated with the previ-
ously observed decreases in glucose metabolism (Hammer et al.,
1993) and could also be related to reductions in basal and cocaine-
stimulated synaptic monoamine concentrations (Imperato et al.,
1992; Kalivas and Duffy, 1993; Parsons et al., 1996). Alternatively,
the reduced BOLD response could be due to differences in basal
cerebrovascular reactivity.

A series of experiments in awake lactating rats have been car-
ried out using the methods described above. Many of these have
focused on the neural processing of the natural suckling stimu-
lus from pups (Febo et al., 2005b, 2008; Ferris et al., 2005; Febo
and Ferris, 2007). It has been reported that suckling stimulation
from pups modulates the expression of maternal behaviors in rats
by promoting arched back nursing postures (Stern and Johnson,
1990; Stern et al., 2002) and slow-wave sleep (Lincoln et al., 1980;
Blyton et al., 2002). The fMRI technique was used to map the
cortical pattern of activity during suckling, and the stimulus was
compared to artificial suction in the absence of pups and mechani-
cal stimulation on the ventrum skin (Febo et al., 2008). During the

processing of somatosensory stimuli, information coming from
the landscape of peripheral sensory receptors underlying body
skin surface is relayed to the cortex through the spinothalamic
pathway and topographically represented in the cerebrum. In the
case of the mammillae, primary afferent fibers terminate in the
ipsilateral dorsal root ganglia between spinal segments C5 and L6
(Tasker et al., 1986), with afferent relays along the lateral cervi-
cal nucleus, the dorsal column nuclei and the sensory and spinal
portions of the trigeminal complex (Dubois-Dauphin et al., 1985;
Stern et al., 2002). In contrast with studies using c-fos assays that
provide exquisite cellular spatial detail (Walsh et al., 1996; Lon-
stein and Stern, 1997; Lin et al., 1998; Lonstein et al., 1998; Lee
et al., 1999), the detection of real-time brain activity during the
actual act of nursing is limited by the very wide temporal window
(usually taken 60–120 min post-stimulus). Findings from electro-
physiological recordings taken from neurons in the somatosensory
cortex of the anesthetized rat indicate that the receptive field for
the ventrum skin surrounding the nipple area doubles in size dur-
ing the lactation period (Xerri et al., 1994). It was found in the
fMRI study that wide areas of the postpartum rat cerebrum exhibit
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an increase in the fMRI BOLD signal during suckling stimula-
tion, suggesting that neural activity is modified over wide areas
of the cerebral cortex in response to a rather specific stimulus
(Febo et al., 2008). The artificial suckling stimulus caused a sim-
ilar degree of cortical activation. Therefore, although auditory,
olfactory, and non-suckling tactile stimulation from pups may
contribute to cortical activity, the suckling itself is fully capa-
ble of causing a widespread cortical response. There have been
experiments examining the patterns of brain activity in mothers
presented with infant sensory cues, but as yet, none have investi-
gated the effects of the lactational stimulus. Our rat studies suggest
that there would be significant cortical activation not only in lim-
bic cortical divisions, as reported previously (Lorberbaum et al.,
2002), but in areas that might correspond to long-term memory
storage. These are cortical representations of the suckling stimu-
lus that might be important for the maternal–infant bond during
the early lactational period. This remains to be tested in primates,
including humans.

One should be cognizant of the biological underpinnings con-
tributing to the BOLD signal in order to interpret fMRI results.
A few concepts, which are based on the literature across several
fields of research, have been presented in Section “Physiology of
the BOLD Contrast Mechanism”. The simplistic designation of
“activation” or “deactivation” is often used to refer to increases in
BOLD or statistically significant interactions between variables of
an fMRI study. The terminology has allowed an easy interpretation
of fMRI findings across many human and animal studies. However,
one cannot infer neuronal excitation and inhibition without direct
neurophysiological measurements. If the ultimate goal of the study
is to identify and/or attribute a general role for a brain region in a
task or in responding to a stimulus, then the simple terminology
can be helpful. If, on the other hand, the goal is to investigate and
infer complex neuronal processing then it is really not. Whatever
the case, the prudent MR imager needs to keep in mind the mul-
tiple factors that play key roles in generating the BOLD signal and
the statistical maps that are present in many research studies (see
Figure 6). Shown in Figure 6 are several factors that underlie or
influence the BOLD signal and that have been briefly discussed
in the preceding sections. The cooperative synaptic activity of
clusters of neurons generates neural signal changes that can be
measured by LFPs. These arise to a large extent from somato-
dendritic fields, with large net changes in extracellular electrical
sources (current leaving cells) and sinks (current entering cells).
The metabolic demand generated by such activity is “more than”
balanced by the delivery of energy substrates in the bloodstream
(Figure 6). Concepts of neuronal and vascular mechanisms should
therefore be significantly relied upon during data interpretations.
This should be accompanied by a clear understanding of the nature
of the stimulus (whether simple or complicated) presented to the
animal during fMRI scanning. What cannot be assumed is that
BOLD signal maps are maps for receptor or protein distribu-
tion, as in autoradiographic, immunohistochemical and cellular
c-fos assays, or that fMRI data show functional neuroanatomical
connectivity (as would be observed in studies using orthodromic
stimulation of a synaptic terminal region to record spike activity
from a soma in a distant site). At the backdrop of the biological
underpinnings are the principles of nuclear magnetic resonance,

signal processing, and statistical mapping, which are at the heart
of fMRI studies. The nuclear magnetic resonance phenomenon
is so disconnected from the neurophysiological underpinnings
that it can make the understanding of functional neuroimaging
data difficult. However, the biological link is, as stated above (See
Physiology of the BOLD Contrast Mechanism), the hemodynamic
mechanism that directly influences the MR signal, and that is, the
ratio between HbO2 and dHb in the vascular and capillary bed
surrounding areas of increased or decreased neuronal activity and
metabolism (Figure 6). A greater value of HbO2/dHb (if one were
to measure these variables directly) during stimulation vs. base-
line periods is indicative of increased O2 in response to metabolic
activation. As in the original Ogawa et al. (1990) work, a greater
O2 tension resulted in increased local signal intensity, which is
what is measured in most fMRI studies. This is most likely due
to the lowered paramagnetic effects of dHb. Statistical mapping
is also a very important area in animal imaging experiments and
this will not be discussed here. Suffice it to say that there are sig-
nificant differences between human and animal imaging both in
terms of the software used and study design that absolutely have
to be taken into account. It is of the author’s awareness that this
is a source of great confusion to those that are not closely fol-
lowing the field of neuroimaging and that still find it difficult to
trust the reliability of the MR methods compared with traditional
techniques.

In both the cocaine experiment and the lactation study cited
above one assumes that the BOLD signal changes are predomi-
nantly related to changes in neuronal activity and not only due to
increased blood flow (as in the case of Figure 2 where CO2 pro-
duces increases in BOLD without expected changes in neuronal
activity because of the vasodilatory effects of CO2). Differences
in percent changes in BOLD between the different experimen-
tal conditions are expected to represent differences in neuronal
activity of comparable magnitude. Therefore, if one were to carry
out the same experiments using similar procedures (e.g., restraint,
acclimation, stimulus delivery) but instead record synaptic activity
within the regions of interest, there would be comparable differ-
ences, for example, for changes in field potential activity. There are
many reasons for considering that this is the case and these were
discussed above. The direct action of cocaine, for example, on
preventing the reuptake of dopamine and other catecholamines
stimulates synaptic activity through increased firing and neu-
rotransmitter metabolism. Suckling stimulation and mechanical
stimulation on the ventrum increases intra-cortical processing
of the sensory stimulus through net changes in synaptic firing
with accompanying increases in metabolism (see Figure 1). How-
ever, as stated previously one cautiously interprets fMRI data in
this direction since other biological mechanisms take effect and
can alter the magnitude changes in BOLD. This could include
effects on cerebrovascular reactivity for instance with drug treat-
ments or with endogenous variations in hormones (Febo et al.,
2004a, 2005a). Addressing changes in CBF can be performed by
using arterial spin labeling methods as in Schmidt et al. (2006)
or testing cerebrovascular reactivity between groups through CO2

challenges as in Febo et al. (2004a). These procedures can pro-
vide the investigator with direct and indirect assessments of basal
hemodynamics.
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FIGURE 6 | Conceptual and technical considerations for functional

magnetic resonance imaging of animals. The top images show
several physiological and neuroanatomical factors that are important
for data interpretations. These include knowledge of the tissue histological
properties (e.g., layer specific organization of the cortex vs. heterogenous
organization of other subcortical regions such as the striatum). For example,
here in the middle are populations of neuronal soma typically found in
layer 5 of the neocortex with overlying dendritic fields, which process
incoming synaptic inputs. Electrophysiological correlates of this neural

processing include local field potentials (shown in top right) that have
been associated with BOLD signal changes. The BOLD signal is also
associated with vascular-level changes such as tissue-capillary O2 exchange
and changes in oxy-to-deoxyhemoglobin concentrations in red blood cells
(shown in left). In the background, shown in the lower portion of the figure,
are other technical and conceptual factors associated with the physical
principles of nuclear magnetic resonance, image processing, and statistical
mapping (see text Experiments in Awake Rats and Data Interpretations for
details).

There has been other significant research in awake animals
that have primarily focused on investigating the neural actions
of pharmacological agents (Chin et al., 2011), investigations of
the differences in the hemodynamic response function in awake
vs. anesthetized rats (Martin et al., 2006), cerebellar dependent
motor learning though eye-blink conditioning in the rabbit (Miller
et al., 2003), FC studies of the awake rat brain (Liang et al., 2011;
Zhang et al., 2011), combined examination of sensory neural pro-
cessing in specific circuits using fMRI and optogenetics in awake
mice (Desai et al., 2011), and awake Rhesus macaques and mar-
moset monkeys (Ferris et al., 2001, 2004; Brevard et al., 2006;
Goense and Logothetis, 2008). The studies support the use of
awake fMRI methods in neuroscience research and have been
performed using a variety of elegant and creative custom pro-
cedures that will not be discussed here. In general, all involve
head restraint and many of these used some form of training
of animals prior to studies. Miller et al. (2003) used the rabbit

model in their studies of eye-blink conditioning. These animals are
resilient to restraint stress and thus provide an interesting model
for awake imaging. There were changes in cerebellar BOLD sig-
nal responses during progressive conditioning trials that closely
matched patterns of electrical activity during learning (Miller
et al., 2003). Desai et al. (2011) recently used optogenetic meth-
ods that pair the virally mediated expression of photorhodopsin
in glutamatergic neurons of the barrel field cortex to study light-
stimulated increases in neuronal activity in the somatosensory
cortex of the awake mouse during fMRI. Light induced increases
in neuronal activity produced BOLD signal responses in the barrel
field region that were comparable to activation evoked by whisker
deflection (Desai et al., 2011). This is an interesting study since
it provides data on the role of excitatory activity on generation
of the BOLD response but also because postsynaptic activity of
pyramidal cells is considered to produce less energy expenditure
compared to presynaptic activity. Therefore the BOLD responses
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here could correspond to local somatodendritic activity with the
channel-rhodopsin mediated increase in activity. The combined
use of fMRI and optogenetics may be an important future venue
to those that are interesting in delving into the functional roles
of specific neural circuits. To sum, interpretability of fMRI data
is strong when used in conjunction with additional methods
assessing neuroanatomy and neurophysiology and using multi-
ple imaging modalities (BOLD and CBF). However, when the
technique is used on its own it still provides important infor-
mation on neural mechanisms particularly the responses to a
variety of sensory stimuli. Interpretations should consider the
methods employed (anesthetized vs. awake) and also the under-
lying assumptions of the BOLD signal as it relates to neuronal
activity.

ADDITIONAL CONSIDERATIONS, FUTURE DIRECTIONS, AND
ALTERNATIVE APPLICATIONS
Awake rat imaging can be used to investigate brain function and
the actions of drugs in the brain, perhaps developmental processes
as well. However it is important to keep in mind the underlying
mechanisms of the BOLD fMRI technique when interpreting data.
There are limitations to the use of the technique that mostly stem
from the restriction of head movement in both anesthetized and
awake preparations. This imposes an upper limit on the ques-
tions that can be asked regarding the relation of brain activity to
behavior. Consider for instance the fact that motivational systems,
such as the mesolimbic dopamine system, are involved in inter-
facing limbic and motor responses (Mogenson and Yang, 1991).
Therefore, a limiting factor is that the technique lacks the ability to
establish links between brain activity and many forms of motiva-
tional behavior and this is especially confounded in anesthetized
rat preparations. Another factor to consider is the baseline hemo-
dynamic state. When there are differences in the magnitude of the
BOLD signal change this could originate from underlying neural
mechanisms but may also be associated with changes in basal state
of the cerebrovasculature. Methods are available to circumvent
this latter issue using direct CBF measurements that quantitatively
examine basal arterial flow and this can shed light on neuroad-
aptive changes contributing to differences among experimental
groups.

The field of MR see’s an ever-growing expansion of applica-
tions, conceptual considerations, and technical advances that will
surely impact the use of animal imaging methods in the future. For
example, BOLD signal decreases have not been mentioned here,
although negative BOLD responses are pervasive in fMRI stud-
ies. There is empirical evidence for correlations between negative
BOLD responses and decreased neuronal firing (Shmuel et al.,
2006). The estimates from this latter study find that almost 60%
of negative BOLD signal changes may correspond to reductions
in multi-unit and field potential activity (Shmuel et al., 2006).
However, there are also significant experiments that indicate that
the negative BOLD responses are associated with “vascular-steal”
(Harel et al., 2002). That is, areas adjacent to the site of activity
lose blood to areas that are most active. Under normal circum-
stances, one of these two scenarios may explain negative BOLD
responses. In other instances, high temporal resolution scans at
high fields can resolve initial transient negative BOLD responses

that are related to immediate increases in O2 metabolism and
extraction from plasma (Kim et al., 2000). However, most fMRI
studies do not report this effect since it is overridden by dramatic
increases in CBF after the onset of neural activity. There are two
other scenarios that relate to the negative BOLD response, these
include the post-stimulus undershoot (Buxton, 2002) and con-
ditions which result in uncoupling between CBF and CMRO2

(the latter exceeding CBF changes; Schridde et al., 2008). An
example of this latter case is given by Schridde et al. (2008),
which observed long-lasting BOLD signal reductions while at the
same time measured CBF increases during bicuculline-induced
seizures in rats. Interestingly, this was region specific since the
mismatches were most prominent for the hippocampus rather
than the cortex. Therefore, exceedingly high levels of CMRO2

may have occurred during seizure activity that could have resulted
in negative signal responses. The negative BOLD responses that
are observed in most studies that do not intend to modulate
inhibitory activity are difficult to explain. More data are needed in
order to understand and perhaps even modulate negative BOLD
responses rather than positive BOLD responses (Desalvo et al.,
2011). Finally, as discussed in Section “Physiology of the BOLD
Contrast Mechanism,” the Larmor equation establishes a rela-
tionship between precessional frequency and field strength. Based
upon this relationship it may be possible that increasing field
strength could increase signal to noise and better spatial reso-
lution in functional images. There are several experiments that are
pursuing this direction, which should be of great importance in
future work employing murine models (Silva and Koretsky, 2002;
Seehafer et al., 2011).

Other techniques that have not been discussed can significantly
contribute to investigations in different fields of neuroscience and
animal imaging. These include techniques such as manganese
enhanced MRI (MEMRI), FC analysis and fiber tracking using dif-
fusion tensor imaging (DTI). For example, in MEMRI manganese
chloride is used as an intracellular contrast agent that enhances
T1 signal intensity on high-resolution MR images. The Mn2+ ion
is taken up by actively firing neurons through calcium channels
and reflects synaptic activity more directly and in a quantitative
manner (Aoki et al., 2002; Pautler et al., 2003). There is substantial
experimental validation of the technique in its different varia-
tions. For example,one study showed a comparable match between
BOLD signal and T1 enhanced signal intensity due to Mn2+ uptake
in the somatosensory cortex (Duong et al., 2000). There have been
many more applications of the technique (Saleem et al., 2002; Yu
et al., 2005; Nairismagi et al., 2006; Chen et al., 2007). Therefore,
when used correctly the technique can provide accurate informa-
tion regarding the functional neuroanatomical organization of the
brain. The temporal resolution is very sluggish compared to fMRI,
taking several hours rather than seconds, but can still be used to
examine correlations between synaptic activity and behavior (Lu
et al., 2007) and to investigate functional neural circuits (Saleem
et al., 2002). MRI and fMRI techniques are invaluable in many
neuroscience fields.

Many issues regarding anesthetized and awake animal imaging
have been discussed here and continue to be investigated fur-
ther. As we understand the effects of restraint, anesthetics and as
more tools for preprocessing and analyzing data become available,
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applications of the technology in animal studies will prove to be
an even more powerful tool for brain research. Ultimately this
requires close collaborations between neuroscientists in different
disciplines and engineers at academic imaging laboratories.
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Spanking is common in the United States but less common in many European countries in 
which it has been outlawed. Being spanked has been associated with child abuse victimization, 
poor self-esteem, impaired parent–child relationships, and child and adult mental health, 
substance abuse, and behavioral consequences. Being spanked as a child has also been shown 
to increase the likelihood of abusing one’s own children or spouse as an adult. Spanking of very 
young children less than two is almost never recommended even among experts that consider 
spanking as reasonable in some circumstances. Using a cross-sectional anonymous telephone 
survey, we describe spanking rates among a representative sample of North Carolina mothers of 
children less than 2 years old and the association of spanking with demographic characteristics. 
A substantial proportion of mothers admit to spanking their very young children. The rate of 
spanking in the last year among all maternal respondents was 30%. Over 5% of the mothers of 
3-month olds reported spanking. Over 70% of the mothers of 23-month olds reported spanking. 
Increased spanking was associated with higher age of the child and lower maternal age. With 
every month of age, a child had 27% increased odds of being spanked. Early spanking has 
been shown to be associated with poor cognitive development in early childhood. Further, early 
trauma has been shown to have significant effects on the early developing brain. It is therefore 
critical that health and human services professionals address the risk of corporal punishment 
as a method of discipline early in the life of the child. The spanking of very young children may 
be an appropriate locus for policy and legislative debates regarding corporal punishment.

Keywords: spanking, corporal punishment, early childhood, survey research

being a victim of physical abuse. Furthermore, spanking during 
childhood was associated in later adulthood with aggression, crimi-
nal and antisocial behavior, poorer mental health, and adult abuse 
of one’s own child or spouse. The only benefit of corporal punish-
ment identified in this systematic review was improved immediate 
compliance (Gershoff, 2002).

The age of spanking occurrence may have an impact on 
the developmental and behavioral consequences of spanking. 
Numerous studies have shown that earlier abuse and neglect has 
a greater impact on development than later abuse and neglect 
(Keiley et al., 2001; Kaplow and Widom, 2007; Kotch et al., 2008). 
Less is known about the consequences of early spanking relative 
to later spanking regarding differential developmental conse-
quences. One longitudinal study of discipline at age three found 
that, among girls, physical discipline was associated with a lower IQ 
(Smith and Brooks-Gunn, 1997). A subsequent study with a much 
larger sample and more effective control of confounding variables 
reported that spanking at 1 year of age was associated with aggres-
sive behavior at 2 years of age and lower developmental scores at 
three compared to children that were not spanked (Berlin et al., 
2009). A recent prospective cohort study reported that spanking 
at three was associated with increased aggressive behavior at five, 

Introduction
There is mounting evidence that corporal punishment is 
detrimental to the health and development of children, yet recent 
studies from the USA have reported that 45–95% of children were 
spanked in the previous year (Straus and Stewart, 1999; Theodore 
et al., 2005; Vittrup et al., 2006; Zolotor et al., 2011). Some stud-
ies focusing on early childhood have shown similarly high rates 
for young children with the risk of even more deleterious conse-
quences. Studies over the last decade have described 29–77% of 
parents reporting spanking children less than age of 2 years of age 
(Straus and Stewart, 1999; Wissow, 2001; Regalado et al., 2004; 
Slade and Wissow, 2004; Socolar et al., 2005, 2007). To date, no 
studies have measured rates by age in months spanking during 
this early developmental period, although increasing infant age is 
clearly associated with increased use of spanking (Combs-Orme 
and Cain, 2008).

Spanking has numerous deleterious consequences on child 
health and development. A systematic review of the consequences of 
spanking which included 88 empirical studies reported that spank-
ing was associated with moral internalization, aggression, delin-
quent and antisocial behavior, poorer quality of the parent–child 
relationship, poorer mental health, and an increased likelihood of 
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To be eligible to participate in the study, a selected birth certificate 
had to be matched with a current telephone number of a North 
Carolina household. A child born between October 1, 2005 and 
July 21, 2007 needed to reside in the household. A referent child 
was selected at random. The mother or female guardian of the 
referent child had to speak English or Spanish and the interview 
was conducted in her preferred language. There was no attempt to 
verify birth certificate matching to minimize the threat of breach 
of confidentiality. Because of the time lag for birth certificate com-
pletion, matching, and entry into the field, we expected to have 
few subjects with infants less than 3 months of age. Further, we 
attempted to include mothers of children through 24 months of age 
in the sample by selection of birth certificates, though considered 
mothers of children through 30 months to meet eligibility criteria.

The survey was conducted from October 1, 2007 to April 
7, 2008 at the Survey Research Unit of the University of North 
Carolina. Blaise 4.6 (Statistics, Netherlands), a computer-assisted 
telephone interview software package by Statistics Netherlands, was 
used when administering the survey. A minimum of 12 call-back 
attempts were on a rotating schedule. Calls could be scheduled at 
the preference of the subject. Interviewers were trained according 
to standard procedures at the Survey Research Unit and the lead 
author about the contents and purpose of this survey. The survey 
was translated into Spanish and independently back-translated. All 
respondents were given phone numbers for parenting resources 
as part of a routine “debriefing.” After initially connecting with a 
potential respondent and prior to administering the survey, the 
phone number and identity of the respondent was purged from 
the computer system. The respondent was therefore not traceable, 
thus allowing for a truly anonymous survey. It was approved by 
the University of North Carolina School of Medicine Institutional 
Review Board.

Measures
The survey was designed to describe parenting behaviors, disci-
plinary practices, and family and community characteristics. The 
parenting behaviors were assessed using questions selected from the 
Parent Child Conflict Tactics Scales (PCCTS; Straus et al., 1998). 
The PCCTS asks parents about a variety of positive and negative 
discipline techniques, including positive and negative reinforce-
ment, corporal punishment, and potentially abusive behaviors. 
In addition, supplemental questions for neglect were asked from 
the PCCTS. Questions from the PCCTS were asked of both the 
responding mother’s behaviors toward the index child and the 
behavior of her partner toward the index child (two separate ques-
tions). Respondents are asked to indicate how many times they have 
used each practice in the last year, varying from none to more than 
20 times. Then, if the answer is “not in the past year,” they are asked 
if they have ever used this practice. Additional questions include 
family composition, employment, and ethnicity so that the data 
could be weighted to provide population estimates for the state. The 
use of anonymous surveys to assess potentially abusive caregiver 
behaviors utilizes the work of Straus which shows that caregivers 
are willing to report harsh and socially disapproved of forms of 
discipline (Straus and Gelles, 1990). The PCCTS has been widely 
used to assess parenting practices (Tajima, 2000; Theodore et al., 
2005; Zolotor et al., 2008 #48)

further reinforcing that the groundwork for adverse developmental 
and behavioral consequences of spanking may be laid at a young 
age (Taylor et al., 2010).

Spanking has been associated repeatedly with physical abuse. 
Child protective service substantiated abuse often results from 
escalated spanking (Kadushin and Martin, 1981). It is consistently 
reported that abusive parents are far more likely to spank then non-
abusive parents (Gershoff, 2002). A recent study reported that spank-
ing frequency and intensity (use of an object) was associated with 
increasing probability of self-reported abuse (Zolotor et al., 2008).

Being spanked as a child has been shown to be associated with 
later abuse of one’s own child or spouse in several studies. The study 
of intergenerational transmission of violence is particularly challeng-
ing because of the long time lag between a child’s own spanking or 
other assault and the number and complexity of intervening vari-
ables. Seven cross-sectional studies on the effects of spanking report 
a consistent relationship between being spanked and later abuse of 
one’s own child and spouse (Straus and Gelles, 1990; Gershoff, 2002; 
Straus and Donnelly, 2005). This association may be the result of 
other consequences of spanking (such as increased aggression) or due 
to social learning theory in which children who are spanked them-
selves “learn” to use violence for resolution of conflict at a young age.

Given the convergent evidence that early abuse and neglect may 
be more harmful than later abuse and neglect and the similar devel-
opmental and behavioral consequences of spanking, we felt that a 
more detailed understanding of when spanking begins to occur in 
early childhood would help to better understand these relationships. 
Further, if it is desirable to curb spanking and/or give parents alter-
nate tools for discipline, it is important to understand when such 
behaviors begin to occur. We therefore conducted a cross-sectional 
survey of mothers of children less than approximately 2 years of age 
in North Carolina (NC) to examine the age-dependent trajectory 
of rates of spanking. Mothers were asked to report their own disci-
plinary practices as well as those of spouses or partners involved in 
raising the child. For the purposes of this study, spanking is defined 
as being “hit on the buttocks with the hand only.” Our primary goal 
was to describe the pattern of adoption of spanking by mothers as 
a disciplinary practice in very young children. A secondary goal 
was to determine whether rates of early spanking were significantly 
different among mothers with differing demographic backgrounds.

Materials and methods
Study design and sampling
An anonymous telephone survey on child rearing was adminis-
tered to a stratified probability sample of North Carolina moth-
ers. The target population consisted of all live births to English 
or Spanish-speaking mothers born in North Carolina between 
October 1, 2005 and July 31, 2007. The anticipated sample size 
was 3450 subjects. Subjects were selected using a random selec-
tion procedure from birth certificates. A total of 38,334 live birth 
certificates were selected. Strata were created based on mother’s 
education, age, and tobacco or alcohol as indicated on the birth 
certificate. Proportional sampling was done at random from each 
stratum. Each mother’s name and address from a birth certifi-
cate was provided to a survey research firm (GENESYS Sampling 
Systems, Fort Wayne, Pennsylvania) which was back-matched on 
publicly available telephone numbers for calling.
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99% of respondents were the biological mother of the index child. 
The index children were between 3 and 27 months of age. There 
were roughly equal numbers of boys and girls.

Spanking rate
Of the 2946 mothers surveyed, nearly 1/3 (29.9%) reported spank-
ing their child in the past year. This figure is very similar to the 
30.0% prevalence of spanking of children less than 2  years old 
in a 2002 survey of North Carolina and South Carolina mothers 
(n = 115 of 384 mothers of children less than 2; Theodore et al., 
2005). Frequency of spanking among spankers in the past year is 
graphically represented in Figure 1. Notably, 10.8% of those who 
had spanked their index child at least once responded that they had 
spanked their child more than 20 times in the past year.

Maternal and family characteristics predicting spanking
The relationships between respondents of differing demographic 
characteristics and the use of spanking as a disciplinary method 
were examined using survey-weighted multivariate logistic regres-
sion models. Three maternal characteristics predicted reported 

Statistical analysis
Sample weights addresses the disproportionality in the sample aris-
ing from the sampling process. Variables included in the weight-
ing process included mother’s education, mother’s age, tobacco or 
alcohol use during pregnancy (stratification variables), and marital 
status, race/ethnicity of mother, urbanization of county, and father’s 
education. These weighting procedures allow the survey results to 
best approximate the true frequencies of behaviors for the target 
population in North Carolina.

Spanking frequencies were determined for each month-long 
age category, for a total of 25 categories between 3 and 25 months. 
These proportions are summarized using a simple histogram. 
Mothers were dichotomized as spankers or non-spankers of the 
index child. Among self-reported spankers, we assessed the number 
of times each mother reported spanking their child in the previous 
year. Spankers and non-spankers were then compared according 
to selected maternal, child, and demographic characteristics one 
at a time. These included maternal age, marital status, educational 
level, ethnicity, household income, as well as age and sex of the 
child. Survey-weighted bivariate logistic regression analyses were 
conducted for each independent variable. Survey-weighted mul-
tiple logistic regression was then used to examine the potential 
associations between spanking and these maternal demographic 
characteristics in full multivariate models. Models were reduced to 
maximize statistical power by eliminating demographic variables 
that were related at a statistical level of significance greater than 
0.10. Analysis was conducted using Stata version 10.0 (Stata Corp., 
College Station, TX, USA).

Response rate
A large number of birth certificates (38,334) were back-matched for 
telephone numbers due to anticipated changes in address, phone 
number, and unlisted numbers. Forty-nine percent of names 
and addresses (18,789) were matched to a telephone number. Of 
these, 12,828 were entered into calling, 2884 subjects completed 
the interview, and 62 subjects partially completed the interview. 
This resulted in a total sample of 2946 mothers. There were 1248 
respondents determined to be eligible but who did not complete 
a sufficient part of the interview for inclusion, 3024 numbers of 
unknown eligibility, and 5610 numbers found to be ineligible.

Response rate was determined using the American Association 
for Public Opinion Research Standard Definitions (2008). Unknown 
numbers were adjusted for eligibility status and inclusion in the 
denominator by determining the proportion which, if contacted, 
should have been eligible. This is a conservative approach to the 
determination of response rates known as response rate option 4 
(American Association of Public Opinion Research, 2008). This 
approach yielded a conservative response rate of 53.6%.

Results
Subject characteristics
Table 1 reports both unweighted and weighted maternal and family 
characteristics for the 2946 maternal respondents, while Table 2 
separates the maternal respondents into those who had and had not 
spanked the index child. The majority of mothers surveyed were 
married, middle to high income, and of Caucasian ethnicity. Nearly 
(48%) half of mothers surveyed were college graduates. More than 

Table 1 | Description of survey respondents (N = 2946).

Characteristic	 Unweighted percent	 Weighted percent

Age of child, months

3–7	 20.2	 19.0

8–12	 25.0	 25.8

13–17	 21.9	 22.0

18–22	 21.9	 21.0

23–27	 11.1	 12.2

Sex of child

Male	 52.0	 51.8

Female	 48.0	 48.3

Maternal age

14–20	 7.0	 12.5

21–35	 76.7	 75.3

36–49	 16.4	 12.3

Marital status

Married	 81.6	 60.6

Single	 18.4	 39.4

Education status

Less than high school	 10.9	 18.3

HS grad/some college	 40.7	 46.7

College graduate or higher	 48.4	 35.0

Ethnicity/race (mutually exclusive categories)

African American/Black	 12.3	 19.9

Asian/Pacific Islander	 2.2	 1.5

Hispanic	 10.5	 15.2

White/Caucasian	 74.2	 62.4

Native American/Indian	 0.7	 0.9

Other	 0.1	  0.6

Annual household income

Less than $40,001	 29.0	 42.1

40,001–80,000	 35.4	 31.6

80,001+	 35.6	 26.3 
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month of the child’s life (p < 0.001). Mothers of boys were at higher 
odds of spanking than mothers of girls (OR 1.27, p = 0.05). Figure 2 
shows a simple histogram of spanking by child age in months. This 
figure demonstrates the age at which a majority of mothers report 
spanking occurs between 18 and 19 months of age.

Discussion
Among mothers in North Carolina, spanking of children under the 
age of two is quite common. Almost one-third of mothers (30.0%) 
of young children spanked their child in the past year, some more 
than 20 times. This rate closely resembles that reported by Slade 
and Wissow (2004; 38.7% in a nationally representative sample), 
Socolar et al. (2005; 29% among a NC sample), and a similar 2002 
study of North and South Carolina maternal discipline practices in 
children 0–2 years of age (30.0% among a small sample; Theodore 
et al., 2005). Unlike these three earlier studies, however, our survey 
enabled a month-by-month examination of spanking trends in 
children aged 3–24 months. Multivariate logistic regression showed 
significant differences in rates of spanking differences among moth-
ers of different ages and ethnicities as well as children of different 
ages and sex.

While much of the spanking literature has assessed the rela-
tionship between parental demographics and spanking across the 
entire pediatric age spectrum, this study focuses on very young 
children. Our results support earlier evidence that older moth-
ers are less likely to spank (Smith and Brooks-Gunn, 1997; Day 
et al., 1998; Eamon, 2001; Wissow, 2001; Regalado et al., 2004). 
Older mothers may have a better understanding of child develop-
ment and more experience with children. Contrary to much of 
the literature associating African American ethnicity with higher 
spanking prevalence (Smith and Brooks-Gunn, 1997; Day et al., 
1998; Socolar et al., 1999; Straus and Stewart, 1999; Pinderhughes 
et al., 2000; Wissow, 2001; Horn et al., 2004; Regalado et al., 2004; 
Barkin et al., 2007), we found African American mothers reported 
spanking less often than white mothers. Black mothers may be less 
likely to spank very young children, but this relationship may not 
persist as children age. Hispanic mothers also reported spanking 
less often than white mothers.

Our analysis of the relationship of household income with spank-
ing yielded no significant association. Previous reports of this rela-
tionship have been equivocal. Seven studies have found a direct 
relationship between decreased income and increased spanking 
practices (Giles-Sims et al., 1995; Smith and Brooks-Gunn, 1997; 
Socolar et al., 1999; Straus and Stewart, 1999; Pinderhughes et al., 
2000; Wissow, 2001; Regalado et al., 2004), four studies found no 
relationship between income and spanking prevalence (Buntain-
Ricklefs et al., 1994; Day et al., 1998; Horn et al., 2004; Grogan-Kaylor 
and Otis, 2007), and one study reported equivocal results (Socolar 
et al., 2005). In our study, mothers at the lowest end of the economic 
spectrum (<$40,000 per year) were not more likely to spank than 
mothers in households earning more than $80,000 per year, though 
households earning in a mid-range income of $40,000–80,000 per 
year reported spanking at higher rates, but this was not statistically 
significant. It may be that spanking in the US today is no longer 
associated with economic status, or that our crude measure of eco-
nomic status failed to capture these differences.

spanking in our final multivariable logistic regression model (see 
Table  3). Spanking was inversely associated with maternal age. 
Increasing maternal age was associated with a decrease in the odds 
of spanking. For each year of age, mothers were at 2% lower odds of 
reporting spanking (p = 0.001). There was a significant relationship 
between spanking occurrence and maternal ethnicity. Mothers of 
Asian, Native American, and other ethnic groups participated in 
the survey in low numbers. Estimates of these associations with 
spanking are imprecise. Hispanic mothers had one-fourth the odds 
of spanking compared to white mothers (OR = 0.25; p < 0.001) and 
black mothers were also less likely to spank (OR = 0.60, p = 0.01). 
Finally, household income was unrelated to spanking occurrence 
as was reported maternal education.

As expected, there was a significant relationship between 
increased child age and maternal spanking practices. Mothers had 
1.27 times the odds of spanking their child with each increasing 

Table 2 | Weighted comparison of spankers and non-spankers 

(N = 2946).

	 Weighted percent	N umber

Characteristic	S pankers	N on-spankers	 All respondents

Age of child, months

3–7	 1.4	 98.6	 577

8–12	 8.6	 91.4	 715

13–17	 32.6	 67.4	 628

18–22	 57.1	 42.9	 626

23–27	 64.0	 36.0	 317

Sex of child

Male	 31.9	 66.6	 1533

Female	 27.7	 72.3	 1413

Maternal age

14–20	 33.4	 66.6	 205

21–35	 30.6	 69.4	 2258

36–49	 24.7	 75.3	 483

Marital status

Married	 30.1	 69.9	 2405

Single	 29.5	 70.5	 541

Education status

Less than high school	 26.7	 73.3	 322

HS grad/some college	 29.3	 70.7	 1199

College graduate or higher	 32.3	 67.7	 1425

Ethnicity/race

African American/Black	 26.2	 73.8	 362

Asian/Pacific Islander	 28.9	 71.1	 64

Hispanic	 21.8	 78.2	 308

White/Caucasian	 32.8	 67.2	 2187

Native American/Indian	 40.7	 59.4	 21

Other	 29.9	 70.1	 4

Annual household income

Less than $40,001	 27.8	 72.2	 800

40,001–80,000	 33.4	 66.6	 977

80,001+	 29.2	 70.8	 984
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Table 3 | Logistic regression models of spanking behavior on maternal characteristics (N = 2790).

Independent variables	M odels

	 Bivariate	 Full multivariate1	 Final multivariate2

	O dds ratio	 p-value	O dds ratio	 p-value	O dds ratio	 p-value

Age of child, months	 1.24	 <0.001***	 1.23	 <0.001***	 1.27	 <0.001***

Sex of child (girl Ref)	 1.22	 0.04*	 1.27	 0.06	 1.27	 0.05*

Maternal age, years	 0.98	 0.03*	 0.96	 0.001***	 0.95	 <0.001***

Marital status (married as reference)	 0.97	 0.79	 0.80	 0.23	 –	 –

Educational status

Less than HS (Ref)	 1.00	 –	 1.00	 –	 1.00	 –

HS grad/some college	 1.14	 0.04*	 1.33	 0.27	 1.32	 0.28

College graduate	 1.31	 0.09	 1.79	 0.05*	 1.65	 0.06

Ethnicity

Black	 0.73	 0.03*	 0.57	 0.01**	 0.60	 0.01**

Asian	 0.83	 0.59	 0.78	 0.64	 0.75	 0.56

Hispanic	 0.57	 0.02*	 0.25	 <0.001***	 0.25	 <0.001***

White (Ref)	 1.00	 –	 1.00	 –	 1.00	 –

Native American	 1.40	 0.66	 1.25	 0.65	 1.29	 0.59

Other	 1.99	 0.57	 1.66	 0.56	 1.46	 0.67

Income level

<$40,000 (Ref)	 1.00	 –	 1.00	 –	 –	 –

$40–80,000	 1.29	 0.03*	 0.80	 0.19	 –	 –

$80,000+	 1.00	 0.48	 1.09	 0.64	 –	 –

*p < 0.05.
**p < 0.01.
***p < 0.001.
1Full model from survey-weighted logistic regression controlling for all other demographic variables in table.
2Reduced model maintains all demographic variables with p-value > 0.1 (in the case of categorical variables, all variables maintained in model).

Figure 1 | Spanking frequency among spankers (N = 875). Note: This figure does not include the 2027 mothers (70%) who reported not spanking in the 
past year.
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behavior management, and cultural beliefs about child-rearing. 
In our study, 8% of mothers of children aged 3–9 months of age 
already report having spanked their child by this time. As for spank-
ing practices in older children (9- to 24-month olds), child health 
care providers may not address issues of child discipline in the 
periodic well-child visits, although it also may be that their advice 
is not being heeded as other cultural forces regarding spanking 
may be operating. Our results indicate that pediatric health care 
professionals should begin discussing discipline strategies with 
parents as early as the 2- or 4-month visit. Each visit thereafter 
should seek to assess the success of current discipline strategies, 
reinforcing practices other than spanking. Several intensive home 
visiting programs have been shown to reduce spanking or improve 
positive discipline. Healthy Families America and Healthy Start 
have shown a reduction in harsh parenting (Duggan et al., 2004; 
DuMont et al., 2008). The Nurse Family Partnership has shown 
improved maternal responsivity and use of positive discipline 
(Olds et al., 2002). Incredible Years has reported less harsh disci-
pline (verbal and physical), less physical punishment, more positive 
discipline, and improved child behavior (Letarte et al., 2010). A 
particular therapeutic model, Parent Child Interaction Therapy has 
been shown to improve positive parental responses to appropriate 
behavior (Thomas and Zimmer-Gembeck, 2011). Public health 
interventions such as media coverage and legislative efforts may 
also reduce the early spanking practices of the public.

Further research continues to be needed in the area of child dis-
cipline. Studies of association between early spanking to later out-
comes such as aggression or antisocial behavior are methodologically 

Despite past studies associating differential spanking prevalence 
with maternal marital status (Giles-Sims et al., 1995; Smith and 
Brooks-Gunn, 1997; Regalado et al., 2004) and educational attain-
ment (Smith and Brooks-Gunn, 1997; Day et al., 1998; Socolar et al., 
1999; Eamon, 2001; Barkin et al., 2007), neither characteristic sig-
nificantly predicted spanking in our study. Our study found, as have 
several others, (Giles-Sims et al., 1995; Smith and Brooks-Gunn, 
1997; Day et al., 1998; Pinderhughes et al., 2000; Wissow, 2001), 
that the sex of the child predicted spanking prevalence with boys 
being more likely to be spanked. The lack of association between 
maternal education has been previously reported in another large 
nationally representative study (Grogan-Kaylor and Otis, 2007). 
As expected, most prevalence studies have shown an inverse rela-
tionship between child age and spanking prevalence throughout 
the early childhood years (Buntain-Ricklefs et al., 1994; Day et al., 
1998; Regalado et al., 2004), a finding also supported by our study.

This study suggests that the 1996 American Academy of 
Pediatrics (AAP) panel conclusions (Bauman and Friedman, 1998) 
that children under the age of 2 should not be spanked and the 1998 
AAP recommendation (Stein and Perrin, 1998) against spanking 
as a primary disciplinary practice, particularly in children under 
18 months of age, are not being followed consistently. In Bright 
Futures, the AAP’s Guidelines for Health Supervision of Infants, 
Children, and Adolescents (American Academy of Pediatrics. 
Committee on Psychosocial Aspects of Child and Family Health., 
2002), discipline is first mentioned as a component of anticipatory 
guidance during the 9-month visit, at which point health care pro-
viders are advised to discuss parenting expectations, consistency, 

Figure 2 | Percent mother reported spanking by child age in months (weighted data).
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The AAP states unequivocally that children under two should 
not be spanked. Notwithstanding this position, almost one-third 
of mothers in our survey reported spanking their infant on the 
buttocks by their second birthday. Not all mothers, however, 
are equally likely to spank their infant. This study suggests that 
younger maternal age, non-Hispanic ethnicity, and middle house-
hold incomes are associated with a higher likelihood of spank-
ing before the age of 2. Pediatric health care professionals, public 
health and child development workers should assist parents of 
very young children in developing a discipline skill set including 
positive and negative reinforcement without physical punishment 
as well as setting appropriate behavioral expectations for such 
children. The goal of such interventions is not to ostracize mothers 
who seem more likely to spank their infants; rather, the goal is to 
provide support, offer alternatives, and ultimately prevent disci-
plinary practices that in some cases may escalate to child abuse. 
Further, the spanking of young children may be an appropriate 
locus for starting policy and legislative discussions around a par-
ents “right” to spank, given the near universal professional and 
scientific opinion about the negative effects of spanking on such 
young children.
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difficult. Efforts to show causal connections between spanking and 
later negative outcomes need to be undertaken while controlling 
for other discipline styles and practices. The study of spanking 
and public discourse about spanking policy and practice tend to 
be polarizing and based the importance of values such as parents’ 
rights, children’s rights, autonomy, and justice. These are impor-
tant values to consider in the application of spanking research to 
public discourse. However, with limited exceptions, most parenting 
experts that advocate for corporal punishment do not recommend 
the use of this type of discipline for children less than two. More 
empiric evidence on the consequences of spanking, and especially 
early spanking, may sway parents, practitioners, and policy makers. 
By learning alternatives to spanking parents may come to under-
stand that children need not learn through fear, and that the hard 
and important lessons of childhood can be taught in other ways.

There were a number of limitations to this study. First, this is 
a survey of mothers in the state of North Carolina and may not, 
therefore, be representative of mothers across the USA. Earlier 
national studies noted higher rates of spanking in the southeastern 
USA (Giles-Sims et al., 1995; Straus and Stewart, 1999); therefore 
rates may be lower in other regions. However, regional studies 
that include the deep South versus the Southeast show that North 
Carolina rates of spanking are similar to those of the southeast 
and the whole United States and less similar to those of the South 
which include the deep South (Zolotor et al., 2011). Second, while 
respondents described their spouse or partner’s discipline practices, 
we did not specifically ask spouses or partners about such prac-
tices. Third, our phone survey included very few cell phone users, 
potentially limiting the generalizability of our conclusions to cell 
phone only users. Finally, self-reported disciplinary practices may 
be underestimations of actual prevalence due to the potential social 
stigma, even in an anonymous survey, against reporting the use of 
parental corporal punishment to an unknown surveyor.
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Childhood maltreatment represents a significant risk factor for psychopathology. Recent
research has begun to examine both the functional and structural neurobiological corre-
lates of adverse care-giving experiences, including maltreatment, and how these might
impact on a child’s psychological and emotional development. The relationship between
such experiences and risk for psychopathology has been shown to vary as a function of
genetic factors. In this review we begin by providing a brief overview of neuroendocrine
findings, which indicate an association between maltreatment and atypical development
of the hypothalamic–pituitary–adrenal axis stress response, which may predispose to psy-
chiatric vulnerability in adulthood. We then selectively review the magnetic resonance
imaging (MRI) studies that have investigated possible structural and functional brain differ-
ences in children and adults who have experienced childhood maltreatment. Differences
in the corpus callosum identified by structural MRI have now been reliably reported in
children who have experienced abuse, while differences in the hippocampus have been
reported in adults with childhood histories of maltreatment. In addition, there is prelim-
inary evidence from functional MRI studies of adults who have experienced childhood
maltreatment of amygdala hyperactivity and atypical activation of frontal regions. These
functional differences can be partly understood in the context of the information biases
observed in event-related potential and behavioral studies of physically abused children.
Finally we consider research that has indicated that the effect of environmental adversity
may be moderated by genotype, reviewing pertinent studies pointing to gene by environ-
ment interactions. We conclude by exploring the extent to which the growing evidence
base in relation to neurobiological and genetic research may be relevant to clinical practice
and intervention.

Keywords: child abuse, maltreatment, neuroscience, MRI, genetics, HPA, psychopathology, resilience

INTRODUCTION
Early adversity, and in particular childhood maltreatment, has
been reliably associated with an increased risk of poor out-
come across a range of domains, including, physical and mental
health, social and academic functioning, and economic produc-
tivity (e.g., Lansford et al., 2002; Shirtcliff et al., 2009; Currie
and Widom, 2010). Over the last decade, new techniques have
allowed researchers to investigate the possible impact of such
adversity on both brain structure and function (e.g., Teicher
et al., 2003; Caspi and Moffitt, 2006; Lupien et al., 2009). The
aim of this review is to present a concise overview of those
studies that have investigated the neurobiological impact of child-
hood maltreatment. Neuroendocrine, neuroimaging, and genetic
factors are considered in turn. Space constraints mean that it
is not possible to widen the focus to include many related
studies of institutionalization or neglect (see instead Gunnar
et al., 2006; Neigh et al., 2009). Rather, the primary focus of
this review relates to the experience of childhood maltreat-
ment, defined as an experience of physical, sexual, or emo-
tional abuse. However, we occasionally highlight investigations
of institutionalization in contexts where there remains a paucity

maltreatment-related research (notably in the field of functional
resonance imaging).

We first provide a short overview of the hypothalamic–
pituitary–adrenal (HPA) axis stress response before considering
evidence that maltreatment may alter the functioning of this sys-
tem in children and adults. The second and third sections review
the evidence for changes at the level of regional brain struc-
ture and function, respectively. We then consider the evidence
from genetic studies, including investigations of gene by environ-
ment (GxE) interactions and epigenetic effects in humans and
animals, relating these to possible mechanisms associated with
vulnerability and resilience. The final sections of the review seek
to consider the limitations of current research and consider the
degree to which neurobiological research can help advance our
clinical understanding of the impact of maltreatment.

STRESS SYSTEMS AND EARLY ADVERSITY
MALTREATMENT AND THE HPA SYSTEM
The HPA axis represents one of the body’s core stress response sys-
tems. Exposure to stress triggers release of corticotrophin releasing
hormone (CRH) and arginine vasopressin (AVP) release from the
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paraventricular nucleus of the hypothalamus, which in turn stim-
ulate secretion of adrenocortico-trophic hormone (ACTH) that
acts on the adrenal cortex to synthesize cortisol. Feedback loops
at several levels ensure that the system is returned to homeosta-
sis since chronically elevated cortisol levels can have deleterious
effects on health (Lupien et al., 1998).

CHILDREN WHO HAVE EXPERIENCED MALTREATMENT
Findings from studies investigating HPA axis activity in chil-
dren and adolescents with a history of maltreatment are mixed
(Tarullo and Gunnar, 2006). For example, in one study of HPA
axis response to CRH stimulus (Kaufman et al., 1997) reported
ACTH hyper-responsiveness, but only among a subsample of mal-
treated children who were depressed and still exposed to a stressful
home environment; no differences were found in cortisol mea-
sures. By contrast, Hart et al. (1995) in a study of preschoolers
who had experienced maltreatment reported a pattern of cortisol
suppression in situations of stress that was associated with social
competence.

Most studies have collected basal cortisol level data given the
ethical and practical implications of pharmacological challenge
tests with children. Several studies have reported elevated basal
cortisol levels (De Bellis et al., 1999a; Cicchetti and Rogosch,
2001; Carrion et al., 2002) while others have reported cortical
suppression (Hart et al., 1995). One explanation for these appar-
ently contradictory findings is that elevation is associated with the
presence of a concurrent affective disorder (Tarullo and Gunnar,
2006). For example, two studies have reported a rise in cortisol lev-
els across the day for maltreated children with depression, but no
effects in maltreated children without depression (Kaufman, 1991;
Hart et al., 1996). This pattern is also consistent with the elevated
ACTH response to CRH in the maltreated-depressed group noted
above (Kaufman et al., 1997). Other studies have reported similar
elevations in relation to maltreated children with post-traumatic
stress disorder (PTSD; Carrion et al., 2002) and dysthymic girls
who had been sexually abused (De Bellis et al., 1994). While
this pattern of elevated cortisol also characterizes non-maltreated
children with affective disorders (e.g., Goodyer et al., 1998) it is
not clear if maltreatment contributes an additional effect (Cic-
chetti and Rogosch, 2001; Cicchetti et al., 2001). It should also
be noted that several studies of children with antisocial behavior
have reported reduced basal cortisol concentrations and lower cor-
tisol levels when exposed to stress (see van Goozen and Fairchild,
2008, for a comprehensive review). It is possible that that expo-
sure to early adversity in these children leads to a pattern of stress
habituation over time, a pattern that increases the risk of diffi-
culties in emotional and behavioral regulation; equally, reduced
stress responsivity may emerge as a result of genetic factors, or
GxE interactions (van Goozen and Fairchild, 2008).

ADULTS WHO HAVE EXPERIENCED MALTREATMENT AS CHILDREN
Heim and colleagues propose that childhood maltreatment
increases the risk of developing depression due to a sensitization
of the neurobiological systems implicated in stress adaptation and
response (Heim et al., 2008). In an early study using the stan-
dardized Treir Social Stress Test (requiring public speaking and
mental arithmetic) they reported that women with a history of

maltreatment with and without depression exhibited an increased
ACTH response compared with controls (Heim et al., 2002). A his-
tory of childhood abuse was found to be the strongest predictor of
ACTH responsiveness; this was amplified by the experience of fur-
ther trauma in adulthood (Heim et al., 2002). More recently, Heim
et al. (2008) used the combined pharmacological test of HPA func-
tioning (the dexamethasone/CRF challenge) with a sample of men
with and without childhood maltreatment and current depression.
A pattern of increased cortisol response was reported in the context
of a failure of the glucocorticoid-mediated negative feedback loop
to adequately control HPA activation (Heim et al., 2008). These
studies suggest that major depression subsequent to childhood
maltreatment is associated with inadequate inhibitory feedback
regulation of the HPA axis. We know from animal models that low
levels of maternal care are associated with reduced concentration
of glucocorticoid receptors in the hippocampus (Liu et al., 1997);
it is thus possible that a similar mechanism may account, at least
in part, for the observed changes in HPA regulation in humans
following maltreatment.

A parallel set of research studies has investigated PTSD in a wide
range of populations including those with a prior history of mal-
treatment. Findings from this literature have been mixed at best
(Shea et al., 2004); however a recent systematic review and meta-
analysis supports the view that PTSD is associated with a general
pattern of hypocortisolism, with reduced cortisol levels, at least
in the afternoon (Meewisse et al., 2007). Furthermore, Meewisse
et al. (2007) highlight the relationship between lower cortisol lev-
els and PTSD in the context of physical and sexual forms of abuse.
These findings therefore indicate a possible distinct patterns of
adaptation across the two disorders, with HPA hypoactivity char-
acterizing those with maltreatment-related PTSD (Meewisse et al.,
2007) and hyperactivity of the HPA system characterizing mal-
treated individuals presenting with depression (e.g., Heim et al.,
2002). These differing patterns may in part reflect adaptations
of the HPA axis to different forms of maltreatment, different
periods of onset and chronicity, and differential genetic suscep-
tibility. Equally, methodological confounds may account for some
of the reported differences, including the frequently observed
comorbidity of depression and PTSD (Newport et al., 2004).

SUMMARY: STRESS SYSTEMS AND EARLY ADVERSITY
Early trauma, including physical, sexual, and emotional abuse is
associated with increased risk of psychopathology in childhood
and adulthood, as well as social and health problems (Gilbert et al.,
2009). There is persuasive evidence from human (and animal)
studies of a link between early stress and atypical HPA function-
ing. Specifically, it appears that childhood maltreatment may lead
to atypical responsiveness of the HPA axis to stress, which in turn
predisposes to psychiatric vulnerability in later life (van Goozen
and Fairchild, 2008). While there is general agreement around this
broad principle, the putative mechanisms of how dysregulation
of the HPA axis might mediate the link between stress and psy-
chopathology and the precise nature of any interaction remain
less clear (see Miller et al., 2007). It is possible that diminished
cortisol responsiveness (for example) may emerge if early chronic
stress leads to an initial hyper-activation of the HPA system which
then progresses over time to a state of hyporeactivity, as a form
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of adaptation following sustained exposure to ACTH (e.g., Fries
et al., 2005).

STRUCTURAL BRAIN DIFFERENCES ASSOCIATED WITH
MALTREATMENT
A growing body of research has investigated how stress, and specif-
ically different forms of childhood maltreatment, can influence
neural structure and function. These studies have employed both
children who have experienced maltreatment and adults report-
ing childhood histories of early adversity. In the following section
we first consider those studies that have investigated differences in
brain structure, before considering the evidence from the smaller
number of studies that have investigated the impact on brain
function.

HIPPOCAMPUS
Children who have experienced maltreatment
A substantial body of animal research has shown that the hip-
pocampus plays a central role in learning and various aspects
of memory (Mizomuri et al., 2007) and that memory function
is impaired in animals that have been exposed to chronic stress
(McEwen, 1999). De Bellis et al. (1999b) were the first to report that
maltreated children with PTSD presented with smaller intracranial
and cerebral volumes, smaller corpus callosum (CC) and larger
lateral ventricular volume compared to healthy, non-maltreated
children. It was notable that the expected decrease in hippocam-
pal volume, based on previous studies of adults with PTSD was not
observed. Since that time, over 10 structural MRI (sMRI) studies
of children and adolescents with PTSD following maltreatment
have consistently failed to detect the adult pattern of lower hip-
pocampal volume (e.g., Carrion et al., 2001; Woon and Hedges,
2008; Jackowski et al., 2009; Mehta et al., 2009).

Adults who have experienced maltreatment as children
By contrast, with the exception of one study (Pederson et al.,
2004), reduced volume of the hippocampus has generally been
reported for adults who have experienced maltreatment as chil-
dren (Vythilingam et al., 2002; Vermetten et al., 2006; Woon and
Hedges, 2008). Two explanations have been proposed to account
for the discrepancy of child and adult findings (see Lupien et al.,
2009). The neurotoxicity hypothesis, based on data from both ani-
mal and human studies, postulates that stress-induced prolonged
exposure to glucocorticoids can lead to a reduction in hippocam-
pal cell complexity and even lead to cell death (e.g., Sapolsky et al.,
1990). Thus, it is possible that in humans, hippocampal volume
reduction may result from years or decades of PTSD or chronic
stress. In support of this hypothesis, (Carrion et al., 2007) in a lon-
gitudinal study reported that cortisol levels and PTSD symptoms
at baseline predicted the degree of hippocampal volume reduction
over an ensuing 12- to 18-month interval in 15 maltreated children
with PTSD. Alternatively, the vulnerability hypothesis posits that a
smaller hippocampal volume in individuals with PTSD is not a
consequence of stress, but rather a predisposing risk factor for the
disorder present in some individuals prior to any traumatic expe-
rience (e.g., Gilbertson et al., 2002). Further longitudinal studies
and studies taking advantage of identical twins discordant for
maltreatment exposure are required to distinguish between these
competing accounts.

AMYGDALA
Children who have experienced maltreatment
The amygdala plays a key role in evaluating potentially threat-
ening information, fear conditioning, emotional processing, and
memory for emotional events (Phelps and LeDoux, 2005). In ani-
mal studies chronic stress has been shown to increase dendritic
arborization in the amygdala (e.g., Vyas et al., 2003). It would
therefore seem reasonable to predict that differences in amyg-
dala structure would be associated with childhood maltreatment
(Lupien et al., 2009). Until recently there was a consensus that chil-
dren with maltreatment-related PTSD did not differ in terms of
amygdala volume compared to non-maltreated children (Woon
and Hedges, 2008). However, two recent studies have reported
increased amygdala volumes in children and adolescents who
had experienced early institutionalization and subsequent adop-
tion. Mehta et al. (2009) reported greater amygdala volume in
14 adoptee adolescents who had experienced severe early insti-
tutional deprivation in Romania compared to a group of non-
deprived, non-adopted UK controls. Similarly (Tottenham et al.,
2010) reported greater amygdala volume in 17 mainly preadoles-
cent children who had been adopted out of an orphanage when
older that 15 months compared to non-adopted controls or early
adopted children. A significant correlation is also reported between
amygdala volume and age of adoption, suggesting that early and
extended exposure to institutionalized care may lead to atypical
development of limbic circuitry. It is noteworthy that the effects of
early adversity on the amygdala in these two studies were observed
even many years after the adversity had ceased, which is in line
with evidence from animal research (Lupien et al., 2009).

Adults who have experienced maltreatment as children
To date only three studies have examined amygdala volume in
adults with a history of childhood maltreatment; one found
reduced volume in female patients with dissociative identity disor-
der as compared to healthy females (Vermetten et al., 2006) while
the other two reported no measurable differences (Bremner et al.,
1997; Andersen et al., 2008). While it is too early to draw definitive
conclusions regarding impact of maltreatment on amygdala devel-
opment, these preliminary findings suggest that the amygdala is
vulnerable to early and severe stress in the context of parental loss
and institutionalization. However, it appears that less severe, time-
limited, and developmentally later exposure has a weaker impact
on amygdala volume.

CORPUS CALLOSUM AND OTHER WHITE MATTER TRACTS
Children who have experienced maltreatment
The CC is the largest white matter structure in the brain and
controls inter-hemispheric communication of a host of processes,
including, but not limited to, arousal, emotion, and higher cog-
nitive abilities (Kitterle, 1995; Giedd et al., 1996). Crucially, in
terms of development, nerve fiber connections passing though this
region are fully formed before birth with myelination continuing
throughout childhood and adulthood (Giedd et al., 1996; Teicher
et al., 2004). Teicher et al. (2004) have speculated that different
regions of the CC might have different windows of vulnerability
to early experience. With the exception of one study (Mehta et al.,
2009), decreases in CC volume (particularly middle and posterior
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regions) have consistently been reported in maltreated children
and adolescents compared to non-maltreated peers (De Bellis
et al., 1999b, 2002; De Bellis and Keshavan, 2003; Teicher et al.,
2004; Jackowski et al., 2008). Furthermore, preliminary evidence
suggests that these effects are characterized by sex-dependent dif-
ferences (De Bellis and Keshavan, 2003; Teicher et al., 2004). It
may be speculated that these structural abnormalities within the
CC may be associated with some of the emotional and cognitive
impairments that have been reported in maltreated individuals
(e.g., Pears et al., 2008).

A recent study that employed diffusion tensor imaging
(DTI) found decreased fractional anisotropy values (indicative of
decreased white matter fiber tracts coherence or lower density of
white matter fiber tracts) in maltreated children in frontal and
temporal white matter regions, as compared to non-maltreated
children (Govindan et al., 2010). Similar to an earlier DTI study in
maltreated children (Eluvathingal et al., 2006), group differences
were also observed in the uncinate fasciculus, which connects the
orbitofrontal cortex (OFC) to the anterior temporal lobe, includ-
ing the amygdala (Govindan et al., 2010). Interestingly, the reduc-
tion in fractional anisotropy observed by Govindan and colleagues
was associated with longer periods within an orphanage and
may partly underpin some of the cognitive and socioemotional
impairments associated with early severe deprivation.

Adults who have experienced maltreatment as children
A study of adult females with maltreatment-related PTSD has
also reported smaller area of the posterior midbody of the CC
as compared to healthy controls (Kitayama et al., 2007). More
recently, a recent DTI study in a non-clinical sample examined
the effects of severe parental verbal abuse (e.g., ridicule, humilia-
tion, and disdain) on brain connectivity; three white matter tracts
were reported to show reduced fractional anisotropy (Choi et al.,
2009). Again, the researchers hypothesized that these abnormali-
ties may underlie some of the language and emotional regulation
difficulties seen in victims of childhood maltreatment.

PREFRONTAL CORTEX
Children who have experienced maltreatment
The prefrontal cortex (PFC) is extensively interconnected with
other cortical and subcortical regions consistent with its major
role in the control of many aspects of behavior, cognition, and
emotion regulation (Fuster, 1997; Davidson et al., 2000; Miller
and Cohen, 2001). There are mixed findings from studies com-
paring PFC volume of children with maltreatment-related PTSD
and non-maltreated children. One study reported no group differ-
ence (De Bellis et al., 1999b), but another found smaller prefrontal
volume and prefrontal white matter (De Bellis et al., 2002) in the
maltreated group, while the two most recent studies – one using
voxel-based morphometry (VBM; provides a measure of regional
volume differences by analyzing spatially normalized brain seg-
ments on a voxel-wise basis) investigating PTSD – observed larger
gray matter volume of the middle-inferior and ventral regions of
the PFC in the clinical groups (Richert et al., 2006; Carrion et al.,
2009).

Tensor-based morphometry (TBM) provides a measure of
regional volume by examining regional shape differences via

analyses of the deformation fields. A recent study used TBM to
compare 31 children with documented histories of physical abuse
without PTSD to 41 non-abused children matched for age, puber-
tal stage, and gender (Hanson et al., 2010). One of the largest
reported differences was observed in the right OFC. The abused
group were found to have significantly smaller brain volumes in
this region, differences which in turn correlated with poorer social
functioning. Given that the OFC is known to play a key role in emo-
tion and social regulation, the authors suggest that these alterations
in OFC structure may partly represent the biological mechanism
linking early social learning to later behavioral outcomes. How-
ever, we know that cortical thickness of the OFC is susceptible to
thinning following prenatal exposure to maternal cigaret smoking
and to drug taking, risk factors likely to characterize a proportion
of those in a maltreated sample (Lotfipour et al., 2009). Further
research will be necessary to tease apart possible risk factors that
may influence structural development of this region.

A lack of consistency regarding observed structural differences
in the PFC may relate to methodological differences, sample dif-
ferences in age range of participants, variation in maltreatment
type and chronicity, and a focus on different regions within the
PFC. In addition, while it is likely that there are specific win-
dows of vulnerability in brain development, we know little about
how maltreatment at different points in development impacts dif-
ferent brain regions. In a unique cross-sectional study, Andersen
et al. (2008) found that gray matter volume of the frontal cortex
was maximally affected by abuse at ages 14–16 years, while the
hippocampus and CC were maximally affected at ages 3–5 and
9–10 years respectively, indicating that the frontal cortex in this
sample was particularly susceptible to structural change follow-
ing abuse during the adolescent period. Further work exploring
how regional brain differences may emerge depending on the
timing of maltreatment is essential if we are to formulate a devel-
opmentally informed picture of the impact of such adversity on
neurobiological development.

Adults who have experienced maltreatment as children
In contrast to the studies on maltreated children, decreased PFC
volume in adults with a history of childhood maltreatment has
been a consistent finding. For example, in a non-clinical sample,
Tomoda et al. (2009) found that harsh childhood corporal pun-
ishment was associated with reduced gray matter volume in the
left dorsolateral PFC and the right medial PFC, two brain regions
central to higher cognitive processing, such as working memory
and to aspects of social cognition, respectively (Miller and Cohen,
2001; Amodio and Frith, 2006). In another study, in comparison to
healthy individuals, patients with major depressive disorder who
reported a history of childhood maltreatment exhibited reduced
volume of the rostral anterior cingulate cortex (ACC), which was
negatively correlated with both cortisol levels and maltreatment
severity (Treadway et al., 2009). Despite important limitations
(such as the lack of information on the age of onset and duration
of maltreatment) this study suggests that the rostral ACC, like the
hippocampus, might be vulnerable to prolonged glucocorticoid
exposure resulting from chronic stress, which in turn may decrease
its ability to exert negative feedback control over HPA regulation
(Treadway et al., 2009). Finally, a recent study compared healthy
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controls and patients with depression and/or anxiety disorders
reporting childhood emotional maltreatment before age 16 to a
group composed of healthy controls and patients who reported no
childhood abuse (van Harmelen et al., 2010). The authors reported
that emotional abuse was associated with a reduction in left dor-
sal medial PFC, even in the absence of physical or sexual abuse
in childhood. Crucially, this group difference was independent of
gender and could not be attributed to current psychopathology,
which support the idea that the observed brain differences might
be associated with the experience of maltreatment.

SUMMARY: STRUCTURAL BRAIN DIFFERENCES ASSOCIATED WITH
MALTREATMENT
The findings from the structural studies reviewed above are sum-
marized in Table 1. It is clear that there is relatively consistent
evidence for reduced CC volume in children and adults who
have experienced adversity, some evidence of greater amygdala
volume in late-adopted previously institutionalized children, and
a relatively clear pattern of normal hippocampal volume during
childhood, which contrasts with the consistent finding of reduced
hippocampal volume seen in adults with histories of abuse. It has
recently been suggested that variations in developmental timing
and age of measurement may partly account for the observed vari-
ability in the findings for structural differences in the amygdala
and hippocampus (Tottenham and Sheridan, 2010). The struc-
tural findings are more mixed for the PFC in maltreated children,
but there is a consistent pattern of decreased PFC volume among
adults with childhood histories of maltreatment. However, a recent
finding highlights that structural differences in the OFC may be
linked to degree of social difficulty in physically abused children
even in the absence of PTSD (Hanson et al., 2010).

FUNCTIONAL BRAIN DIFFERENCES ASSOCIATED WITH
MALTREATMENT
CHILDREN WHO HAVE EXPERIENCED MALTREATMENT
In contrast to the research examining structural brain differences
associated with maltreatment, there are as yet relatively few that
have used functional MRI (fMRI). To date, only five fMRI stud-
ies have investigated children exposed to early adversity, and only
two from the same research group have recruited children who
have experienced maltreatment. These studies by Carrion and col-
leagues investigated cognitively oriented processes. The first, which
compared youths with post-traumatic stress symptoms (PTSS)
secondary to maltreatment (i.e., trauma related to physical and
sexual abuse and exposure to violence) with healthy controls,
investigated response inhibition (Carrion et al., 2008). Increased
activation in the ACC was reported in maltreated participants as
compared to controls. This result is consistent with a model in
which impaired cognitive control arises in the context of height-
ened subcortical reactivity to negative affect, potentially conferring
an increased risk for psychopathology (Mueller et al., 2010). The
second study used a verbal declarative memory task and compared
youths with PTSS secondary to maltreatment with healthy controls
(Carrion et al., 2010). During the retrieval component of the task,
the youths with PTSS exhibited reduced right hippocampal activ-
ity, which was associated with greater severity of avoidance and
numbing symptoms.

Three other fMRI studies have investigated the impact of early
institutionalization. Using an emotional face processing paradigm,
children exposed to such adversity were found to exhibit increased
amygdala response to threatening facial cues (Maheu et al., 2010;
Tottenham et al., 2011). It is not yet clear if these findings of
atypical emotional processing generalize to children who have
experienced maltreatment, such as physical, sexual, and emotional
abuse. Another study assessed response inhibition and observed
increased activation in the ACC in previously institutionalized
children as compared to controls (Mueller et al., 2010).

While the main strength of fMRI is its good spatial resolu-
tion in relation to brain activity, event-related potentials (ERP)
record the brain’s electrical activity and yield detailed information
about the temporal sequence (resolution in milliseconds) of cog-
nitive operations throughout the brain (i.e., mental chronometry).
Much of the existing ERP research has compared the pattern of
brain response of maltreated children and healthy children when
processing facial expressions, an ability that is usually mastered by
the preschool years (Izard and Harris, 1995). When compared
with never institutionalized children, institutionalized children
who have experienced severe social deprivation show a pattern
of cortical hypoactivation when viewing emotional facial expres-
sions (Parker and Nelson, 2005), and familiar and unfamiliar faces
(Parker et al., 2005). A second set of important studies by Pollak
and colleagues has demonstrated that school-aged children who
had been exposed to physical abuse allocate more attention to
angry faces (Pollak et al., 1997, 2001) and require more attentional
resources to disengage from such stimuli (Pollak and Tolley-Schell,
2003) leading to problems with emotional regulation that may
predispose to anxiety (Shackman et al., 2007). Findings consistent
with this pattern have also been obtained with toddlers who expe-
rienced maltreatment in their first year of life (Cicchetti and Curtis,
2005). It appears therefore that some maltreated children allocate
more resources and remain hyper-vigilant to social threat cues in
their environment, potentially at the cost of other developmental
processes.

ADULTS WHO HAVE EXPERIENCED MALTREATMENT AS CHILDREN
Three fMRI studies using a range of paradigms have compared
adults with a history of childhood maltreatment to adults without
such a history. Using a flanker task with face stimuli, Grant et al.
(2011) observed a robust positive correlation between physical
abuse and right amygdala response to sad faces in sample including
20 patients with depression and 16 healthy controls. Importantly,
group differences indicated that heightened amygdala response to
sad faces was not a characteristic of individuals with depression,
but rather of those with a significant history of maltreatment.
This pattern of amygdala response to negative faces is consistent
with that observed in maltreated children in the studies reviewed
above. Dillon et al. (2009) recently investigated reward process-
ing using a monetary incentive delay task and found that adults
with a history of childhood maltreatment, relative to peers with no
history of adversity, reported higher depressive symptoms, rated
reward-predicting cues as less positive, and exhibited a blunted
brain response to reward cues in the left pallidus. According to
the authors, this result suggests a possible link between childhood
adversity and later depressive psychopathology. Given the overlap
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Table 1 | Structural magnetic resonance brain imaging studies comparing maltreated to non-maltreated individuals.

Brain

regions

Studies# ED Mean age

years

Sample Summary of results

HIPP De Bellis et al. (1999b) No 12.1 44 MP vs. 61 NM n.s.

Carrion et al. (2001) No 11.0 24 MP vs. 24 NM n.s.

Mehta et al. (2009) Yes 16.1 14 M vs. 11 NM n.s.

Carrion et al. (2007) No 10.4 15 MP Cortisol levels and PTSD symptoms predicted the degree

of hippocampal volume reduction

Pederson et al. (2004) No 25.1 17 MP vs. 17 M vs. 17 NM n.s.

Vythilingam et al. (2002) No 31.3 21 MD vs. 11 DEP vs. 14 NM MD < DEP = NM, left hippocampus, right hippocampus:

n.s.

Vermetten et al. (2006) No 38.7 15 MDI vs. 23 NM M < NM, left and right hippocampus

AMY Mehta et al. (2009) Yes 16.1 14 M vs. 11 NM M > NM, right amygdala, left amygdala: trend

Tottenham et al. (2010) Yes 9.0 34 M vs. 26 NM M > NM, but only for those adopted after 15 months of

age (n = 17)

Vermetten et al. (2006) No 38.7 15 MDI vs. 23 NM M < NM, left and right amygdala

Bremner et al. (1997) No 41.3 17 MP vs. 17 NM n.s.

Andersen et al. (2008) No 19.7 26 M vs. 17 NM n.s.

CC/WM Mehta et al. (2009) Yes 16.1 14 M vs. 11 NM n.s.

De Bellis et al. (1999b) No 12.1 44 MP vs. 61 NM M < NM

De Bellis et al. (2002) No 11.5 28 MP vs. 66 NM M < NM

De Bellis and Keshavan (2003) No 67 MP vs. 122 NM M < NM

Teicher et al. (2004) No 12.4 51 M vs. 115 NM M < NM

Jackowski et al. (2008) No 10.6 17 MP vs. 15 NM M < NM

Govindan et al. (2010) Yes 11.3 17 M vs. 15 NM M < NM, FA values in left/right UF, left/right SLF, left/right

AF

Eluvathingal et al. (2006) Yes 10.2 7 M vs. 7 NM M < NM, FA values in left uncinate fasciculus

Kitayama et al. (2007) No 37.3 9 MP vs. 9 NM M < NM, area of the posterior midbody of the corpus

callosum

Choi et al. (2009) No 21.5 16 M vs. 16 NM M < NM, FA values in left arcuate fasciculus, left cingulum

bundle, left body of the fornix

PFC De Bellis et al. (1999b) No 12.1 44 MP vs. 61 NM n.s.

De Bellis et al. (2002) No 11.5 28 MP vs. 66 NM M < NM, PFC volume and PFC white matter

Richert et al. (2006) No 11.0 23 MP vs. 23 NM M > NM, GMV in the middle-inferior and ventral regions of

the PFC

Carrion et al. (2009)* No 11.0 24 MP vs. 24 NM Manual tracing: M > NM, GMV inleft/right/superior/inferior

regions of the PFC; VBM: M > NM, volume of ventral PFC

Hanson et al. (2010)** No 11.9 31 M vs. 41NM M < NM, orbitofrontal cortex GMV, which correlated neg-

atively with social functioning difficulties

Tomoda et al. (2009)* No 21.7 23 M vs. 22 NM M < NM, gray matter volume in the left dorsolateral PFC

and the right medial PFC

Treadway et al. (2009)* No 32.8 19 MD vs. 19 NM M < NM, reduced volume of the rostral ACC

van Harmelen et al. (2010)* No 37.6 84 M vs. 97 NM M < NM, left dorsal medial PFC

ACC, anterior cingulate cortex; AF, arcuate fasciculus; AMY, Amygdala; CC, corpus callosum; DEP, depression; ED, early deprivation; GMV, gray matter volume; HIPP,

hippocampus; M, maltreated; MD, maltreated with depression; MDI, maltreated with dissociation; MP, maltreated with PTSD/PTSD symptomatology; NM, non-

maltreated; n.s., not statistically significant; PFC, prefrontal cortex; PTSD, post-traumatic stress disorder; SLF, superior longitudinal fasciculus; UF, uncinate fasciculus;

VBM, voxel-based morphometry; WM, white matter.
#All the studies used manual tracing to define their region of interest except: * Voxel-based morphometry; ** Tensor-based morphometry.
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between the brain regions previously identified in sMRI studies
in maltreated populations and the projection area of the olfactory
system, such as the amygdala, OFC, and hippocampus, Croy et al.
(2010) compared neural response to neutral and pleasant olfac-
tory stimulation between female patients from a psychosomatic
clinic with (n = 12) and without (n = 10) a history of childhood
abuse. Results indicated that, despite similar group ratings for
hedonic and intensity values of the stimuli and normal neural
activation in olfactory projection areas, patients with a history of
childhood maltreatment displayed increased activation in the pos-
terior cingulate cortex and decreased activation in the subgenual
ACC, possibly indicative of altered processing of non-traumatic
stimuli.

SUMMARY: FUNCTIONAL BRAIN DIFFERENCES ASSOCIATED WITH
MALTREATMENT
Studies of adults using fMRI suggest that the experience of mal-
treatment may be associated with hyperactivity of the amygdala
in response to negative facial affect; such an effect has also been
reported in children who have experienced early institutionaliza-
tion. Studies of maltreated children that have examined response
inhibition have observed increased activity in the ACC. The find-
ings from these fMRI studies of children and adults are summa-
rized in Table 2. ERP studies have found increased responses
to angry faces in prefrontal regions consistent with increased
attentional monitoring for social threat.

THE GENETICS OF RESILIENCE AND VULNERABILITY
DO GENETIC DIFFERENCES ACCOUNT FOR INDIVIDUAL DIFFERENCES
IN RESILIENCE AND VULNERABILITY?
Many recent studies have measured the biological impact of envi-
ronmental adversity by taking into account genetic differences that
may constrain the stress response and increase the likelihood of
resilience vs. vulnerability following maltreatment (Moffitt et al.,
2005). Twin and adoption studies have demonstrated that many

of the psychiatric outcomes that are associated with maltreatment,
such as PTSD, depression, and antisocial behavior, are partly heri-
table (e.g., Sullivan et al., 2000; Rhee and Waldman, 2002; Koenen
et al., 2008). In other words, individual differences in susceptibility
to these disorders are partly driven by genetic influences. Despite
demonstrable heritable influences, it is not the case that there are
genes for PTSD, depression, or antisocial behavior. Rather, there
are genetic variants each adding a small increment to the proba-
bility that someone may develop or be protected from developing
a psychiatric disorder (Plomin et al., 1994). It is believed that these
genetic variants act across the lifespan by biasing the functioning
of several brain and hormonal circuits, which mediate the body’s
response to stress (Viding et al., 2006).

For example, linkage and association studies have impli-
cated variants within several genes, such as monoamine oxidase-
A (MAOA), Brain-Derived Neurotrophic Factor (BDNF), sero-
tonin transporter (5-HTT), and catechol-O-methyl transferase
(COMT) in the etiology of PTSD, depression, and antisocial
behavior (e.g., Craig, 2007; Feder et al., 2009). Several issues
should be borne in mind when considering these genetic find-
ings. Firstly, for every study reporting a positive association
between a gene and a disorder there seem to be an equal or
larger number of negative findings. This is not surprising. Given
the assumed small main effect of any single gene on behavioral
outcome, the reliable detection of a main effect will require a
degree of statistical power that is beyond most existing stud-
ies. Secondly, although the genes influencing stress reactivity
are likely to act in an additive manner, gene–gene interactions
have also been reported to drive individual differences in stress
reactivity; for example, carrying two risk-associated gene vari-
ants may confer a greater level of vulnerability to stress reac-
tivity compared to the combined risk conferred by each sepa-
rately (e.g., Kaufman et al., 2006). Thirdly, several GxE interac-
tion studies have demonstrated that in addition to conferring
vulnerability to environmental adversity, genetic make-up can

Table 2 | Functional magnetic resonance brain imaging studies comparing maltreated to non-maltreated individuals.

Studies ED Mean age years Sample Task Summary of results

Maheu et al. (2010) Yes 13.6 11 M vs. 19 NM FP M > NM, left amygdala in response to fearful and angry faces,

right amygdala: n.s.

Tottenham et al. (2011) Yes 10.1 22 M vs.22 NM FP M > NM, in left and right amygdala in response to fearful faces

Carrion et al. (2008) No 13.5 16 MP vs.16 NM GNG M > NM, in left and right ACC when in contrast no-go minus go

trials

Mueller et al. (2010) Yes 13.0 12 M vs. 21 NM STOP M > NM, in left and right ACC when contrast correct change

minus correct go

Carrion et al. (2010) No 13.9 16 MP vs. 11 NM VDM M < NM, right HIPP activity negatively correlated with symptoms

severity, left HIPP: n.s.

Grant et al. (2011) No 32.8 10 MD vs. 10 M

vs. 16 NM

FTF M > MD = NM, in right amygdala response to sad faces, left

amygdala: n.s.

Dillon et al. (2009) No 30.8 13 M vs. 21 NM R/L-P M < NM, blunted brain response to reward cues in the left

pallidus

Croy et al. (2010) No 39.9 12 M vs. 10 NM OS M > NM, increased activation in posterior cingulate cortex and

decreased activation in subgenual ACC

ACC, anterior cingulate cortex; ED, early deprivation; FP, face processing; FTF, Flanker task with face stimuli; GNG = Go/No-go; M, maltreated; MD, maltreated with

depression; MP, maltreated with PTSD/PTSD symptomatology; NM, non-maltreated; R/L-P, reward/loss processing; STOP, stop task; VDM, verbal declarative memory.
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also denote resilience. Finally, the vulnerability effects exerted
by the genes do not appear to be disorder specific. In other
words, the same risk genes are often implicated in the etiol-
ogy of several disorders associated with maltreatment/adversity.
For example, 5-HTT has been associated with PTSD, depression,
and antisocial behavior (e.g., Cicchetti et al., 2007; Feder et al.,
2009).

THE INTERACTION OF GENES AND ENVIRONMENT IN CONFERRING
RISK OR RESILIENCE
There is intuitive appeal of a biologically driven predisposition
(genes) interacting with environmental factors to produce an indi-
vidual’s phenotype (i.e., the classic notion put forward by the
stress-diathesis model). GxE research has taken off in recent years
following the first seminal reports of gene–environment inter-
action by Caspi et al. (2002). Much of this work has focused
on outcomes of early stress and maltreatment as a function
of genotype. Caspi et al. (2002) were the first to report on
an interaction of a measured genotype (MAOA) and environ-
ment (maltreatment) for a psychiatric outcome and demon-
strated that individuals who are carriers of the low activity allele
(MAOA-l), but not of the high activity allele (MAOA-H), are
at an increased risk for antisocial behavior disorders following
maltreatment.

This finding has since been replicated by several other research
groups (see Taylor and Kim-Cohen, 2007; Weder et al., 2009)
and imaging genetic studies have found that the risk, MAOA-
l, genotype is related to hyper-responsivity of the brain’s threat
detection system and reduced activation in emotion regulation
circuits, as well as to structural differences (in males) in key regu-
latory regions, such as OFC (Meyer-Lindenberg et al., 2006). This
work suggests that a mechanism by which MAOA genotype engen-
ders vulnerability to (reactive) aggression following maltreatment
may include increased and poorly regulated neural reactivity to
threat cues in the environment (Viding and Frith, 2006).

These studies suggest that genotypes potentially serve as predic-
tors of both risk and resilience for adult psychiatric outcomes for
people who have survived childhood maltreatment and abuse. GxE
research has also suggested that positive environmental influences,
such as social support, can buffer genetic and environmental risk
for psychopathology and promote resiliency. Kaufman et al. (2006)
demonstrated that children with genetic vulnerability (BDNF met
allele and two 5-HTT short alleles) and environmental risk (mal-
treatment) were less likely to develop depression if they had social
support. This finding illustrates the importance of considering
positive environmental influences (such as contact with a sup-
portive attachment figure) and how these may be protective even
in the context of genetic vulnerability.

EPIGENETICS AND THE IMPACT OF EARLY REARING ENVIRONMENT
The risk effects of a gene may never manifest if that gene is
not actually expressed. The regulation of gene expression has
been proposed as a potential molecular mechanism that can
mediate maladaptations (vulnerability) as well as adaptations
(resilience) in the brain (Tsankova et al., 2007). These “epigenetic”
mechanisms refer to complex processes by which environmental
influences can serve to regulate gene activity without altering the

underlying DNA sequence. We now know that epigenetic reg-
ulation is a candidate mechanism through which care-giving
behaviors, at least in animals, may produce long-lasting effects
on HPA activity and neuronal function (e.g., Weaver et al., 2004).
In other words, epigenetic modification of gene expression may
help explain the link between a set of maternal behaviors (high
licking and grooming of rat pups early in life) and more modest
HPA responses to stress (Weaver et al., 2004). One striking finding
from this work is that cross-fostering can reverse the epigenetic
methylation changes associated with less attentive maternal care
highlighting the ongoing importance of environmental influences
(both positive and negative) in shaping the stress response at the
biological level. Such reversibility has important implications for
intervention.

A recent animal study investigating epigenetic effects of mal-
treatment employed a rodent model in which infant rats were
exposed to stressed caretakers that showed abusive behaviors (Roth
et al., 2009). It was reported that early maltreatment produced
persisting changes in methylation of BDNF DNA. Critically, the
methylation changes altered BDNF gene expression in the adult
PFC and hippocampus. This finding is of particular interest as it
documents “epigenetic” effects of maltreatment in brain areas that
are known to be both structurally and functionally altered in adults
following maltreatment. Roth et al. (2009) also observed altered
BDNF DNA methylation in the offspring of these females that had
previously been exposed to maltreatment as pups. This suggests
the possibility of a trans-generational transmission of changes in
gene expression and behavior associated with early maltreatment,
even in a new generation of animals who had not been exposed to
such environmental stressors.

We know of only few human epigenetic studies that have
assessed the effects of maltreatment on gene expression. McGowan
et al. (2009) observed differences in epigenetic regulation of hip-
pocampal glucocorticoid receptor expression (including increased
cytosine methylation of an NR3C1 promoter) in suicide victims
with a history of childhood abuse, as compared with either sui-
cide victims with no childhood abuse or controls. Interestingly, the
epigenetic effects observed in the childhood abuse victims of this
human study were comparable to the effects observed for the rats
with low licking and grooming and reduced arched back nursing
mothers (Weaver et al., 2004). Another recent study suggested that
long-lasting changes in methylation of the 5-HTT promoter region
could explain some of the association between childhood sexual
abuse and symptoms of antisocial personality disorder in women
(Beach et al., 2011). To our knowledge, no studies have looked
at how baseline genotype differences may limit the extent and
nature of epigenetic changes following maltreatment to provide
a more mechanistic understanding of maltreatment GxE interac-
tions. Finally, it should be noted that epigenetic processes, such
as DNA methylation, regulate tissue specific gene expression. One
consequence for human research is that this limits our ability to
directly characterize epigenetic modification of neural structures
or central tissues implicated in stress regulation. This is in con-
trast to rodent models where it is possible to assay tissue from
cortical structures (e.g., Roth et al., 2009). While researchers have
attempted to circumvent this limitation by using post-mortem
tissue, this severely constrains the potential of further research in
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humans. It should be possible, however, to establish the association
between patterns of epigenetic modification of accessible tissues,
such as T cells in the blood or cells from buccal cheek swabs and
specific developmental experiences, such as maltreatment. There
is increasing evidence that measuring epigenetic changes longitu-
dinally using such cells can provide meaningful information with
regard to pathophysiology (e.g., Mill, 2011).

SUMMARY: GENETICS OF RESILIENCE AND VULNERABILITY
There are genetic influences on individual differences in the
psychiatric outcomes associated with maltreatment. Recent GxE
interaction studies suggest that certain polymorphisms may confer
vulnerability or resilience to maltreatment, for example in terms of
later levels of PTSD, depression, or antisocial behavior. Epigenetics
is providing an exciting new avenue of research that aims to under-
stand the mechanisms by which gene expression is influenced by
exposure to environmental stressors and protective factors.

LIMITATIONS OF CURRENT RESEARCH
It is important to highlight several limitations that characterize
many of the research studies investigating maltreatment. Firstly,
all, but one (Carrion et al., 2007) of the brain imaging studies
included in this review are cross-sectional, therefore no conclu-
sions can be made on the causal effect of maltreatment on the
brain; indeed it is possible (albeit unlikely) that the reported brain
differences might represent a risk factor for exposure to maltreat-
ment that in turn increases the risk of developing psychopathology.
Secondly, the studies on adult samples have all relied on subjective
retrospective reporting of maltreatment, which is liable to errors
in recall that may reduce the reliability and validity of the data col-
lected. Thirdly, researchers in the field have struggled to recruit and
assess samples of children and adults that are readily comparable.
Samples labeled “maltreated” have often been highly heteroge-
neous, drawn from different contexts (e.g., residential settings vs.
home environments) and have been characterized by very differ-
ent maltreatment histories. There is an increasing recognition of
the need to improve the construct validity of measures that assess
maltreatment type (Herrenkohl and Herrenkohl, 2009) as well as
improve our accuracy in gaging maltreatment severity (Litrownik
et al., 2005). If findings across studies are to be meaningfully
compared, future studies need to meet the challenge of becoming
more systematic in delineating maltreatment type, chronicity, fre-
quency, and even perpetrator identity in their samples. There are
some notable exceptions where researchers are already working to
address these challenges (e.g., Andersen et al., 2008; Cicchetti and
Rogosch, 2001). Fourthly, as noted earlier, many studies of adults
and children have tended to recruit individuals with PTSD, partic-
ularly studies assessing structural brain differences. This approach
makes it difficult to tease apart effects unique to maltreatment
experience and current psychopathology. However, there now are
a number of new studies that have recruited children who have
experienced maltreatment but who do not present with PTSD
(e.g., Hanson et al., 2010). Finally, it is worth noting the relatively
small sample sizes that have characterized some of the studies
reviewed here, particularly in several neuroimaging studies. There
are undoubtedly real practical barriers that make recruiting such
samples of children difficult, but larger samples would certainly

improve statistical power, and allow us to better understand indi-
vidual differences. These limitations should act to caution any
strong conclusions regarding the neurobiological developmental
trajectories of children experiencing maltreatment.

CLINICAL IMPLICATIONS
There is good evidence that early adversity in the form of child-
hood maltreatment is associated with poor outcome across a range
of domains; in our view the evidence reviewed here suggests that
this association is likely to be reflected, at least in part, at the
neurobiological level. Specifically it appears that an early hostile
environment contributes to stress-induced changes in the child’s
neurobiological systems that may be adaptive in the short-term but
which reap long-term costs. These costs can be conceptualized at
both the biological and psychological level. At the biological level
we know from animal and human studies that chronic exposure to
early stress is associated with atypical levels of stress hormones that
may have an effect on the structure and function of the neurobio-
logical systems that underpin social and psychological functioning
(e.g., Arborelius et al., 1999; McEwen and Gianaros, 2010). At the
psychological level it is possible that attentional and emotional sys-
tems adapt, such that they may become more effective in detecting
and processing social threat but less able to successfully negotiate
other aspects of social interaction (Pollak, 2008). One might spec-
ulate that these psychological changes ultimately become manifest
as clinical symptoms in some children, for example as attentional
difficulties or in the form of reactive aggression.

While neurobiological and genetic research has genuine long-
term potential to inform clinical practice (Cicchetti and Gunnar,
2008; McCrory et al., 2010), it has already contributed to a broad-
ening of our developmental narrative when thinking about how
disruption to early caregiving can impact on a child’s psycholog-
ical and emotional development. Research at the neuroendocrine
level – that has documented changes in the functioning of the
HPA axis in children and adults who have experienced maltreat-
ment – is probably the most advanced in this regard. Maternal
behavior, for example, has been shown to be predictive of how
well very young infants respond to everyday stressors: infants
with mothers demonstrating higher quality maternal behavior,
including greater sensitivity, show lower cortisol responses (Albers
et al., 2008). Similarly, attachment security has been found to be
associated with a child’s pattern of stress reactivity to novel and
stressful environments, such as entering child care for the first time
(Ahnert et al., 2004). In securely attached infants the presence of
their mother serves a stress protective function, indicated by lower
levels of cortisol production when adapting to a novel environ-
ment; this contrasts with higher levels of cortisol production in
insecurely attached infants (Ahnert et al., 2004). Such variation
in normative samples illustrates how sensitively the neurobiolog-
ical system is calibrated by the behavior of the caregiver who is
tasked both with creating a safe micro-environment for the child
and with helping the child regulate their own emotional states.
In other words, patterns of sensitive, responsive, and attentive
caregiving provides an external mechanism that can help regu-
late glucocorticoid and other stress responses (Nachmias et al.,
1996; Gunnar and Donzella, 2002). This review has highlighted the
consequences of maltreatment where such scaffolding is markedly
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absent and a child is forced to regulate their own levels of stress
and/or manage heightened levels of negative affect in the environ-
ment. Sadly, in some cases it is the caregiver themselves who may
be the source of stress for the child. As we have seen, this may lead
to developmental adaptation of the HPA axis with psychological
and biological consequences that increase long-term vulnerability
for psychopathology (Gunnar and Cheatham, 2003).

A greater understanding of how the quality of caregiving can
alter a child’s stress reactivity has prompted several studies where
the effectiveness of an intervention has been partly evaluated by
assessing a child’s cortisol reactivity under mild stress. Dozier et al.
(2006a,b), for example, have investigated patterns of cortisol reac-
tivity in children following an attachment-based intervention for
foster parents. Children whose foster parents received this inter-
vention essentially showed a normalization of cortisol responses
to a social stressor (Dozier et al., 2008), demonstrating that clini-
cal interventions may have the capacity to help recalibrate a child’s
stress reactivity.

While these studies investigating the relationship between
indices of a child’s HPA axis functioning and parenting have clear
clinical relevance, the field of brain imaging lags somewhat behind
in this regard. As yet, there is limited scope for explicit implica-
tions to be drawn from existing brain imaging research. Arguably
there are several reasons what this is the case. Firstly, struc-
tural brain imaging studies have generally not aimed to explore
the functional significance of observed brain differences in mal-
treated and non-maltreated children. Rather the interpretation of
an observed difference is generally made in the context of our
existing neurocognitive framework regarding the function of a
given region. For many brain regions such a framework remains
sparsely delineated, particularly within child samples. There have
been a number of notable exceptions to this rule. In a recent study,
Hanson et al. (2010) investigated not only structural differences
in a region implicated in social functioning (the OFC) but investi-
gated whether such differences were associated with impairments
in actual social functioning of the children who participated in
the study. Establishing brain–behavior correlations in this way
is an important advance in building a more clinically relevant
framework within which structural brain imaging findings can be
meaningfully interpreted. Ultimately these correlational studies
need to be complemented by longitudinal as well as by interven-
tion studies that will allow changes in the child’s environment and
behavior to be measured alongside changes in brain structure and
function. Such an approach is necessary if we are to begin to make
even tentative inferences regarding causality.

Secondly our ability to draw clinical implications is constrained
by our limited understanding of how neurobiological sensitivity to
stress varies across development. This issue is not straightforward
for the simple fact that brain areas are characterized by regional
variation in rates of maturation; in other words, different brain
regions develop at different rates (Gogtay et al., 2004). Therefore
a given brain region may be more or less susceptible to the impact
of maltreatment at a given stage in development. The consequence
of this for researchers is that the same experience may lead to dif-
ferent patterns of brain abnormality depending on when a child
is exposed to a given traumatogenic event. Andersen et al. (2008),
who employed an innovative cross-sectional design, have reported

preliminary evidence for this phenomenon. They aimed to inves-
tigate whether the experience of sexual abuse at different ages
had specific effects in terms of regional brain volume. Twenty-
six young women aged between 18 and 24 who had experienced
repeated episodes of childhood sexual abuse were compared with
non-abused controls. The authors reported that hippocampal vol-
ume was reduced in association with childhood sexual abuse at
ages 3–5 years and ages 11–13 years; CC volume was reduced with
childhood sexual abuse at ages 9–10 years, and frontal cortex vol-
ume was reduced in subjects with childhood sexual abuse at ages
14–16 years. The authors concluded that different brain regions
are likely to have unique windows of vulnerability to the effects
of traumatic stress. This study highlights the possibility that the
same maltreatment experience (in this case, sexual abuse) may
have very different effects on brain structure depending on the age
at which the abuse was experienced. It might be conjectured that
these windows of vulnerability would be differentially susceptible
to different forms of traumatic stress or maltreatment; however,
further research is required to support such a hypothesis.

For most clinicians, a third limitation of the existing brain
imaging literature pertains to the populations of children investi-
gated. As noted earlier, many of the structural studies have focused
on children presenting with clinically diagnosed PTSD, making it
difficult to identify the specific correlates that are uniquely asso-
ciated with maltreatment as opposed to those that might reflect
predisposition to PTSD. To date the two fMRI studies of emotional
processing have recruited children who have experienced early
institutionalization and subsequent adoption. These children, who
have experienced a diverse range of early stressors – most of which
are undocumented – are very unlikely to be representative of the
community samples typically referred to social services. Commu-
nity based familial maltreatment, including physical, sexual, and
emotional abuse as well as neglect and domestic violence charac-
terize the majority who present to mental health clinics. These are
not rare experiences, with 896,000 cases of substantiated maltreat-
ment in the USA alone during 2005 (U.S. Department of Health
and Human Services, Administration on Children, Youth, and
Families, 2007). Despite this, we know almost nothing about the
functional neural correlates of such experiences in these children,
which limits our ability to make clinically informed inferences.

Recent years have increased our understanding of gene–
environment interactions that may increase the likelihood of
psychopathology in children exposed to maltreatment. From a
clinical perspective this helps provide a rationale as to the poten-
tial for individual variability in outcome for children exposed to
similar traumatic experiences. In the field of GxE research it is
recognized that advances will be contingent on improvements in
how environmental influences are quantified, and precision in
identifying the timing of their occurrence (Lenroot and Giedd,
2011). However, there is preliminary evidence that genetic poly-
morphisms may also help account for the potential variability in
clinical outcome. In a study of 1- to 3-year-old children with exter-
nalizing problems Bakermans-Kranenburg et al. (2008) found
a moderating role for the dopamine D4 receptor (DRD4) in a
video-feedback intervention study designed to improve maternal
sensitivity and discipline. The intervention was effective primarily
in those children with the DRD4 7-repeat polymorphism. This is
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the first study to provide preliminary evidence that gene by envi-
ronment interactions may play an important role in explaining
the differential effectiveness of a given intervention. We remain
a long way, however, from being able to tailor interventions
to specific groups of children on the basis of genetic informa-
tion. Nonetheless, improving our conceptual understanding of
the factors underpinning outcome variability will represent an
important advance in our efforts to treat more effectively the
wide range of problems that are known to be associated with
maltreatment.

CONCLUSION
While there is now accumulating evidence indicating an associa-
tion between neurobiological change and childhood maltreatment
there remains a need for caution in how such evidence is inter-
preted. Much of the research to date has been based on very
mixed samples of children or adults with diverse experiences of
early adversity. This partly derives from the complexities inherent
in the defining and assessing maltreatment type, given that abu-
sive experiences seldom occur in isolation. Nonetheless greater
precision and homogeneity in how groups are characterized in
relation to maltreatment experience, age range, socio-economic
status, and intellectual ability are required, as too is the need for

longitudinal and intervention studies. This will assist in making
more meaningful inferences about the significance of any observed
neurobiological differences.

Nonetheless, the studies reviewed here support a growing con-
sensus that maltreatment contributes to stress-induced changes
in a child’s neurobiological systems. While these changes may
be adaptive in the short-term it is hypothesized that they con-
tribute to heightened risk for psychopathology over the longer
term. There is a need to specify with more precision the psycholog-
ical factors that may mediate the association with poor behavioral
outcome, both in terms of adaptations to psychological processes
(e.g., attentional hypervigilance to threat) and in terms of inter-
nal representations of self and others (e.g., schemas or internal
working models). The longer-term goal is to establish a clearer
picture of the links between environmental stress, neurobiologi-
cal, and neuroendocrine change and the ways in which these may
potentiate and shape social, affective, and cognitive development.
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High resolution diffusion tensor imaging (DTI) can provide important information on brain
development, yet it is challenging in live neonatal rats due to the small size of neonatal
brain and motion-sensitive nature of DTI. Imaging in live neonatal rats has clear advantages
over fixed brain scans, as longitudinal and functional studies would be feasible to under-
stand neuro-developmental abnormalities. In this study, we developed imaging strategies
that can be used to obtain high resolution 3D DTI images in live neonatal rats at postnatal
day 5 (PND5) and PND14, using only 3 h of imaging acquisition time. An optimized 3D DTI
pulse sequence and appropriate animal setup to minimize physiological motion artifacts
are the keys to successful high resolution 3D DTI imaging. Thus, a 3D rapid acquisition
relaxation enhancement DTI sequence with twin navigator echoes was implemented to
accelerate imaging acquisition time and minimize motion artifacts. It has been suggested
that neonatal mammals possess a unique ability to tolerate mild-to-moderate hypothermia
and hypoxia without long term impact.Thus, we additionally utilized this ability to minimize
motion artifacts in magnetic resonance images by carefully suppressing the respiratory rate
to around 15/min for PND5 and 30/min for PND14 using mild-to-moderate hypothermia.
These imaging strategies have been successfully implemented to study how the effect of
cocaine exposure in dams might affect brain development in their rat pups. Image quality
resulting from this in vivo DTI study was comparable to ex vivo scans. fractional anisotropy
values were also similar between the live and fixed brain scans.The capability of acquiring
high quality in vivo DTI imaging offers a valuable opportunity to study many neurological
disorders in brain development in an authentic living environment.

Keywords: magnetic resonance imaging, diffusion tensor imaging, brain development, white matter, neonatal rats

INTRODUCTION
High resolution non-invasive imaging on live neonatal rodents
is a highly desirable tool in neurological development studies,
as it can provide full representation of 3D neuroanatomy and
allow for longitudinal studies. The spatio-temporal maturation
pattern of the rodent brain obtained using such neuroimag-
ing methods affords valuable information in the identification
of normal, as well as abnormal, brain developmental features.
Magnetic resonance (MR) diffusion tensor imaging (DTI) is a
quantitative and non-invasive imaging technique reflecting the
magnitude and direction of water molecule diffusion in tissues.
DTI offers a unique non-invasive window into the process of
brain maturation (Le Bihan et al., 1986; Basser and Pierpaoli,
1996) using a set of water diffusion related parameters, including
fractional anisotropy (FA), radial diffusivity (RD), axial diffusiv-
ity (AD), and mean diffusivity (MD). FA reflects water diffusion
anisotropy due to the differences among diffusitivities along the
three principal directions. As a result of the presence of orderly
arranged axon and myelin sheaths within white matter fiber tracts,
FA values are usually higher in white matter structures than

surrounding brain regions. MD is an averaged measure of local
water diffusivity.

Due to the presence of myelin sheaths and microstructural
components of axons in white matter, water molecules move more
freely along than perpendicularly to the long axis of the white
matter fiber. This phenomenon is known as anisotropic diffusion.
Though anisotropic diffusion can still be detected in a white mat-
ter dysmyelination mouse model (shiverer mice), it is significantly
lower in the fixed brains of shiverer mice than that of wild-type
(Tyszka et al., 2006). It has been suggested that both myelina-
tion and intact axon structures contribute to diffusion anisotropy
(Mori et al., 2001; Neil et al., 2002; Zhang et al., 2003; Tyszka
et al., 2006). Thus, data gleaned from DTI is directly linked to
the anatomic organization and microstructural features of white
matter fiber tracts (Basser et al., 1994); information that cannot
be obtained through conventional MRI T1 or T2 images.

Aside from traditional DTI techniques, 3D high resolution
DTI MRI (Adolph, 1948) on intact rodent brains provides a 3D
characterization of tissue samples in a non-destructive way and
therefore is free from sectioning-related artifacts (Mori et al., 2001)
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when compared to histological methods. Moreover, unlike the
labor intensive histological methods, high resolution 3D DTI of
the whole brain is obtained during one scan session and can be
“sliced” in any orientation desired. Therefore, it potentially plays
an important role in neonatal developmental studies (Neil et al.,
1998; Mori et al., 2001; Zhang et al., 2003; Bockhorst et al., 2008).
Since DTI MR imaging utilizes strong magnetic gradients to gen-
erate imaging contrast based on small water molecule diffusion,
it is inherently extremely sensitive to motion induced artifacts.
Furthermore, in order to acquire high resolution DTI images, his-
torically, long acquisition times (>10 h) have to be utilized for
both diffusion and spatial encoding. These two major limitations
make 3D DTI imaging difficult for live animals (Schick, 1997; Mori
and van Zijl, 1998; Xue et al., 1999; Mori et al., 2001).

Thus far, most studies have been performed in ex vivo fixed
brain specimen (Zhang et al., 2003, 2005; Verma et al., 2005;
Tyszka et al., 2006; Huang et al., 2008; Aggarwal et al., 2010; Jiang
and Johnson, 2010). DTI imaging on live neonatal rodents offers
many advantages over fixed brain specimen scans. First, it provides
information in an authentic physiological environment without
the effects of brain fixation. Second, it allows for a longitudinal
follow-up study to probe the temporal change of brain develop-
ment or disease progress in the same animals, leading to more
statistical power without the need of sacrificing a large number of
animals.

Currently, efforts have been made toward DTI imaging of live
rodents. However, most of these studies are multi-slice 2D DTI
imaging-based, using either conventional spin echo or echo planar
imaging (EPI) spin echo sequences (Sun et al., 2003, 2005; Chah-
boune et al., 2007, 2009; Bockhorst et al., 2008; Kim et al., 2009).
Compared with 3D acquisition mode, it is difficult to achieve less
than 0.5 mm through-plane resolution in such images, due to the
limitation of the radio-frequency (RF) excitation slice profile in
2D acquisition. For perspective, it has been demonstrated that
0.5 mm is in the range of the width of corpus callosum (from
0.327 to 0.751 mm) of 3-month Purdue-Wistar rats (Fitch et al.,
1990). Many studies have shown that spatial resolution can affect
the accuracy of FA calculation (Kim et al., 2006). Additionally,
partial-volume-effects can lead to an underestimation of FA, and
thus inaccurate assessment of spatio-temporal changes of white
matter. This problem, which is exacerbated particularly in the
neonatal rodent brain due to its small size, can be mitigated by
high resolution 3D imaging. Thus far, only a few studies have suc-
cessfully performed 3D DTI imaging in live adult rodent brains
using a DTI rapid acquisition relaxation enhancement (RARE)
based approach (Xue et al., 1999; Aggarwal et al., 2010). Due to
the high respiratory rates of neonatals, it is even more challenging
to achieve high resolution DTI in neonatal rat pups.

In this study, we have investigated tactics which may facilitate
the acquisition of high resolution 3D DTI imaging in neonatal
rats. We have found that an optimized 3D DTI RARE method,
with motion and eddy current artifacts correction using twin nav-
igator echoes phase correction strategy (Xue et al., 1999), can
allow for a 3D DTI acquisition within a few hours (∼3 h). It
has been suggested that mammalian neonatal can tolerate mild-
to-moderate hypothermia and hypoxia when compared to their
adult counterparts (Adolph, 1969; Singer, 1999). Thus, we used

mild-to-moderate hypothermia to minimize motion artifacts in
MR images by carefully suppressing the respiratory rate to 15/min
for postnatal day 5 (PND5) and 30/min for PND14. In this paper,
we explored the feasibility of acquiring high resolution 3D DTI
images in live neonatal rats at two different ages using these strate-
gies. Image quality and various DTI parameters of the live neonatal
rat scans were compared with those of postmortem fixed brain
scans at the same ages.

MATERIALS AND METHODS
MRI PULSE SEQUENCE
Conventional 3D Stejskal–Tanner spin echo DTI acquisition can
achieve high resolution images. However, the long acquisition
time (10 h or more) and highly motion-sensitive nature limit its
usage mainly on postmortem imaging. Two major DTI acquisition
approaches, diffusion weighed EPI/SPIRAL (DW–EPI/SPIRAL)
and diffusion weighed rapid acquisition relaxation enhancement
(DW–RARE) methods, can be employed to accelerate the acquisi-
tion time by a factor of 2–10 when compared to the conventional
diffusion weighed spin echo pulse sequence (Turner and Lebihan,
1990; Muller et al., 1994; Schick, 1997; Mori and van Zijl, 1998;
Pipe et al., 2002; Liu et al., 2004; Frank et al., 2010). By refocus-
ing the echoes using a series of 180˚ RF pulses, the advantage of
DW–RARE over the DW–EPI/SPIRAL pulse sequence is that it
is less sensitive to signal loss and image distortion caused by the
field inhomogeneity, a feature that is critically important for small-
animal high resolution 3D DTI study using high magnetic fields
(Pipe et al., 2002; Deng et al., 2008; Sarlls and Pierpaoli, 2008).
However, motion artifacts augmented by the diffusion sensitiz-
ing gradients may degrade image quality through the different
magnetization pathways generated by multiple 180˚ RF pulses
for the DW–RARE method. Proper strategies need to be taken
to minimize such artifacts.

Similar to the approach proposed by Mori and van Zijl (1998),
a 3D DTI RARE sequence with twin navigator echoes was imple-
mented on a Bruker horizontal bore 9.4 T scanner (BioSpec 9.4/30
USR, Bruker Biospin, Billerica, MA, USA). A pair of diffusion gra-
dients was applied around the first 180˚ RF pulse. The strength and
direction of diffusion gradients were set according to the input b
value and diffusion directions. Moreover, to remove the stimu-
lated echo pathways that did not have correct diffusion encoding,
crusher gradients with varying magnitudes and polarities were
applied around each 180˚ refocusing RF pulse. The bandwidth of
the 180˚ refocus RF pulse was set at two to three times larger than
that of the excitation 90˚ RF pulse to minimize the stimulated
echoes induced by the imperfect refocus pulse. Two navigator
echoes were acquired after the imaging echoes to correct for
motion and eddy current artifacts (Mori and van Zijl, 1998). The
acquisition parameters were: TR = 700 ms; the first RARE echo
was assigned to the k-space center, effective TE = 23.662 ms; RARE
echo spacing = 11.9 ms.

The total imaging time is inversely proportionate to the RARE
factor. However, we cannot use a very high RARE factor in this DTI
RARE sequence due to the fact that the stimulated echo pathway
in high RARE factor readout becomes more complex and difficult
to be removed, leading to the poor image quality. Using phantom
studies, we empirically determined that a RARE factor of three
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yields a good trade-off between acquisition speed and sharpness
of images for in vivo neonatal animal scans.

Diffusion gradient duration δ = 6.5 ms, diffusion gradient sep-
aration Δ = 12.72 ms, field of view (FOV) = 27 mm × 19.2 mm ×
11 mm,matrix size = 180 × 128 × 55, the resolution = 0.15 mm ×
0.15 mm × 0.2 mm, readout direction: H–F, phase encoding direc-
tion: L–R, slab encoding direction: A–P. The twin navigator echoes
were used to correct for the phase incoherence between the
odd and even echoes to alleviate the motion and eddy current
effects (Mori and van Zijl, 1998). A 72-mm volume coil and
a surface coil were used for RF transmission and signal receiv-
ing, respectively, under an actively decoupled cross-coil routine
mode. Finally, the data was interpolated to the final matrix size
360 × 256 × 128 to achieve a nominal spatial resolution around
0.075 mm × 0.075 mm × 0.1 mm.

IN VIVO ANIMAL SCAN
This methods described were designed for a study (P01DA022446)
to determine how the effect of prenatal cocaine exposure may
affect a rat pup’s brain development. The animal scanning proto-
col was approved by Institutional Animal Care and Use Committee
(IACUC) of University of North Carolina at Chapel Hill. Twelve
Sprague-Dawley PND5 (average weight 9.6 ± 1.1 g) and 30 PND14
(average weight 32.3 ± 2.3 g) rats were studied. Male and female
subjects were in pairs from the same litter. Anesthesia was induced
using 3% isoflurane mixed with oxygen. For maintaining anes-
thesia in neonatal rats, isoflurane level was adjusted in the range
of 0.6–1.5 to keep the respiratory rate within a target range. The
body surface of PND5 pups was covered in 100% pure petroleum
jelly (Vi-Jon Laboratories, Inc, St. Louis, MO 63114, USA) to pre-
vent skin dehydration during image acquisition. The lower jaw of
PND5 pups was secured to reduce the bulk of the motion, and
reinforced by padding around the head. The room temperature
of the MR scanner room was set at 22˚C. Animal respiration and
surface body temperature were continuously monitored using a
MR compatible small-animal monitoring system SAII 1025L (SAII
Instruments, Inc, Stony Brook, NY 11790, USA). In this study,
body surface temperatures were obtained from abdomen region,
and maintained in the range of 24–26˚C and 33˚C for PND5 and
PND14 pups, respectively, using a circulating water heating sys-
tem. Thus, since the normal body surface temperature of rat pups
ranges from 35 to 37˚C, the PND5 and PND14 pups were under
moderate and mild hypothermic conditions, respectively. Respira-
tory rates were maintained at about 15/min and 30/min in PND5
and PND14 pups, respectively. A mouse head surface coil and a
rat head phase array surface coil were used for imaging PND5 and
PND14 rat pups, respectively. Six non-collinear diffusion encoding
directions with b = 1000 s/mm2 images and one baseline reference
b = 0 image were acquired for the in vivo DTI scans. The diffusion
b values were set to 1000 s/mm2 for the in vivo scans. The total scan
time was 3 h 10 min, which is reduced by a factor of three com-
pared to conventional DW–SE pulse sequences used to acquire the
same resolution DTI images.

POSTMORTEM FIXED BRAIN SCAN
Tissues were collected from both PND5 and PND14 rats follow-
ing standard cardiac puncture perfusions while under anesthesia

[150 g/kg sodium pentobarbital (sigma)], first with 1.5 mL/min
phosphate-buffered saline (PBS) followed by 1.5 mL/min 4%
paraformaldehyde. The intact head was then excised and placed in
4% paraformaldehyde. The specimens were placed in PBS solution
and stored at 4˚C at least 12 h before MR imaging. All fixed tissue
was equilibrated to room temperature for several hours prior to
imaging of the whole head. The sample temperatures were mea-
sured to be 21 ± 0.2˚C. Similar acquisition parameters of 3D DTI
RARE pulse sequence were used for DTI acquisition in fixed brain
specimen. In total, one baseline reference scan and 21 diffusion
encoding directions were utilized. Since the paraformaldehyde fix-
ation reduces water mobility in tissue (Sun et al., 2003, 2005),
a higher b value (b = 1600 s/mm2) was utilized for the post-
mortem fixed brain DTI. The fixed brains were scanned at room
temperature and the total image acquisition time was about 10 h.

COMPARISON BETWEEN IN VIVO AND EX VIVO SCANS
Since the postmortem scans were free of physiological motion-
related artifacts, these scans were used to quantitatively evaluate
the image quality of the in vivo scans. Two independent raters
performed their evaluation by examining the extent of motion
artifact, signal loss in images, overall noise, and other artifacts in
multiple brain regions. Using the fixed brain specimen DTI scans
as references, in vivo DTI images with very little motion artifact,
negligible ringing artifact, and little or no signal loss were rated
good, or otherwise rated poor. Scan successful rate was defined as
the ratio of good data set to total data set.

The signal to noise ratio (SNR) in the b = 0 reference and diffu-
sion scans was computed and compared between images acquired
from the in vivo and ex vivo scans. The chemical fixation procedure
changed many tissue MR properties, including T1, T2, and ADC,
leading to altered MR signal intensity in the images of the fixed
postmortem brains (Sun et al., 2003, 2005; Yong-Hing et al., 2005;
Shepherd et al., 2009). Taking these factors into consideration in
the SNR comparison, we computed the adjusted SNR for the ex
vivo fixed brain as SNRadjusted = Sadjusted/σ, where σ is the SD of
the background Gaussian noise, and Sadjusted is the adjusted MR
signal. The adjust MR signal is computed as

Sadjusted = S

(
M0live

M0fixed

)

eb·Dfixed e−b·Dlive e
TE

T 2fixed e
− TE

T 2live

× 1 − e
− TR

T 1live

1 − e
− TR

T 1fixed

,

where S is the measured MR signal from the postmortem brain,
and the subscripts “fixed” and “live” refer to the MR properties for
the fixed and live tissues, respectively.

Assuming a Dlive of 1 × 10−3 mm2/s, a T 1live of 1800 ms, a
T 2live of 40 ms and a proton density M0live of 1.0 for the in vivo
scans, and a Dfixed of 0.3 × 10−3 mm2/s, a T 1fixed of 1400 ms, a
T 2fixed of 32 ms and a proton density M0fixed of 0.85 for the ex
vivo scans using previously published literature values (de Graaf
et al., 2006; Shepherd et al., 2009), we computed SNRadjusted for
the ex vivo images. A two tail t -test was used to compare FA, MD,
and SNR between the in vivo and ex vivo scans.

All DTI data were processed using DTI Studio software
(www.mristudio.org). MD and FA were computed using ROIs
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ranging from 20 to 24 pixels (0.0113–0.0135 mm3), placed in the
genu of corpus callosum (gcc), body of corpus callosum (bcc),
splenium of corpus callosum (scc). DTI tractography was per-
formed using the gcc ROI as the seed point, and the tracking
algorithm was terminated when the FA value was below 0.25. The
allowed maximum turn angle for adjacent voxels was set to 70˚ to
minimize the occurrence of spurious fiber orientations caused by
noise.

RESULTS
All PND5 and PND14 rat pups recovered 10–30 min after MR
scans (∼3.5 h) with a zero mortality rate. Representative in vivo
images and ex vivo brain DTI images are demonstrated in Figure 1
and the computed diffusion indices, such as FA and MD are shown
in Figure 2. The two independent raters had the same ratings in
40 out of a total of 42 scans (a 95.2% agreement). For the two
cases that two raters initially disagreed, consensus was reached
after discussion. After reaching consensus, images acquired from
10 out of 12 PND5 and 27 out of 30 PND14 rats were rated as
“good,” resulting in success rates of 83 and 90% for the PND5
and PND14 pups, respectively. Though the overall image quality
of the in vivo scans was comparable to that of the ex vivo scans,
more ringing artifacts were observed in the b = 0 and diffusion
weighted raw images as demonstrated in Figure 1. However, these

remaining artifacts have very little effect on DTI indices as shown
in Figure 2.

As shown in Figure 2, major white matter fibers depicted in the
FA maps were similar between the in vivo and the ex vivo scans.
Conversely, the contrast between gray and white matter was more
pronounced in the ex vivo than in the in vivo MD images, suggest-
ing that MD had a greater reduction within white matter during
the chemical fixation.

Figure 3 demonstrates the efficacy of motion correction using
the twin navigator echoes. Due primarily to respiration and pul-
satile motion of large blood vessels near the ventral side, it was
expected that more motion artifact might occur in slices close to
the ventral side (Figure 3C) when compared to the dorsal side of
the head (Figure 3A). After the twin navigator echo motion cor-
rection, signal loss was recovered, and the background noise was
reduced as marked by the arrows in Figures 3B,D. Though DTI
image quality has been improved after the dual echo navigator
correction, some residual motion artifacts can still be observed.

Tables 1 and 2 shows the FA and MD values from the in vivo
and ex vivo scans in several anatomical regions: gcc, bcc, scc. There
was no statistically significant difference in the FA value between
the in vivo and the ex vivo scans, while MD values were signif-
icantly lower (P < 0.05) in the ex vivo scans, in agreement with
previous findings (Sun et al., 2003, 2005). Moreover, there was no

FIGURE 1 |The comparison of b = 0 and diffusion weighted images between the ex vivo scan and the in vivo scans. (A) Ex vivo baseline b = 0 image;
(B) ex vivo diffusion weighted image; (C) in vivo baseline b = 0 image; (D) in vivo diffusion weighted image. The axial, sagittal, and coronal plane images are
shown clockwise.
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FIGURE 2 |The comparison of FA and MD maps between the ex vivo and

the in vivo scan. (A) Ex vivo baseline image. (B) Ex vivo diffusion weighted
image (C) in vivo baseline image (D) in vivo diffusion weighted image. The
axial, sagittal, and coronal plane images are shown clockwise.

significant difference between the SNR of the in vivo scans and
the adjusted SNR of the ex vivo scans for both the baseline and
diffusion weighted images, as shown in Table 3.

Figure 4 shows the fiber tracking results in live and postmortem
fixed brain DTI images. The major fiber bundle of corpus callo-
sum can be readily obtained in PND5 and PND14 live DTI images.
The tracked fibers showed very similar patterns between the in vivo
and the ex vivo scans for both the PND5 and PND14 groups.

DISCUSSION
Recent studies have shown that a Periodically Rotated Overlapping
ParallEL Lines with Enhanced Reconstruction (PROPELLER) and
its recent modified form with split acquisition of fast spin echo
signal for diffusion imaging (SPLICE) pulse sequence techniques
(Schick, 1997; Deng et al., 2008) are intrinsically motion insen-
sitive because these methods are self-navigated. These techniques
have been successfully applied for abdominal DTI study. Though
this is a very promising technique, it has several limitations. First,
1.5 times longer image acquisition time is needed for PROPELLER
acquisition compared with conventional sampling for a 2D acqui-
sition (Pipe et al., 2002). To achieve a high resolution 3D DTI, blade
sampling needs to be performed on a 3D sphere, resulting in a dra-
matically increased image acquisition time. Second, non-Cartesian

k-space sampling is utilized in PROPELLER and SPLICE methods.
The k-space regridding is usually required for image reconstruc-
tion and any system imperfection will cause image blurring by
degrading the point spread function of k-space. In contrast, the
DTI RARE sequence uses multiple 180˚ pulses to refocus the sig-
nal and a Cartesian k-space sampling is obtained. This approach is
not sensitive to geometric distortion and signal reduction caused
by background susceptibility artifacts. The image reconstruction
is straightforward and rapid. The disadvantage of DTI RARE is its
sensitivity to motion artifacts. By physically suppressing the res-
piratory motion using hypothermia together with twin navigator
echo motion correction, we have demonstrated that high quality
DTI images can be obtained in vivo from rat pups. In our study,
the experimentally measured SNR of in vivo scans is only slightly
lower than that of the ex vivo scans, further indicating that the
image quality of the in vivo rat pup scans are comparable to that
of the postmortem fixed ex vivo brain scans.

DIFFUSION ENCODING DIRECTIONS
In this study, we used 21 and 6 non-collinear diffusion gradient
directions for the ex vivo and in vivo scans, respectively. More dif-
fusion encoding directions could be used for the in vivo study if
a longer DTI image acquisition time was possible. Six diffusion
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FIGURE 3 |The comparison before and after twin navigator echo

correction. (A) A slice of the dorsal side before (A) and after (B) correction;
(C) a slice of the ventral side before (C) and after (D) correction. Motion
artifacts were minimized after the twin navigator echo correction as marked
by the arrow.

encoding directions is the least number of directions for DTI
computation assuming a simple ellipsoid tensor model. It does not
provide sufficient information to resolve fiber crossing in DTI. The
high angular resolution diffusion imaging (HARDI) approach has
been proposed to overcome this problem by using a large number
of diffusion encoding directions at an expense of increasing the
imaging acquisition time (Tuch et al., 2002). We only performed
a six diffusion encoding acquisition for in vivo scans due to the
following reasons. First, we needed to obtain high resolution 3D
DTI images with a time constraint of a few hours to reduce the risk
of damaging the very young rat pups. Second, based on the estab-
lished white matter atlas in both human and rodents (Chuang
et al., 2011; Nowinski et al., 2011), the white matter tracks in
rodent brain do not have as many fiber crossing regions as those
in human brain. Third, our study mainly focused on major white
matter regions in which fiber crossing is less likely to be found.
We qualitatively compared the tracked fiber within major white
matter regions such as corpus callosum between the in vivo and
the ex vivo scans. We have found that major white matter fibers
in both PND5 and PND14 pups can be readily obtained from
the in vivo scans using less than one-third of the data acquisition
time/diffusion encoding directions when compared to the ex vivo
fixed brain scans. This suggests that the imaging acquisition tactics
developed in this study can be utilized to acquire DTI images in
live rat pups reliably and consistently.

Table 1 | Fractional anisotropy comparison between the in vivo and

the ex vivo scans for PND5 and PND14 rat pups.

PND5

(in vivo)

PND5

(ex vivo)

PND14

(in vivo)

PND14

(ex vivo)

GCC 0.73 ± 0.034 0.74 ± 0.022 0.78 ± 0.053 0.80 ± 0.029

BCC 0.55 ± 0.039 0.56 ± 0.028 0.56 ± 0.086 0.58 ± 0.042

SCC 0.79 ± 0.037 0.80 ± 0.019 0.81 ± 0.045 0.81 ± 0.021

Fractional anisotropy values were not significantly different between the in vivo

and ex vivo scans.

Table 2 | Mean diffusivity (unit: 10−3 mm2/s) comparison between

in vivo and ex vivo scans for PND5 and PND14 scans.

PND5

(in vivo)

PND5

(ex vivo)

PND14

(in vivo)

PND14

(ex vivo)

GCC 0.970 ± 0.053* 0.284 ± 0.022 0.734 ± 0.047* 0.233 ± 0.018

BCC 1.120 ± 0.089* 0.394 ± 0.047 0.884 ± 0.086* 0.344 ± 0.031

SCC 0.930 ± 0.055* 0.293 ± 0.026 0.865 ± 0.045* 0.277 ± 0.028

Significant differences were found in MD between the in vivo and the ex vivo

scans (*P < 0.05).

Table 3 | Signal to noise ratio comparison between the in vivo and the

ex vivo DTI scan.

SNR for

in vivo

SNRadjusted for

ex vivo scans

b = 0 reference images 24.3 ± 3.4 29.4 ± 2.39

Diffusion weighted images 8.3 ± 3.4 10.447 ± 0.865

No significant difference was observed between the in vivo SNR and the adjusted

SNR of the postmortem fixed ex vivo scans in both baseline and diffusion images.

MOTION CORRECTION
We adopted the twin navigator echo navigator method developed
by Mori and van Zijl (1998) to alleviate the motion effect in our
3D DTI RARE sequence. This approach assumes a constant phase
variation between the odd and even echoes induced by motion
or eddy current. As demonstrated in Figure 3, image quality has
been improved with recovered signal and reduced noise after the
correction. However, since the assumption of constant phase vari-
ation between odd and even echoes did not always hold true in
the in vivo scans, residual motion artifacts were still observed,
as shown in Figure 3. To further minimize the motion artifacts,
2D navigator correction (Porter and Heidemann, 2009) may be
explored in the future.

We did not use respiratory gating to minimize motion effects for
several reasons. The TR of the 3D DTI RARE sequence was kept
relatively short (700 ms) to achieve a 3-h total acquisition time
and respiratory gating may lengthen image acquisition quite sub-
stantially. The respiratory rate of a neonatal rat pup may change
during the 3-h acquisition window, leading to variations in the
effective TR. If TR is short (as in our study), these variations are
not negligible, and can result in signal variations and inaccurate
calculation of DTI indices. In our study, we found that respiration
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FIGURE 4 | Fiber tractography obtained from the in vivo and the ex vivo PND5 and PND14 pups.

gating did not yield good quality images if the respiratory rate
is high. On the other hand, suppressing respiratory rates with-
out gating was adequate to achieve virtually motion artifacts free
images.

It is more challenging to acquire high quality 3D DTI images
in live PND5 pups compared to PND14 rats. It has been sug-
gested that mammalian neonatal can tolerate severe hypoxia and
hypothermia for a longer time compared to their adult counter-
parts (Adolph, 1969; Singer, 1999). In a study investigating the
survival rate of neonatal rats in a pure nitrogen environment
(Adolph, 1969), Adolph demonstrated that 0 to 5-day-old rats
could survive in such an environment for 1–2 h when the colonic
temperature was cooled down to 8–10˚C, while in 11 to 16-day-old
rats, the optimal body temperature for survival increased to 20˚C
and endurance time decreased to 0.5 h. These findings provided
the base of utilizing hypothermia for PND5 DTI. The neuropro-
tective effects of the mild-to-moderate hypothermia have been
firmly established (Adolph, 1969; Blackmon and Stark, 2006).
Additionally, hypothermia reduces the metabolic rate and further
minimizes physiological motion. In our study, we found that a
low level of isoflurane (0.6–0.8%) in conjunction with hypother-
mia was sufficient to keep most PND5 pups under anesthesia and
to maintain a respiratory rate around 15/min.

OTHER ISSUES
The direct advantage of improving the resolution is to reduce
the partial volume effect, making the diffusion indices calculation
more accurate. Lee et al. (2006) reported much lower FA values in
major white matter using low resolution DTI images (∼1 mm in
plane and 0.5 through-plane resolution) at 1.5 T. They correctly

ascribe it to the partial volume effect. The mean FA values of corpus
callosum in our study are higher than those in a brain develop-
ment study to investigate the temporal change of DTI indices from
PND0 to PND56 rats reported by Bockhorst et al. (2008) using a
spatial resolution of 0.27 mm × 0.27 mm × 0.5 mm.

A higher RARE factor could further increase the speed of image
acquisition. However, the stimulated echo pathway becomes more
complex and more difficult to be removed along with an increase
of RARE factor, leading to the poor image quality. In an empirical
phantom study, we found that a RARE factor of three was a good
trade-off between acquisition speed and sharpness of images for
in vivo neonatal animal scans (data not shown). To further improve
the speed of the image acquisition, a 3D diffusion weighed gra-
dient and spin echo (3D DW–GRASE) could be implemented.
The GRASE sequence is a combination of segmented EPI and
fast spin echo, interleaving the short EPI echo readout train with
RF refocusing pulses. A 3D DW–GRASE provides a compromise
between signal loss due to the field inhomogeneity in gradient
echoes and the interference of stimulated echoes by refocus RF
pulses in spin echoes. Aggarwal et al. (2010) have explored a DW–
GRASE approach that yields a four times acceleration using two
refocus pulses and two gradient echoes.

CONCLUSION
In this study, we have demonstrated that an optimized 3D DTI
RARE approach and an appropriate animal setup minimizing
respiration motion are the keys to achieving high quality 3D
DTI images in live animals. Taking advantage of the distinct
physiological characteristic that neonatal rats can survive low
body temperatures, we have demonstrated that mild-to-moderate
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hypothermia can be utilized to suppress physiological motion
artifacts to achieve good quality DTI images.
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The etiology of complex psychiatric disorders results from both genetics and the envi-
ronment. No definitive environmental factor has been implicated, but studies suggest that
deficits in maternal care and bonding may be an important contributing factor in the develop-
ment of anxiety and depression. Perinatal mood disorders such as postpartum depression
occur in approximately 10% of pregnant women and can result in detriments in infant care
and bonding. The consequences of impaired maternal–infant attachment during critical
early brain development may lead to adverse effects on socioemotional and neurocog-
nitive development in infants resulting in long-term behavioral and emotional problems,
including increased vulnerability for mental illness. The exact mechanisms by which envi-
ronmental stressors such as poor maternal care increase the risk for psychiatric disorders
are not known and studies in humans have proven challenging. Two inbred mouse strains
may prove useful for studying the interaction between maternal care and mood disor-
ders. BALB/c (BALB) mice are considered an anxious strain in comparison to C57BL/6 (B6)
mice in behavioral models of anxiety. These strain differences are most often attributed to
genetics but may also be due to environment and gene by environment interactions. For
example, BALB mice are described as poor mothers and B6 mice as good mothers and
mothering behavior in rodents has been reported to affect both anxiety and stress behaviors
in offspring. Changes in gene methylation patterns in response to maternal care have also
been reported, providing evidence for epigenetic mechanisms. Characterization of these
two mouse inbred strains over the course of pregnancy and in the postpartum period for
behavioral and neuroendocrine changes may provide useful information by which to inform
human studies, leading to advances in our understanding of the etiology of anxiety and
depression and the role of genetics and the environment.

Keywords: perinatal, anxiety, depression, mothering, bonding, genetic, epigenetic, mice

INTRODUCTION
Maternal psychiatric illness during pregnancy and following child-
birth (the perinatal period) is both common and morbid; if
untreated, it can result in potentially devastating consequences to
the mother and her baby. Both antenatal and postpartum maternal
anxiety and depression have been shown to have adverse effects
on the offspring (O’Hara and Swain, 1996; Bennett et al., 2004;
Flynn et al., 2004; Marmorstein et al., 2004; Gavin et al., 2005;
Gaynes et al., 2005; Feldman et al., 2009; Ross and Dennis, 2009;
Field, 2010) and increase vulnerability to psychiatric disorders in
adulthood (Gluckman et al., 2008). Increased risk for psychiatric
disorders in offspring may be due, in part, to genetic predispo-
sition. However, mothering behavior has also been shown to be
an important factor. Maternal anxiety and depression may lead
to unresponsive or inconsistent care by the mother toward the
child leading to insecure attachment (NECCR, 1999; Campbell
et al., 2004) which has been linked to increased risk for anxiety

and depression in offspring (Wan and Green, 2009; Brumariu and
Kerns, 2010a,b). Recent studies in rodents support these findings
(Francis et al., 1999b; Champagne et al., 2003; Weaver et al., 2004).
Studies indicate that perinatal maternal stress, which often man-
ifests clinically as anxiety and depression, may also mediate these
persistent effects on health in offspring (Talge et al., 2007). The bio-
logical mechanisms underlying maternal anxiety and depression
have been difficult to define. Furthermore, identifying the means
by which maternal anxiety and depression impact the health of
the offspring has been even more challenging.

Efforts to identify biomarkers that explain the pathophysiol-
ogy of early adverse life events are complicated by a variety of
factors including ethical considerations, lack of experimental con-
trol over the subject’s environment and genetic background and
inaccessibility of primary tissues required for analysis. Therefore,
the use of animal models provides a complementary approach for
understanding the processes by which maternal behavior during
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pregnancy and the postpartum period influences the physiological
and psychological health of offspring, resulting in the develop-
ment of behavioral and emotional disorders. Clearly, this is a
highly complex area of study, as there are a multitude of psy-
chosocial, environmental and biological processes involved in
parenting behavior. Furthermore, it is likely that a combination of
genetic, epigenetic, and environmental processes will most accu-
rately explain the link between insecure mother–infant attachment
and the development of psychiatric disorders in offspring.

The overarching goal of this review is to examine the usefulness
of animal models to disentangle the role of genetics, epigenetics,
and the environment on maternal anxiety and depression with
regard to maternal care and its effects on offspring. We exam-
ine the similarities between humans and rodent models in this
vulnerable period of development and discuss how these simi-
larities present an opportunity to inform human research and
result in clinically relevant and translational discoveries. We will
briefly review the epidemiology, presentation, and pathogenesis of
perinatal mood disorders, clinical syndromes that encompass both
anxiety and depression in humans, and describe their putative role
on impaired mothering behaviors and the resulting adverse effects
in offspring. Finally, we discuss specific inbred mouse strains that
may serve as a model for the complex genetic, environmental, and
epigenetic mechanisms that mediate maternal mental illness dur-
ing the perinatal period including the subsequent influence on
maternal behavior and infant outcomes.

PERINATAL MOOD AND ANXIETY DISORDERS:
EPIDEMIOLOGY, CLINICAL PRESENTATION, AND
PATHOGENESIS
Maternal behavior during pregnancy and the postpartum period is
influenced by many factors. However, it is important to consider
the contributions of perinatal depression on maternal behavior
during this vulnerable time. Perinatal depression is an episode of
major depressive disorder (MDD) occurring during pregnancy or
within the first 6 months postpartum (Gavin et al., 2005; Gaynes
et al., 2005). Perinatal depression is common, has a prevalence
of 10–15% in women of childbearing age and is associated with
significant morbidity and mortality including increased risk for
maternal suicide and infanticide (Lindahl et al., 2005). Perinatal
depression and anxiety have been linked to poor childbirth out-
comes such as preterm delivery and low birth weight (Rahman
et al., 2004; Smith et al., 2011), adverse effects on maternal sensi-
tivity in the postpartum period (NECCR, 1999; Campbell et al.,
2004), decreased maternal engagement with the infant (Weinberg
and Tronick, 1998; NECCR, 1999; Campbell et al., 2004) and a
decrease in healthy child development behaviors (Paulson et al.,
2006).

The literature shows that maternal antenatal stress is associated
with adverse neurobehavioral outcomes in offspring including
both social/emotional and cognitive functioning during child-
hood and later in life (Talge et al., 2007) and may be a mechanism
by which perinatal anxiety and depression results in increased
risk for mood disorders in offspring. One working hypothesis
suggests that negative maternal emotions during pregnancy can
be considered behavioral teratogens; in other words, high levels
of maternal stress, anxiety, or depression can trigger a cascade

of physiological events in the mother, the placenta, and the
fetus that lead to deleterious affects on fetal and postnatal neu-
robehavioral development (Van den Bergh and Marcoen, 2004).
Support for this hypothesis is illustrated by examples in the lit-
erature. Infants of mothers reporting higher levels of depression
and anxiety during pregnancy show increased levels of negative
affect and motor activity when presented with novel toys (Davis
et al., 2004) and this infant behavioral profile may continue into
later childhood and is manifested by shyness and anxiety disor-
ders (Kagan et al., 1987). Prospective studies document increased
rates of ADHD and other anxiety disorders persisting into later
childhood and early adulthood in children exposed to mater-
nal antenatal stress (O’Connor et al., 2002a,b; Van den Bergh
and Marcoen, 2004; Van den Bergh et al., 2005). In sum, these
studies suggest that children who are exposed to maternal ante-
natal stress and anxiety suffer from a range of adverse outcomes
although they can be quite variable. Other maternal/child effects
may contribute to these associations including severity of or
length of exposure to stress, genetic influences, and other indirect
mechanisms.

Although the pathogenesis of perinatal depression is unknown,
it is an active area of research. The transition from pregnancy
to the postpartum period is characterized by an enormous state
of hormonal flux (Mastorakos and Ilias, 2003). In humans, the
third trimester of pregnancy is characterized by high estrogen
and progesterone levels and a hyperactive hypothalamic–pituitary
adrenal (HPA) axis with resulting high plasma cortisol (Nolten
et al., 1980) that is stimulated in part by the high levels of estrogen
and progesterone (Bloch et al., 2003). At childbirth and during the
transition to the postpartum period, levels of estrogen and prog-
esterone fall rapidly and there is blunted HPA axis activity due
to suppressed hypothalamic corticotrophin-releasing hormone
secretion (Magiakou et al., 1996). Estrogen and progesterone have
profound interactions with the HPA axis and may trigger HPA
axis abnormalities in susceptible women. Despite normal levels
of reproductive hormones, women with postpartum depression
(PPD) have an abnormal response to changes in estrogen and
progesterone (Bloch et al., 2000, 2005).

RATIONALE FOR USE OF ANIMAL MODELS: A
COMPLEMENTARY APPROACH
Currently, reliable biomarkers for human PPD do not exist and
efforts to elucidate state biomarkers for MDD have proven dif-
ficult and frustrating (Rich-Edwards et al., 2008; Meltzer-Brody
et al., 2011). Human studies to identify biomarkers for repro-
ductive mood disorders are complicated by a variety of factors
including lack of experimental control over the subject’s environ-
ment and genetic background and inaccessibility of brain tissue
required for analysis. The use of animal models, and particularly
rodents, has been helpful in this regard. Animal models provide
a complementary approach for understanding the processes by
which maternal behavior during pregnancy and the postpartum
period influences the physiological and psychological health of
offspring, resulting in the development of behavioral and emo-
tional disorders that may persist into adulthood. Identification of
discrete genetic or pathophysiological pathways in animal mod-
els can serve to narrow the genomic search space, resulting in a
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more directed approach to gene identification and the effects of
environmental factors in human studies.

Obviously, rodent gestation is substantially different from
human pregnancy – the gestation period is shorter and regu-
larly results in a litter of two or more offspring rather than
a single infant. In addition, mouse pups are less developed at
birth than human infants – the developmental changes that occur
from birth to weaning in mice are roughly equivalent to devel-
opment occurring in the third trimester in humans (Clancy et al.,
2001). However, the endocrine changes throughout pregnancy and
immediately postpartum are similar with one deviation – with-
drawal of progesterone from the maternal circulation in rodents is
necessary to induce parturition while in humans, plasma proges-
terone remains high throughout the latter part of pregnancy and
decreases sharply after parturition (Mitchell and Taggart, 2009).
Regardless of these differences, however, rodents recapitulate many
of the endocrinological and HPA axis changes observed in humans
during pregnancy including, for example, increasing estrogen and
progesterone throughout gestation and high basal HPA activity in
mid to late pregnancy. In addition, many of the same neuropep-
tides and hormones that promote maternal care and behavior in
humans serve the same function in rodents (Brunton and Russell,
2010).

USING MICE TO MODEL ANXIETY AND DEPRESSION
Complex neuropsychiatric syndromes like MDD and PPD are
multifactorial, and result from a combination of genetic and non-
genetic factors. Their complex nature, along with the obvious
ethical and logistical impediments to research in humans, has
impacted the ability to identify the specific genetic and environ-
mental components that predispose individuals to develop these
disorders. While it will never be possible to mimic all facets of a
complex human psychiatric syndrome in a rodent model, specific
features can be modeled. Historically, rodent models of psychi-
atric endophenotypes have focused on models with good pre-
dictive validity, that responded to commonly used anxiolytics or
antidepressants. However, recent commentary has recommended
modeling the underlying pathophysiology and neurobiology of
the disease rather than using behavioral models based on spe-
cific clinical symptoms or response to current pharmacotherapies
(Insel et al., 2010; Nestler and Hyman, 2010; Cuthbert and Insel,
2011).

Functional MRI studies have implicated neural circuitry and
brain regions involved in postpartum anxiety and depression and
maternal bonding (Silverman et al., 2007; Swain et al., 2007; Swain,
2008). Many of the same brain regions and neurotransmitter sys-
tems have been implicated in rodents (Tarantino and Bucan, 2000;
O’Mahony et al., 2010a,b; Krishnan and Nestler, 2011). Hormon-
ally mediated behavioral changes in animal models of anxiety and
depression also mimic those seen in humans (Yan et al., 2010;
Krishnan and Nestler, 2011; O’Mahony et al., 2011) indicating
that animal models of anxiety, depression, and maternal behav-
ior may share common etiology with human disorders. Therefore,
animal model research has the potential to provide information
that can be directly translated to humans and, eventually, result
in improvements in both the diagnosis and treatment of these
devastating disorders.

C57BL/6 AND BALB/c INBRED STRAINS AS MODELS OF
MATERNAL CARE, ANXIETY, AND DEPRESSION
Inbred mice have recently emerged as the primary model for
studying genetic and genomic aspects of human disease (Cryan
et al., 2005). This is due, in large part, to the availability of a vast
array of resources for such endeavors in the mouse. The power
of the mouse as a genetic model lies in the availability of hun-
dreds of inbred strains, millions of cataloged genetic variants (e.g.,
single nucleotide polymorphisms, SNPs), inexpensive, and high-
throughput ways to assess hundreds of thousands of SNPs, and
genomic sequence data available for increasing numbers of inbred
strains.

Mouse inbred strains have been used with great success for
the past 50 years to investigate genetic influences on behavior.
Inbred strains are genetically homogeneous within a strain, but
vary widely both genetically and phenotypically across strains.
These reference populations represent a stable genetic resource
that can be tested, analyzed, and compared across laboratories and
across time. Inbred strain studies have provided a vast amount of
information on anxiety and depression-related behaviors.

Two strains in particular, C57BL/6 (B6) and BALB/c (BALB),
have repeatedly shown dramatically different behavioral profiles in
anxiety and are commonly referred to as low (B6) and high (BALB)
anxiety strains. The results of studies on anxiety-related behaviors,
which generally have been shown to be somewhat labile (Crabbe
et al., 1999), are surprisingly consistent in these two strains. BALB
mice exhibit reduced locomotor activity and less time in unpro-
tected and brightly lit areas in the open field (Carola et al., 2002;
Tang et al., 2002; Francis et al., 2003; Priebe et al., 2005; Depino
and Gross, 2007; Post et al., 2011) and light:dark assays (Crawley
and Davis, 1982; Beuzen and Belzung, 1995; Griebel et al., 2000;
Millstein and Holmes, 2007; O’Mahony et al., 2010b) in compari-
son to B6 mice with very few exceptions. Results from the elevated
plus maze have been less consistent with at least one study showing
no strain differences (Griebel et al., 2000) and some showing what
appears to be less anxiety in the BALB strain (Trullas and Skolnick,
1993; Rogers et al., 1999; Post et al., 2011). These inconsistencies
may be due to substrain differences (Trullas and Skolnick, 1993)
or might reflect a strain-specific response to a particular apparatus
that confounds interpretation of the results.

STRESS REACTIVITY IN B6 AND BALB MICE
Stressful life events have been shown to play an important role
in the development and manifestation of psychiatric illnesses
(Kendler et al., 1999; Charney and Manji, 2004; Anisman and
Matheson, 2005). Interestingly, B6 and BALB mice also differ in
response to stressful stimuli. BALB mice have consistently shown
stressor-provoked hyperactivation of the HPA axis as reflected by
stress-induced increases in corticosterone release (Shanks et al.,
1994; Priebe et al., 2005; Prakash et al., 2006) and ACTH as well
as basal differences in CRH (Anisman et al., 1998a). BALB mice
have also been shown to exhibit stress-induced differences in CRH
receptor immunoreactivity (Anisman et al., 2007) as well as basal
and stress-induced differences in expression of GABAA receptor
subunits (Poulter et al., 2010). Interestingly, GABAA receptor sub-
units have also been implicated in a mouse model of PPD (Maguire
and Mody, 2008). O’Mahony et al. (2010b) have observed that
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BALB mice show blunted stress-induced brain activation (as mea-
sured by c-Fos expression) in the prefrontal cortex in comparison
to B6 mice, indicating that dysregulation in response to stress may
be driving behavioral differences between these two strains.

Exposure to both acute and chronic stress differentially mod-
ulates depressive-like behavior in BALB mice as well. BALB mice
showed significantly greater anhedonia (as measured by decreased
sucrose consumption) following both acute and chronic stress in
comparison to B6 mice (Poulter et al., 2010). BALB mice also show
longer latencies to escape a shuttle box in which they have previ-
ously experienced an inescapable footshock (Shanks and Anisman,
1988) and exhibit decreased responding for reward after exposure
to stress (Zacharko and Anisman, 1989).

MOTHERING BEHAVIOR IN ANIMAL MODELS
Behavioral differences among inbred strains of mice are frequently
studied with regard to their genetic origins. However, environ-
mental factors also play a significant role in the development of
behavior in rodents. As has been demonstrated in humans, defi-
ciencies in maternal care during the postpartum period have been
shown to result in anxiety, stress, and depression-related behaviors
in adult rodent offspring.

As discussed above, there is an extensive literature in humans
demonstrating the link between maternal care and bonding and
increased risk for development of mood disorders in offspring.
This research extends to rat models where it has been shown
that offspring of mothers that exhibit higher levels of arched
back nursing (ABN) and licking and grooming (LG) exhibit
reduced endocrine responses to stress as measured by adreno-
corticotropic hormone and corticosterone and decreased anxiety
behaviors (for a review see Francis and Meaney, 1999; Francis et al.,
1999b; Champagne et al., 2003). Offspring of low LG mothers also
exhibit decreased oxytocin receptor binding that is likely related to
decreased levels of estrogen receptor alpha expression in the hypo-
thalamus. Oxytocin is believed to promote mother–infant bonding

in humans (Bartels and Zeki, 2004; Galbally et al., 2011). Interest-
ingly, differences in maternal behavior have also been shown to be
transmitted across generations (Francis et al., 1999a).

Daily removal of pups from the home cage for short periods of
handling (3–15 min), results in decreases in anxiety-related behav-
iors. This observation seems counterintuitive but can be explained
by the observation that dams of handled pups show increased
ABN and LG when pups are returned to the cage (Liu et al., 1997).
Pups exposed to maternal separation for longer periods (3–6 h
daily) show increased endocrine responses to stress and increased
behavioral reactivity to novelty (Champagne and Meaney, 2007;
Curley et al., 2011). The effects of postnatal handling and maternal
separation have been shown to change expression levels of genes
involved in HPA reactivity including corticotropin releasing fac-
tor, glucocorticoid receptor, and subunits of the GABAA receptor
(Francis and Meaney, 1999; Francis et al., 1999b; Curley et al.,
2011).

Significant differences in mothering behavior have been
observed in B6 and BALB strains of mice (Carlier et al., 1982;
Anisman et al., 1998b; Priebe et al., 2005; Prakash et al., 2006)
leading to the hypothesis that maternal care differences act sepa-
rately from, or in conjunction with, genetic background to result in
the observed behavioral differences between these strains. BALB
mice have consistently been shown to perform less ABN, spend
less time on the nest, exhibit less LG, and have longer latencies
to retrieve pups that have been removed from the nest (Table 1).
Very few studies have examined maternal separation or handling
in mouse models. B6 mice have been exposed to both mater-
nal separation and handling with mixed results. Male, but not
female B6 mice show increased anxiety behaviors in both the
EPM and OF after maternal separation from days 1 to 9 postpar-
tum (Romeo et al., 2003) but showed no change in the defensive
withdrawal test – an anxiety assay similar to the emergence test
– after handling and under a similar schedule of maternal sep-
aration (Parfitt et al., 2004). A study by Millstein and Holmes

Table 1 | Maternal care differences in B6 and BALB mice.

Substrains Maternal care observation Mothering behavior

(BALB relative to B6)

Reference

C57BL/6JOrl, BALB/cOrl 24 ± 10 h postpartum, between 10

AM and 4 PM

Increased latency of first contact with pup

after removal from nest, longer latency to

first retrieval, more time off nest

Carlier et al. (1982)

C57BL/6ByJ, BALB/cByJ First 7 days postpartum, 1 h twice

daily at 8 AM and 4 PM. 15

observations every hour at 4 min

intervals

Less arched back nursing, less licking and

grooming, less time spent on the nest

Anisman et al. (1998b)

C57BL/6J, BALB/cByJ First 13 days postpartum, three

21 min observation periods per day

Poor nest building, less time spent on nest Millstein and Holmes (2007)

C57BL/6ByJ, BALB/cByJ 2–6 ays postpartum, 1 h twice daily at

9 AM and 1 PM, 15 sec every 3 min

Less arched back nursing, less time on

nest, longer latency to retrieve pups, poor

nest building

Prakash et al. (2006)

C57BL/6J, BALB/cJ 1–14 days postpartum, 4 observations

per day, once per minute in 30 min

increments twice during lights on and

twice during lights off

Less arched back nursing, less licking and

grooming, less time spent on nest, nest

building similar

Priebe et al. (2005)
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(2007) examined strain differences in response to both handling
and maternal separation and found that neither had an effect on
B6 or BALB mice in multiple tests of anxiety and depression. These
results indicate that the maternal separation and handling mod-
els of anxiety and depression may not be useful in mice, may
be strain dependent or may be sensitive to procedural differ-
ences. However, too few studies in mice have been conducted
to draw a conclusion (for a review see Millstein and Holmes,
2007).

The observation that B6 and BALB mice differ significantly for
anxiety, stress, and mothering behaviors has led to research focused
on the effects of both genetics and mothering on behavioral
differences in these two strains.

NATURE OR NURTURE – IT’S LIKELY BOTH
The use of animal models to disentangle the roles of nature and
nurture in the development of anxiety, stress and depression has
advantages over human studies – in particular, the ability to control
both environmental factors and genetics and perform experimen-
tal manipulations during pregnancy and the postpartum period
as well as having access to brain tissue for analysis. However, this
endeavor is not as straightforward as it may seem. Studies in
humans have shown that mothers suffering from PPD demon-
strate less attachment to their infants (Fleming and Corter, 1988),
which can, in turn, lead to increased risk for psychiatric disorders
in the offspring. However, genetic factors also play a role. Moth-
ers contribute half of the genetic material to offspring, therefore,
individuals with mothers who suffer from PPD already have an
increased genetic risk making it difficult to separate genetic and
environmental factors, both of which can act additively or interact
to result in increased risk. Adoption studies in humans allow for
partitioning of genetic and environmental influences on disease
risk but these approaches often suffer from inadequate sample
sizes (Merikangas and Low, 2004) along with other drawbacks
common to human studies.

In rodents, cross fostering can be used to assess the role of genes
and environment on the development of behavior. Cross-fostering
involves removal of pups from their biological mother at birth
and placing them with a foster mother. This manipulation can be
used to study the effects of maternal care on behavior. In cross-
fostering studies with rats, low LG offspring fostered to high LG
dams exhibit decreased fear and stress behaviors similar to those
observed in high LG offspring reared by their biological mothers.
Conversely, high LG offspring fostered to low LG dams exhibited
increases in fear and stress related behavior (Francis et al., 1999a).
These data substantiate the role of early maternal care on subse-
quent behavior and, importantly, the non-genomic transmission
of individual differences.

The cross-fostering approach has also been used with B6 and
BALB mice in several studies with mixed results. Several studies
have reported an increase in anxiety behaviors and corticosterone
release in response to stress in B6 mice fostered by BALB mothers
(Francis et al., 2003; Priebe et al., 2005) but other groups observed
no change (Anisman et al., 1998b). BALB mice fostered to B6
mothers have been reported to show decreased anxiety in cer-
tain behavioral tests like the elevated plus maze (Priebe et al.,
2005) and also improved performance in the Morris water maze

(Anisman et al., 1998b), but no change in the open field (Priebe
et al., 2005). These results indicate that the effects of maternal care
are not sufficient to explain the behavioral differences between
these strains, and variations in maternal care result in different out-
comes depending upon which behavioral test is employed (even
tests within the same domain).

It is likely that both genetics and environment interact to pro-
duce the behavioral differences observed in these inbred strains.
The interaction of genes and the environment to produce phe-
notypic outcomes has been acknowledged and accepted for quite
some time in the scientific community. However, the exact mech-
anism by which the environment can act on genetic material
has only recently begun to be investigated in a more systematic
manner.

A ROLE FOR EPIGENETICS IN THE LINK BETWEEN MATERNAL
CARE AND BEHAVIORAL OUTCOMES IN ANIMAL MODELS
The observation that the behavioral effects of maternal care were
associated with gene expression changes that persisted into adult-
hood and could be transmitted across generations suggested a
potential role for epigenetic DNA modifications. The term “epige-
netics” was coined in the 1940s to describe gene by environment
interactions, but as the molecular mechanisms of those inter-
actions have been better characterized, the term has evolved to
be more specific. The modern definition of epigenetics is the
study of DNA modification leading to changes in gene expres-
sion caused by a mechanism other than changes to the DNA
sequence (Adrian, 2007). Epigenetic modifications can include
DNA methylation, histone modification, and non-coding RNA
as well as more recently identified mechanisms such as hydroxy-
methylcytosine residues in the brain (Kriaucionis and Heintz,
2009; Skinner et al., 2010). Of these, DNA methylation has been
the most actively studied due to its role in developmental silencing
of genes through imprinting or X-inactivation. DNA methyla-
tion refers to the process by which a methyl group attaches to
DNA via cytosine at specific locations in the genome called CpG
sites (Razin, 1998). The bond formed between the DNA cytosine
and the methyl group is strong, causing a stable but potentially
reversible change in gene expression (Jones and Taylor, 1980). At
its most basic functional level, methylation results in the silenc-
ing of a gene, but recent evidence indicates that methylation may
also be associated with gene activation (Metivier et al., 2008).
It was commonly thought that DNA methylation changes that
occurred during development were stable and unchangeable later
in life. However, recent evidence suggests that DNA methylation is
a dynamic process that allows the genome to adapt to alterations
in the environment throughout life (Meaney and Szyf, 2005) pro-
viding a mechanism by which early life experiences can leave an
indelible mark on the brain and influence behavior and health
(Weaver et al., 2004).

Weaver et al. (2004) provided the first direct evidence of an
epigenetic change in response to mothering behavior with the
observation that rats exposed to poor maternal care exhibited
increased methylation at a 5′ CpG site in the promoter region of the
glucocorticoid receptor gene. The increase in methylation effec-
tively reduced the number of receptors and resulted in heightened
response to stress (Weaver et al., 2004). Champagne et al. (2006)
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also reported increased methylation in response to maternal care
in the signal transducer and activator of transcription 5 (Stat5)
binding site in the estrogen receptor alpha (Esr) gene promoter
region and cross-fostering reversed this effect. Esr is involved in
the regulation of oxytocin receptor binding.

Franklin et al. (2010) have extended these studies to C57BL/6
mice and demonstrated that the stress of chronic and unpre-
dictable early life maternal separation in male offspring alters the
profile of DNA methylation in the promoter of several candidate
genes including the Mecp2 gene, a transcriptional regulator that
binds methylated DNA, the cannabinoid receptor 1 (Cb1) that has
been associated with emotionality in rodents and corticotropin
releasing hormone receptor 2 (Crhr2), a stress hormone receptor
(Franklin et al., 2010).

In sum, neurobehavioral epigenetics holds great promise for
the future. The ability to conduct whole genome methylation
analysis (Pokholok et al., 2005; Jeddeloh et al., 2008; Butcher and
Beck, 2010; Li et al., 2010) along with the availability of novel
resources in mouse systems genetics (Churchill et al., 2004) pro-
vides the starting point for further research into the complex
genetic, environmental, and epigenetic mechanisms that mediate
maternal mental illness during the perinatal period including the
subsequent influence on maternal behavior and infant outcomes.

FUTURE DIRECTIONS: EXPANDING KNOWLEDGE OF GENE BY
ENVIRONMENT INTERACTIONS IN B6 AND BALB MICE
Based on the behavioral and neuroendocrine data reviewed above,
BALB and B6 mice may prove to be an excellent model for
the effects of perinatal anxiety and depression on maternal care
and bonding and subsequent behavior in offspring. Research in
humans indicates that women who suffer from MDD and anx-
iety are more likely to develop PPD (Kammerer et al., 2006). It
is clear that BALB mice display an increased basal level of anx-
iety. However, no studies have examined changes in anxiety- or
depression-related behaviors in BALB mice during pregnancy or
the postpartum period. In both humans and rodents, pregnancy
is characterized as a period of high basal HPA activity (Brunton

and Russell, 2008) – a phenomenon that has also not been charac-
terized specifically in pregnant BALB mice who show significant
basal differences in HPA reactivity.

Neuroendocrine changes during pregnancy and immediately
postpartum have been shown to be important for the expres-
sion of maternal behavior in both human and rodent models.
For example, oxytocin, which is essential for lactation, also plays a
major role in facilitating maternal behavior and bonding (Neu-
mann, 2008). Interestingly, oxytocin administered centrally or
peripherally, has also been shown to have anxiolytic effects (Ring
et al., 2006) and attenuate stress-induced activity of the HPA axis
(Neumann, 2002). Prolactin, which also plays a role in milk pro-
duction, has been shown to be involved in maternal behavior as
indicated by the severe maternal behavior deficits observed in pro-
lactin receptor knockout mice (Lucas et al., 1998). However, little
or no published information exists regarding levels of oxytocin
or prolactin during pregnancy and postpartum in either B6 or
BALB mice specifically. Unpublished gene expression data from
our own laboratory as well as publicly available data from multi-
ple sources show decreased expression of oxytocin in BALB mice
in comparison to B6 (Figure 1). Although these results have not
yet been confirmed and gene expression differences by no means
translate automatically to functional differences, these data offer
tantalizing evidence regarding differences in the neuroendocrine
systems of these two strains that may contribute to behavioral
profiles.

Studies in rats have examined the development of mother-
ing behavior in virgin females and suggest that animals that are
stressed or anxious are less likely and take longer to display moth-
ering behaviors (Bridges et al., 1972; Pereira et al., 2005; Mann
and Gervais, 2011). These results are fairly intuitive based on the
observation that oxytocin, which is known to induce mothering
behavior, is also anxiolytic. Expanding upon these studies in mice
may allow for more direct evidence in BALB for the role of innate
anxiety and its effects on mothering behavior.

The environment in which an animal is raised can also have an
effect on subsequent behaviors. Francis et al. (2002) have shown

FIGURE 1 | Differential expression of Oxt in (A) hypothalamus,Wiltshire

andTarantino (unpublished), (B) whole brain, PhenoGen Informatics,

University of Colorado at Denver Health Sciences Center (Bhave et al.,

2007), and (C) hippocampus,Williams et al. (unpublished). Datasets (B,C)

are available at http://webqtl.org, accessions GN123, GN273, respectively. The
Wiltshire et al. data utilized the Affymetrix 430 v2 array. The Williams et al.
data utilized the Affymetrix Mouse Exon 1.0 ST Array. The 3′ UTR probeset
from the Exon 1.0 ST Array was utilized for comparison purposes.
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that environmental enrichment from weaning until adulthood
ameliorates HPA axis reactivity and stress behaviors in rats that
have been exposed to maternal separation as pups. Environmental
enrichment in BALB mice has been shown to decrease anxiety-
related behaviors as well (Chapillon et al., 1999). Moreover, Curley
et al. (2009) have also shown that social enrichment in BALB
mice enhances maternal care and reduces anxiety behaviors and
that these effects may be mediated by increased receptor densities
of both oxytocin and vasopressin (V1a). These studies highlight
the impact of early environment as a protective influence as well
and present the potential for studying mechanisms that “rescue”
phenotypes resulting from the detrimental environments early in
life.

CONCLUSION
Postpartum depression is debilitating to women who experience
it and potentially damaging to their offspring. Although the eti-
ology of PPD remains unclear, headway is being made toward
a better understanding of the complicated interplay of repro-
ductive steroids with the HPA axis and other neuroregulatory
systems implicated in depressive illness. Further study of alter-
ations in the HPA axis during the transition from pregnancy to
the postpartum period may provide new insights into the patho-
physiology of PPD. Moreover, understanding the pathophysiol-
ogy of PPD can potentially lead to the discovery of biomarkers
specific for PPD so that prospective identification of those at
risk may become feasible. This would have enormous implica-
tions for both the prevention and treatment of women at risk
for PPD as well as the transmission of adverse sequelae to off-
spring exposed to mothers with PPD including adverse effects on
neurobehavioral development and increased risk for psychiatric
illness.

Although humans and mice evolved with very different sets of
reproductive and selective pressures, complete genome sequencing
has revealed that mouse and human genomes are highly conserved
(Mouse Genome Sequencing Consortium et al., 2002), thereby
substantiating the use of mouse models to study genetic aspects
of human disease. Animal studies have been used successfully to
model perinatal maternal behavior and to study the pathogene-
sis of perinatal anxiety, stress, and depression. Although animal
models do not fully recapitulate human psychiatric syndromes
and behaviors, many of the key characteristics observed in human
disorders can be observed in mice and many of the same genetic
and neuroendocrine factors are involved.

In particular, B6 and BALB mice exhibit divergent pheno-
types for stress, anxiety, and mothering behaviors. Moreover,
these phenotypic differences have been shown to be at least par-
tially genetically determined, can be modulated by environmental
manipulations and result in behavioral changes in adult offspring.
The mechanism by which early environmental stress results in
lasting changes in behavior and increased risk for psychiatric dis-
orders has not yet been resolved. We believe that more detailed
behavioral and neuroendocrine studies using genetic reference
populations like B6 and BALB inbred mice will provide insight
into the mechanisms by which early environment shapes later
behavior and, more generally, into the etiology of anxiety and
depression. Furthermore, the rapidly growing field of behavioral
epigenetics offers an intriguing area of study that may provide
new insights into the nature of gene–environment interactions
during development. The dramatic expansion of genomic data
and genetic resources in the mouse provides the perfect oppor-
tunity to expand on the building evidence for environmentally
mediated epigenetic changes and their role, along with genetic
predisposition, in increasing risk for psychiatric disorders.
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The amount of maternal licking received by newborn rats affects their adult stress reactivity
and maternal behavior. Mouse studies in which litters were cross-fostered between strains
that exhibit high vs. low amounts of maternal behavior also suggest that rearing conditions
affect adult outcomes.The current study is the first to compare within a single mouse strain
(C57BL/6J) behavioral responses between adult animals reared by mothers that exhibited
frequencies of pup-licking (PL) at the high end and the low end of the normal distribution
within the strain. Maternal behaviors were coded during 10-s intervals every 3 min dur-
ing five 1-h periods (two light, three dark cycle) on postpartum days 2, 4, 6, and 8 in 36
unrelated C57BL/6J mothers.The distribution of mean frequencies/h for PL, still crouched
nursing, hovering over pups, self-grooming, and no contact with pups were determined.
Offspring (6–12 weeks of age) from the eight mothers who exhibited the highest mean
frequencies of PL and the seven mothers who exhibited the lowest PL frequencies under-
went the following tests over three consecutive weeks: (1) elevated plus-maze (EPM) and
1-h open field on three successive days, (2) 3-h open field with an acute stressor (IP saline
injection) at the 1-h time point, and (3) acoustic startle and prepulse inhibition. Females
reared by low PL mothers exhibited significantly more time in the closed arms of the EPM,
less locomotion, center time, and rearing during the first test in the open field, greater
reactivity to an acute stressor, and reduced prepulse inhibition, an index of sensorimotor
gating. Male offspring from low PL dams had reduced reactivity to an acute stressor, but
no other altered performance in the behavioral tests. PL frequencies of C57BL/6J mothers
appear to selectively alter behavior outcomes, primarily in female offspring.

Keywords: maternal behavior, C57BL/6J, pup-licking, nursing, anxiety, prepulse inhibition, sensorimotor gating,

stress

INTRODUCTION
Decades of research and clinical experience in primates and
humans have shown that the amount and quality of nurtur-
ing received early in life strongly influences social competence,
coping abilities, and vulnerability to mental illness later in life
(Van Ijzendoorn, 1995; George and Solomon, 1999; Suomi, 1999;
Repetti et al., 2002; Sameroff and Rosenblum, 2006; Weich et al.,
2009). Adult offspring of Long Evans mothers that exhibit high,
in contrast to low, levels of maternal licking during the early post-
natal period exhibit less stress-induced anxiety-like behavior and
hypothalamic–pituitary–adrenal axis activation, greater prepulse
inhibition of acoustic startle and higher frequencies of pup-licking
(PL) of their pups (Liu et al., 1997; Caldji et al., 1998; Francis et al.,
1999; Champagne et al., 2003; Menard et al., 2004; Zhang et al.,
2005). In these studies, most outcomes in adult offspring, other
than maternal behavior, were assessed in males (Liu et al., 1997;
Caldji et al., 1998; Menard et al., 2004; Zhang et al., 2005) although
similar novel open field results were obtained in females (Francis
et al., 1999). The consequences of high vs. low maternal licking may

be mediated by differences in factors that influence the expression
of specific genes in the brain (Weaver et al., 2004; Champagne,
2008; Zhang and Meaney, 2010).

There have been relatively few investigations in mice of the
effects of early nurturing on the development of stress responses
and social behavior. In-bred mouse strains exhibit considerable
differences in various components of maternal behavior (Ward,
1980; Carlier et al., 1982; Brown et al., 1999; Priebe et al., 2005;
Shoji and Kato, 2006; Champagne et al., 2007). A few investigators
have taken advantage of the higher frequencies of PL and other
components of maternal behavior in C57BL/6J or CBA/Ca com-
pared to BALB/cJ mothers to conduct cross-fostering experiments
to examine the effects of variations in maternal nurturing on off-
spring development (Francis et al., 2003; Priebe et al., 2005; Shoji
and Kato, 2009). BALB/cJ mice reared by C57BL/6J mothers exhib-
ited less anxiety-like behavior than BALB/cJ mice reared by same
strain mothers while C57BL/6J mice reared by BALB/cJ mothers
did not differ from C57BL/6J mice reared by same strain mothers
(Francis et al., 2003; Priebe et al., 2005). However, C57BL/6J mice
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reared by BALB/cJ mothers were more anxious in the novel open
field in one study (Priebe et al., 2005) but not in another (Francis
et al., 2003). BALB/c mothers reared by CBA/Ca mothers exhibited
more body licking of their own pups (but no differences in other
components of maternal behavior) compared to BALB/c moth-
ers reared by same strain dams (Shoji and Kato, 2009). Coutellier
et al. (2008) found that lower crouched nursing and PL frequen-
cies in C57BL/6 mothers that were required to forage for food
were related to diminished anxiety-like behavior in male but not
female offspring.

Only one other study has measured the range of frequen-
cies of the components of maternal behavior within individual
mouse strains (Champagne et al., 2007). To date, there are no
published studies of within-strain variations in maternal behav-
ior on the development of offspring. There are two compelling
reasons to conduct studies in this area. First, behavior pheno-
typing of diverse mouse strains is a widely employed strategy
for identifying animal models of psychiatric and neurodevelop-
mental disorders. Within-strain variations in maternal behavior
could influence the results of tests used in behavior phenotyping
projects. Second, investigation of variations in maternal behav-
ior and their relationship to offspring outcomes within trans-
genic mouse strains may be an effective means of identifying
genes involved in conveying the powerful epigenetic effects of
early nurturing.

The goals of the current study were to (1) determine variability
in the frequency of maternal behavior components in C57BL/6J
dams and (2) compare behavioral outcomes in adult offspring of
dams that exhibit high vs. low frequencies of PL.

MATERIALS AND METHODS
All experiments were conducted in accordance with the NIH Guide
for the Care and Use of Laboratory Animals and were approved
by the University of North Carolina Institutional Animal Care and
Use Committee. All efforts were made to minimize the numbers
of animals used and their suffering.

ANIMALS
Subjects were adult C57BL/6J mice and their offspring. Fifty 60-
day-old, nulliparous females and 10 males were obtained from
Charles River Breeders. To maximize genetic and rearing variabil-
ity, the females that were bred were all reared in different litters.
Females were group housed 3–4 animals per cage and males were
individually housed in standard Plexiglas cages (19 cm W, 35 cm
L, 14 cm H) with ad libitum access to water bottles and mouse
chow pellets placed in recesses of the wire mesh lid of each cage.
The ambient temperature was maintained at 24˚C with lights on
at 0700 h and lights off at 1900 h.

For breeding, females that had been housed in the same cage
were placed in the home cage of a male for 1 week. Copulatory
efforts by males were confirmed by visual inspection during the
dark phase. After the breeding period, females were removed from
the male’s cage and housed together in a clean cage. Beginning
14 days after females were first co-housed with males, they were
checked daily to determine whether they were pregnant. When a
female was confirmed to be pregnant, she was moved to her own

home cage. Thirty-six females delivered and reared to weaning lit-
ters composed of 4–11 pups. This does not include females that
failed to rear four or more healthy pups to weaning or lost more
than two pups that were born alive.

MATERNAL BEHAVIOR MEASUREMENTS
Events in home cages were videotaped for 1.5 h during three light
and two dark periods (0530–0630, 0715–0815, 1200–1300, 1615–
1715, and 2345–0045 h) beginning at 1200 h on postpartum days 2
(the day after pups were born), 4, 6, and 8, for a total of 20 record-
ings across the early neonatal period. Fluorescent red light bulbs
provided illumination during the dark phase. Test cages were not
disturbed over the 8-day postpartum period except for removal
of dead newborns shortly after parturition and replenishing food
and water on postpartum days 3 and 5. Events in each cage were
recorded through the front wall of the cage using a Panasonic
BP330 black and white camera connected to a Panasonic PV-V402
VCR set on SLP mode that was programmed to record during the
five daily time periods described above. Events occurring in each
cage over each 24-h period were recorded on an 8-h videocassette
(7.5 h total recording time). Cameras were mounted on horizon-
tal arms clamped to a vertical pole of a shelf structure on which
the VCRs were stacked. Each camera was placed so that the cage
from which it was recording filled the entire field of view of the
camera. A mirror was placed against the outer back side of each
cage opposite to the camera so the reflection was recorded along
with events in the cage. The mirror was tilted so that the reflection
was from a somewhat elevated angle allowing a clear view of the
mother’s activities even when she was turned away from the cam-
era and adjacent to the back wall of the cage. Because of technical
errors, recordings were not obtained at all time periods for nine of
the mothers: The number of missing recordings for those mothers
are as follows: 5 from two mothers (all postpartum day 4 record-
ings from one mother and all postpartum day 6 recordings from
another), 4 from one, 3 from one, 2 from three, and 1 from two.

Over a 1-h period beginning 15 min from the start of each 1.5 h
of videotape, maternal and other behaviors were coded during
10-s intervals every 3 min for a total of 20 observations/h and a
maximum total of 400 observations over 20 behavior observa-
tion periods during the 4 postpartum days when behavior was
videotaped. Behaviors coded during each interval were:

Pup-licking
At least one bout during the 10-s interval in which the mother
licked a pup or pups two times or more in rapid succession.

Self-grooming
At least one bout during the 10-s interval in which the mother
licked or chewed her fur or tail or rubbed her face/upper body
with her forepaws. Hind leg scratching did not count.

Still crouch
The mother maintained a fixed upright nursing posture over pups
with her ventrum elevated sufficiently so pups had easy access
to her milk line. All four limbs remained in a fixed position and
the mother did not engage in other behaviors during the entire
10-s interval.
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Hover
The mother remained in an upright nursing stance over pups
throughout the 10-s interval with hind legs in a fixed position and
her ventrum elevated sufficiently for pups to have access to her milk
line but she engaged for some portion of the 10-s interval in other
behaviors such as PL, self-grooming (SG), eating/drinking, etc.

Arched-back nursing
Frequency was the sum of still crouch (SC) and hover (HOV)
frequencies.

No pup contact
Physical contact between the mother and one or more pups did
not occur during the entire 10-s interval.

BEHAVIORAL MEASUREMENTS IN ADULT OFFSPRING
Subject selection
Litters reared by mothers that were in the top eight and bottom
seven in the distribution of PL frequencies were studied between 6
and 12 weeks of age. A total of 64 offspring were tested (16 males
and 16 females reared by low PL mothers, 15 males and 17 females
reared by high-licking mothers). No more than three male or three
female pups were tested from any one litter. Measures of adult off-
spring behavior were collected by observers who were blind to the
rearing condition of the experimental subjects.

Order of tests
Mice were tested across 3 weeks. In the first week, mice were tested
in the elevated plus-maze (EPM), and then given 1-h open field
tests on three successive days. In the second week, mice were tested
for reactivity to a brief stressor (an IP saline injection) during a sin-
gle 3-h open field test. During the third week, mice were evaluated
in the acoustic startle test.

Elevated plus-maze
Mice were given one 5-min trial on the plus-maze, which had
two closed arms, with walls 40 cm in height, and two open arms
(21 cm long). The maze was elevated 50 cm from the floor. Animals
were placed on the center section (9.5 cm × 9.5 cm), and allowed
to freely explore the maze. Arm entries were defined as all four
paws entering an arm. Entries and time in each arm were recorded
during the trial by a human observer via computer coding.

Open field activity
Exploration in a novel environment was evaluated in photocell-
equipped automated open fields (40 cm × 40 cm × 30 cm; Ver-
samax system, Accuscan Instruments). Measures were taken of
total distance traveled, number of rearing movements, and time
spent in the center during the test. Activity chambers were con-
tained inside sound-attenuating boxes, equipped with houselights
and fans. Mice were first given three 1-h tests across 3 days. During
the following week, mice were given a single 3-h session. After the
first 60 min, the mouse was taken from the open field and given an
IP injection, as a brief exposure to an aversive stimulus, and then
returned to the chamber for another 2 h.

Acoustic startle test
This procedure was conducted with a San Diego Instruments SR-
Lab system, using published methods (Paylor and Crawley, 1997).
Each test session consisted of 42 trials, presented following a 5-min
habituation period. There were seven different types of trials: the
no-stimulus trials, trials with the acoustic startle stimulus (40 ms;
120 dB) alone, and trials in which a prepulse stimulus (20 ms; 74,
78, 82, 86, or 90 dB) preceded the startle stimulus by 100 ms. The
different trial types were presented in blocks of seven, in random-
ized order within each block, with an average inter-trial interval
of 15-s. Measures were taken of the startle amplitude for each
trial, defined as the peak response during a 65-ms sampling win-
dow that began with the onset of the startle stimulus. Levels of
prepulse inhibition at each prepulse sound level were calculated
as: 100-[(response amplitude for prepulse stimulus and startle
stimulus/response amplitude for startle stimulus alone) × 100].

STATISTICAL ANALYSIS
Data were analyzed using two-way or repeated measures analysis
of variance (ANOVA) examining effects of maternal licking fre-
quency (low and high) and sex of offspring. Repeated measures
included type of arm (open or closed; EPM), day of testing and
5-min interval (open field), 10-min period pre- and post-injection
(reactivity to acute stressor), and stimulus decibel level (acoustic
startle test). Because the factor of sex was significant for almost
every test, separate ANOVAs were then run for male and female
animals. Data were further analyzed using litter size (number of
pups) as a covariate. Fisher’s protected least-significant difference
(PLSD) tests were used for comparing group means when a signif-
icant F value for maternal licking (main effect or interaction) was
determined. For all comparisons, significance was set at p < 0.05.

RESULTS
The distributions of all mothers’ PL, SC, and HOV frequencies
are illustrated in Figures 1–3. The frequencies are presented as
mean scores per h of observation (maximum possible score = 20)
rather than mean scores per day or over the 4-days of observations
because behavior was not recorded during some observation peri-
ods for nine mothers. The range of PL scores was from 2.60 to 5.88
(frequencies of 13–29.4%) and was skewed toward the lower end
of the range. SC and HOV scores exhibited a more normal distri-
bution and ranged, respectively, from 7.2 to 11.0 (frequencies of
36–55%) and from 3.7 to 6.5 (frequencies of 18.5–32.5%).

Means ± SEM of maternal and other behavior frequencies in
the mothers whose PL frequencies (PL/litter) were in the top eight
and bottom seven are summarized in Table 1.

ELEVATED PLUS-MAZE
The plus-maze test was used as a standard measure of anxiety-
like behavior in rodents. A significant main effect of maternal
licking was found for time spent on the open and closed arms
during the 5-min test [F(1,60) = 16.22, p = 0.0002]. As shown in
Figure 4, the female mice from the low-licking dams spent more
time in the relative safety of the closed arms, in comparison to the
offspring of high-licking dams. There were no differences in the
male groups for arm time. In addition, there were no significant
effects of maternal licking on any of the other measures recorded
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FIGURE 1 |The distribution of mean hourly pup-licking scores

(maximum possible score/h = 20) for 36 C57BL/6J mothers over five

1-h observations (two light phase, three dark phase) on postpartum

days 2, 4, 6, and 8.

FIGURE 2 |The distribution of mean hourly still crouch nursing scores

(maximum possible score/h = 20) for 36 C57BL/6J mothers over five

1-h observations (two light phase, three dark phase) on postpartum

days 2, 4, 6, and 8.

for the test, including percent time and percent entries into the
open arms.

ACTIVITY IN AN OPEN FIELD
Mice were given three 1-h tests across 3 days, in order to observe
patterns of exploration and habituation within and across ses-
sions. The results indicated that the amount of PL received had
significant effects in the open field test, but only in female off-
spring. An overall ANOVA revealed a complex 3-way interaction
between maternal licking, sex of offspring, and day of testing for
distance traveled [F(2,120) = 5.78, p = 0.004]. Separate analyses
for each sex indicated that maternal licking had a significant effect
on distance traveled by the female offspring (Figure 5). In the
female mice, the offspring from the low-licking dams had signifi-
cantly less exploration during the initial introduction to the novel
environment, but had higher rates of locomotion by the third

FIGURE 3 |The distribution of mean hourly hover over pups scores

(maximum possible score/h = 20) for 36 C57BL/6J mothers over five

1-h observations (two light phase, three dark phase) on postpartum

days 2, 4, 6, and 8.

day of testing [post hoc analyses following maternal licking × day
interaction, F(2,62) = 6.51, p = 0.0027; and maternal licking × 5-
min interval interaction, F(11,341) = 1.83, p = 0.0485]. The group
differences on Day 3 suggested that the female mice in the low-
lick group did not show the typical pattern of habituation across
days. In line with this observation, the female mice in the high-
licking group had significant decreases in activity across the
days of testing [within-group repeated measures ANOVA, main
effect of day, F(2,32) = 10.51, p = 0.0003; day × interval interac-
tion, F(22,352) = 2.9, p < 0.0001], while there were no significant
effects of day in the female mice from the low-licking group.

Similar to the measure for locomotion, an overall ANOVA
revealed a three-way interaction between maternal licking,
sex of offspring, and day of testing for rearing movements
[F(2,120) = 3.23, p = 0.0429]. Separate analyses for each sex indi-
cated an overt difference between the female groups for vertical
activity (Figure 6). Rearing movements in the low-lick female
offspring were markedly decreased across most of the first test,
although this difference was only observed on Day 1 [maternal
licking × day interaction, F(2,62) = 7.76, p = 0.001]. The reduced
rate of rearing could indicate higher anxiety-like behavior in the
low-lick group (Choleris et al., 2001; Takahashi et al., 2008).

Time in the center region of the open field was used as an
index of anxiety-like behavior (Figure 7). An overall ANOVA
indicated a three-way interaction between maternal licking, sex of
offspring, and session interval [F(11,660) = 2.34, p = 0.0079]. On
Day 1, the female offspring of the low-licking dams spent signifi-
cantly less time in the center region, suggesting that this group had
higher anxiety in the open field test [maternal licking × interval
interaction, F(11,341) = 3.29, p = 0.0003]. As with the other activ-
ity measures, no significant differences were observed in the
male groups.

REACTIVITY TO AN ACUTE STRESSOR
In the week following the first three activity tests, mice were eval-
uated for response to a brief aversive stimulus (an IP injection
of saline), given after the first h of a 3-h test (Figure 8). Because
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Table 1 | Low vs. high pup-licking mothers: means (±SEM) of pups/litter and maternal behaviors.

Mothers Pups/litter PL SG SC HOV ABN NPC

Low PL 7.9 ± 0.7 2.8 ± 0.1* 2.1 ± 0.2 9.5 ± 0.4 3.9 ± 0.2* 13.4 ± 0.3 3.5 ± 0.4

High PL 6.9 ± 0.7 4.8 ± 0.2 1.9 ± 0.2 8.6 ± 0.2 5.4 ± 0.2 14.0 ± 0.2 3.4 ± 0.4

*p < 0.001, Low vs. High PL. PL, pup-lick; SG, self-groom; SC, still crouch; HOV, hover; ABN, arched-back nursing = sum of SC and HOV; NPC, no pup contact.

FIGURE 4 |Time spent on the open and closed arms of the elevated plus-maze (mean + SEM) during a 5-min test. Female offspring of dams with low
levels of pup-licking spent significantly more time in the closed arms than the offspring of high-licking dams. *p < 0.05.

general exploration in the open field had already been investi-
gated in the previous three tests, the analysis focused on changes
in activation following the stressor. A repeated measures ANOVA
on distance traveled during the 10-min pre-injection and post-
injection time points revealed a three-way interaction between
maternal licking, sex, and time [F(1,59) = 4.78, p = 0.0328]. Sep-
arate analyses indicated different effects of maternal licking in the
male and female groups. In the male mice, there were no differ-
ences in locomotion before the injection. However, after the brief
stressor, the mice from the low-licking dams had minimal acti-
vation, in comparison to the offspring from high-licking dams
[maternal licking × time interaction, F(1,29) = 7.58, p = 0.0101].
In the female groups, increased rates of locomotion were observed
in the low-lick offspring both before and after the stressor [main
effect of licking, F(1,30) = 8.81, p = 0.0058].

With the measure for rearing movements, the pattern of
activation following the stressor was opposite in the male
and female groups, with the male mice from low-lick dams
showing less activation [maternal licking × time interaction,
F(1,29) = 5.97, p = 0.0208], and the female mice from low-lick
dams having greater activation [maternal licking × time interac-
tion, F(1,30) = 7.82, p = 0.0089].

ACOUSTIC STARTLE TEST
Levels of maternal licking did not have any significant effects on
amplitude of startle responses, indicating that the groups had
comparable reactivity to the acoustic stimuli. However, differences

between the female groups were found for prepulse inhibition, an
index of sensorimotor gating (Figure 9). An overall repeated mea-
sures ANOVA revealed a significant main effect of maternal licking
[F(1,60) = 4.73, p = 0.0337] and maternal licking × sex interac-
tion [F(1,60) = 4.67, p = 0.0346]. Separate analyses for each sex
showed that the female mice from the low-licking group had
reduced percent inhibition at every prepulse sound level [post hoc
analyses following significant main effect of maternal licking,
F(1,31) = 10.33, p = 0.003]. In contrast, no differences in prepulse
inhibition were found in the male groups.

ANALYSIS WITH LITTER SIZE AS COVARIATE
The use of number of pups per litter as a covariate did not
reveal additional significant effects of maternal licking on off-
spring behavior. It is possible that this approach was not more
informative because of the low variability in pup number per lit-
ter. This was partially due to the elimination of any litters with less
than four pups. Overall, the mean number of pups in the low-lick
litters did not differ significantly from the mean number in the
high-lick group [Table 1; F(1,13) = 1.02, p = 0.3301].

DISCUSSION
This is the first study to compare behavioral outcomes between
adult offspring of mothers of a single mouse strain (C57BL/6J)
that exhibited frequencies of PL at the high vs. low end of the
distribution. Compared to adult females that received high fre-
quency maternal licking in infancy, adult females that received
low frequency maternal licking exhibited significantly (1) more
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FIGURE 5 | Locomotion in a novel environment during a 1-h session. Data shown are means (±SEM) for the first (Day 1) and third (Day 3) tests. Female
offspring of dams with low levels of pup-licking had significantly lower locomotion on Day 1, but higher locomotion on Day 3, than the offspring of high-licking
dams. *p < 0.05.

FIGURE 6 | Vertical activity in a novel environment during a 1-h session.

Data shown are means (±SEM) for the first (Day 1) test. Female offspring of
dams with low levels of pup-licking had significantly lower rearing movements
than the offspring of high-licking dams. *p < 0.05.

anxiety-like behavior in the novel open field test, (2) no reduction
in locomotion over repeated testing in the open field, suggesting
impaired habituation to the test situation, (3) increased reactiv-
ity after an acute stressor (a saline injection), and (4) deficits in
prepulse inhibition. There were no significant behavioral differ-
ences between adult male C57BL/6J mice reared by high vs. low PL

mothers on most tests, although the male offspring of low-licking
dams had less reactivity to the brief stressor.

Comparisons of our results with the limited number of pre-
vious studies in mice examining the effects of maternal behav-
ior variation on adult outcomes in C57BL/6J offspring are
hampered by considerable methodological differences among
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FIGURE 7 |Time spent in the center region of a novel environment during

a 1-h session. Data shown are means (±SEM) for the first (Day 1) test.
Female offspring of dams with low levels of pup-licking spent significantly
less time in the center than the offspring of high-licking dams. *p < 0.05.

research groups. Francis et al. (2003) cross-gestated embryos or
cross-fostered newborns between C57BL/6J and BALB/cJ moth-
ers. Priebe et al. (2005) also cross-fostered neonates between these
strains and confirmed previous reports that C57BL/6J mothers
exhibit significantly more PL than BALB/cJ mothers. Outcomes
were assessed in adult male but not female offspring. Both groups
found no differences between C57BL/6J mice reared by BALB/cJ
mothers and C57BL/6J reared by same strain mothers in the
EPM and prepulse inhibition tests. There were no differences in
novel open field behavior as well in one study (Francis et al.,
2003) but C57BL/6J mice reared by BALB/cJ mothers exhibited
significantly less center time in that test (Priebe et al., 2005).
With the exception of the latter finding, these results are in
agreement with our data indicating there are no effects of PL
variations on behavior outcomes in male C57BL/6J mice. It is
unfortunate that female offspring were not evaluated in these
studies. Coutellier et al. (2008) were able to decrease PL fre-
quencies (on days 1 and 2 but not subsequent postpartum days)
and crouched nursing frequencies (on postpartum days 1–4) in
C57BL/6J mothers by requiring them to forage for food. Adult
offspring of foraging compared to non-foraging mothers exhib-
ited no differences in open field behavior, but increased locomo-
tion and a trend toward more open arm time in the elevated
zero maze in males, but not females. These results contrast with
the significant relationships we found in adult female, but not
male, C57BL/6J offspring between frequencies of PL received and
measures of anxiety. The effects on behavioral development of
foraging-induced and natural variations in maternal behavior may
be substantial.

In rats, adult offspring that received high compared to low
frequencies of maternal licking during the early postnatal period
exhibited less anxiety-like behavior in the open field and other
tests, as well as greater prepulse inhibition (Caldji et al., 1998;
Francis et al., 1999; Zhang et al., 2005). These results, which were
mostly obtained from male offspring, contrast with our findings
that variations in PL are mainly related to behavior in adult female,
but not male, C57BL/6J offspring. However, the one rat study
that examined female offspring obtained results similar to ours;

recipients of high compared to low maternal licking spent signifi-
cantly more time in the center of the novel open field (Francis et al.,
1999). Two earlier studies (Gubernick and Alberts, 1985; Moore
et al., 1997) reported that male rat pups received significantly
more maternal licking than female pups. More recently, Cham-
pagne et al. (2003) found no significant difference between the
frequencies at which male and female pups were licked although
the mean frequency for males was slightly higher. Greater fre-
quency or less variability in the frequency of PL directed toward
C57BL/6J male pups may explain why we found no difference in
behavior outcomes in adult male offspring reared by high vs. low
PL mothers.

Only one other study has examined the range of frequencies of
components of maternal behavior in C57BL/J6 mice (Champagne
et al., 2007), although other groups studied the mean frequen-
cies of behaviors in C57BL/6J mothers (Ward, 1980; Anisman
et al., 1998; Brown et al., 1999; Priebe et al., 2005; Shoji and Kato,
2006; Carola and Gross, 2010). The range of PL frequency in our
study (13–29.4%) differs considerably from the range reported by
Champagne et al. (2007); 3–14%). The mean PL frequency in this
study (18.3%) fits in the upper range of the considerable variation
in PL frequencies (approximately 4–22%) measured in other stud-
ies of C57BL/6J mothers cited above. It is difficult to attribute this
strikingly wide range of PL frequencies solely to methodological
differences among studies. PL frequencies may naturally vary sub-
stantially among C57BL/6J mothers reared and bred in different
animal colonies.

This study has several limitations. Offspring were tested over
a wide age range (6–12 weeks). The numbers of male and female
pups were not recorded for three of the litters reared by high
PL mothers. Some of the litters had very uneven sex distribu-
tions: e.g., one low PL litter had five male and no female pups
and one high PL litter had four female pups and one male.
Incomplete data on sex distribution in test litters prevents us
from examining the influence of this factor on behavior out-
comes. Furthermore, the estrus state of females was not assessed
so this could not be entered into the analysis as a covariate.
Because of procedural errors and equipment failure the complete
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FIGURE 8 | Locomotion and vertical activity before and following

exposure to an aversive stimulus (a saline injection). Data shown are
means (±SEM) for the 10-min period pre- and post-injection. In comparison
to offspring of dams with high levels of pup-licking, female offspring of
low-licking dams had increased activity, while the male offspring had
decreased activity, during the test. *p < 0.05.

set of video recordings of maternal behavior were not obtained
in 9 of 36 dams. Determination of which dams exhibited high
and low end PL frequencies may have been affected by these
missing data.

Comparative behavior phenotyping of mouse strains is becom-
ing a widely employed strategy to identify animal models of
psychiatric and neurodevelopmental disorders (Moy et al., 2007;
Kalueff et al., 2008). The behavior measures in which we found

FIGURE 9 | Impaired prepulse inhibition of acoustic startle responses

in female offspring of dams with low levels of pup-licking. Data shown
are means (±SEM) for each group. *p < 0.05.

significant differences between mice that received high vs. low PL
(EPM, open field, PPI) are commonly used in these studies. Pub-
lished comparisons among separate research centers have reported
considerable differences in behavior test results within-strains,
even with strenuous efforts to standardize sources of animals, ani-
mal handling, test procedures and test apparati (Crabbe et al.,
1999; Wahlsten et al., 2003; Mandillo et al., 2008). Data from
open field, EPM, and PPI tests were far more variable within-
strains among research centers than data from other tests (e.g.,
water maze, alcohol preference). Our results raise concerns that
differences among separate laboratories in maternal behavior lev-
els within mouse strains may influence behavior phenotyping
outcomes. However, our findings that PL variations are primar-
ily related to behavior outcomes in female offspring bring into
question the influence of variations in maternal behavior on the
outcomes of mouse behavior phenotyping studies. In studies com-
paring research centers, differences in behavior test results were
significant for both sexes (Crabbe et al., 1999; Wahlsten et al.,
2003). Nonetheless, our results suggest that measures of maternal
behavior received during the postnatal period may be important
covariates that may improve assessment of the validity of mouse
models of human behavioral and emotional disorders. Conduct-
ing such studies in transgenic mice may also identify genes that
are involved in the epigenetic effects of maternal behavior on
specific adult behavior outcomes. Unfortunately, quantification
of maternal behavior is very laborious and not conducive to
the high throughput scale of most mouse behavior phenotyping
projects.
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The mammalian model of survival begins 
with puzzling-out a simple but stark 
truth: Life must learn to care for life. We 
have described the experiences involved 
in changing from nulliparous female to 
mother, from unresponsive to committed. 
The transition taking place in the nervous 
system that underpins the shift from largely 
self-centered organism to other-focused car-
egiver is accompanied by an assortment of 
effects ranging from basic gene expression 
changes, to modifications of neuronal com-
plexity and activity, to wholesale shifts in 
the size of specific brain structures. In total, 
the female changes in ways both subtle and 
striking, and for one simple reason: reducing 
the cost:benefit ratio required for success-
ful rearing of young. The system, however, 
is imperfect. Here we attempt to reconcile 
the ultimate goals of life and evolution, the 
manifest reshaping of the female mammal’s 
brain in service to her young, with its incom-
plete or faulty development. That is, things 
go wrong; mothers can be apathetic, abusive, 
or worse. How might the inherent adapta-
tion that, on average, directs the formation 
of the maternal brain, and which in turn, 
governs the set of behaviors required for 
successful reproduction and gene passage, 
fail to adequately express itself?

Susan Smith drives her car and two 
young boys into a lake in South Carolina, 
killing the children. Andrea Yates drowns 
five children, one after the other, in her 
family’s bathtub. These cold and heinous 
acts are doubly shocking because of the per-
petrators’ relationship to the victims: the 
children’s mothers. How, we ask, can that 
most hard-wired of mammalian behaviors 
– in fact, the very word “mammal” derives 
from the act of caring – go awry? Why and in 
what ways do mothers vary in their degree 
of maternal motivation/care?

The simple answer is, nothing is per-
fect. Things go wrong, sometimes terri-
bly so. From the standpoint of the brain’s 
regulation of maternal behavior, however, 

which of the factors that normally order 
maternal responsiveness might malfunc-
tion? The fosB gene is a good place to start.

Brown et al. (1996) established a regula-
tory role for the fosB gene in the display of 
mouse maternal behavior. A knockout of fosB 
gene activity, including preoptic area (POA) 
expression, led to a significant reduction in 
what the authors refer to as “nurturing,” 
wherein a lack of maternal responsiveness 
affected offspring survival, in the absence 
of observed deficits in basic hypothalamic 
activity, pregnancy, cognition, or olfaction. 
Reduced medial preoptic area (mPOA) neu-
ral activity is associated with poor maternal 
behavior (Numan and Insel, 2003), much as 
reductions in frontal lobe volume recently 
reported in human mothers may be related 
to fewer positive thoughts toward young 
(Kim et al., 2010). Both may depend, in part, 
on responding appropriately to offspring-
related sensory stimuli. It appears, then, that 
some more intimate aspect of maternal–off-
spring interaction may be lacking, a defect 
which resembles an apparent inability to 
accurately attend to the offspring’s sensory 
load. Cues that normally elicit maternal 
behavior from the mother failed to do so in 
the fosB knockouts and, perhaps, failed to 
cascade onto the otherwise receptive brain. 
The possibility exists, then, that deficiencies 
in other maternally related genes (Contino 
et  al., 2007; Ferguson et  al., 2008; Kinsley 
et al., 2008; Mann and Lee, 2010), as well as 
fosB and its human analog – which plays a 
role in stress responsiveness (Vialou et al., 
2010) and which could be related to reactions 
to young – may be associated with a diminu-
tion in maternal responsiveness or interest. 
Two major research questions arise: Do such 
genetic effects mean a greater likelihood of 
neglect or abuse? And is the system similar 
in humans?

A spate of recent papers describes some 
of the alterations that define the normal 
maternal brain. Kim et  al. (2010), using 
magnetic resonance imaging (MRI), 

reported significant structural changes in 
several major brain regions of human moth-
ers over the first few postpartum months, 
during which the intimate relationship 
between mother and infant develops and 
deepens. The images of mothers’ brains at 
2–4  weeks postpartum, and 3–4  months 
postpartum, showed increased gray matter 
volumes in prefrontal cortex, parietal lobe, 
and midbrain areas. Further, increased gray 
matter volume in the hypothalamus, sub-
stantia nigra, and amygdala was correlated 
with maternal positive perception of the 
baby (more positive, more gray matter). 
These results suggest that the first months 
of motherhood in humans are accompa-
nied by structural changes in brain regions 
implicated in maternal motivation and 
behaviors (Kinsley and Meyer, 2010).

Other work is suggestive, too, as it par-
allels human experiences. Lippmann et al. 
(2007) reported that chronic maternal sepa-
ration during the postnatal period induces 
long-term behavioral and neural modifica-
tions in the adult. Such individuals exhib-
ited significant reductions in the level of the 
protein, brain-derived neurotrophic factor 
(BDNF) and marked maternal behavioral 
deficiencies. Francis et al. (1999) and oth-
ers have shown that rat pups that experi-
ence their mothers licking and grooming, 
are likely to act the same way toward their 
own offspring, non-genomically passing-
on behaviors to subsequent generations. 
Korosi and Baram (2009) suggest that early 
childhood deprivation of “maternal love” 
may lead to variable neuroendocrine stress 
responses and differential coping. It is of 
interest, therefore, to hear accounts of child-
hood stress and abuse in the sad cases of 
Yates and Smith above.

Such experiences likely change the brain 
in manifest ways, possibly influencing other 
cognitive and emotional processes. Keyser-
Marcus et al. (2001) have reported that neu-
rons in the mPOA demonstrate a significant 
increase in volume the closer an animal 
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gets to parturition, as if the region were 
readying itself for the requisite maternal 
responsiveness to follow. Numan and Insel 
(2003) have discussed at length the role of 
the mPOA in maternal behavior, and the 
Kim et  al. (2010) data implicate anterior 
hypothalamic structures such as the mPOA 
in their “good thoughts-good mother” data 
mentioned above. A model for likely neural 
changes that do not occur in so-called bad 
mothers would present a valuable research 
tool to the translational field.

In summary, the data suggest that ade-
quate maternal motivation, far from an 
intrinsic or instinctual state, is, rather, a 
consequence of active processes “building” 
a responsive neural substrate. Therefore, if 
improperly assembled, an incomplete, or 
defective maternal brain may fail in its task 
of caring adequately for young – or worse – 
making the faulty maternal brain a valuable 
object for additional study.
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