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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
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such as drug abuse, maternal neglect, altered reward systems, stress, biological and neural
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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

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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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
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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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INTRODUCTION

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 arole 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-

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

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;
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Adolescent morphine and maternal-offspring interactions

Kinsley and Bridges, 1986, 1990; Mann et al., 1990; Kinsley et al.,
1995; Sukikara etal., 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
etal., 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

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-FO and MOR-FO0 females.

MATING AND MATERNAL BEHAVIOR OBSERVATIONS — FO FEMALES

At 60 days of age (i.e., 3 weeks after their final injection), SAL-FO
and MOR-F0 females were mated with colony males. A total of 27
SAL-F0 and 28 MOR-FO0 became pregnant. The day of parturition
was designated as postnatal day 0 (PNDO). 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,
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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-FO 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 alllitters from FO 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
anovel test chamber (40 cm X 30 cm X 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-FO litters and N = 24 MOR-FO litters.

STATISTICAL ANALYSES

Differences in bodyweight gain during the morphine exposure
regimen were analyzed using a Student’s #-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-FO=51.8+1.2 g MOR-F0 =43.8+0.89 g), however,
MOR-FO females gained significantly less than SAL-FO controls
(155 =543, 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 x drug interac-
tion; me =4.5, p<0.01]. As shown in Figure 1, MOR-FO females

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

160
C— SAL-F0
=y 140 1 = MOR-FO
£ 120
S2
== 100
> O
2 80
Re
.?DE 60 - - *
£5 40
=
© 20 1
0
1 2 12 19
Days Post-Withdrawal
FIGURE 1 | Mean (£SEM) body weight gain (gram) following cessation of
daily injections. *p < 0.001 as compared to SAL-FO within day. N = 27
SAL-FO; N = 28 MOR-FO.

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).
Atweaning (PND21) there was a significant difference between the
groups, with MOR-F1 subjects weighing more than SAL-F1 con-
trols [t =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, , = 55.4,
p<0.001], adolescent exposure [F, , =6.9, p<0.02],as well as a
significant interaction [F, , = 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
amain effect of light phase [F ;= 11.0, p<0.001], with no other
significant effects. Finally, on PND16 there was both a main effect
of light phase [F,, , = 9.4, p <0.01] and a significant interaction
[F,, 3, = 5-2,p<0.05]. Post hocanalyses indicate that SAL-FO 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-FO0 was
related to an increase in their frequency away from the nest. As
shown in Figure 2, MOR-FO0 mothers tended to be away from their
nests more frequently than SAL-FO mothers during the dark phase.
On PND4, there was a main effect of light phase [F, , = 71.2,
p<0.001] as well as a significant interaction [F, , = 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 ., =119.9, p < 0.001] and adolescent exposure [F, . = 4.3,

(1,31) (1,31)
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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)
SALFO 14.1+£0.5 6.7+0.4 74+£04 91.2+27 550.9+£8.8
MOR-FO 142+04 75103 6.6+£0.5 96.5+2.3 582.1 £ 11.0*

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

p<0.05], with MOR-FO off the nest more frequently than SAL-FO  p < 0.02]. Post hoc analyses indicate an increased frequency for
mothers. Finally, on PND16 there was a main effect of light phase MOR-FO mothers to be away from the nest when compared to
[E . =30.86,p<0.001] and asignificantinteraction [F, , =7.16, SAL-FO mothers during the light phase only.

(1,31) (1,31)
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FIGURE 2 | Mean (£tSEM) 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-FO.
*p < 0.02 compared to SAL-FO females within day. N = 15 SAL-FO; N = 18 MOR-FO.
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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
thelight phase and maternal adolescent exposure were observed on
PND5. All females nursed more during thelight phase [F,, , =8.21,
p<0.05], with no significant differences between MOR-F0 and SAL-
FO 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, , = 9.13, p < 0.01] and maternal adolescent exposure
[F(l,w) =8.93, p<0.01]. Overall, MOR-F0O mothers spent more time
hovering then SAL-FO 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| |, = 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 , = 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
PND?5, all females engaged in more self-directed behaviors during the
dark phase [main effect of light phase; F|, |, = 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 . =4.89,p<0.05; duration—F, .. =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
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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-FO compared to SAL-FO collapsed across
light cycle phase. N = 11 SAL-FO; N = 10 MOR-FO.

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
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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.

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
etal., 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;
Douglasetal., 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-FO0 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-FO females, no differences
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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-FO 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-FO0 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-FO 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-FO 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-
FO 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-FO 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

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 Berget 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-FI 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-FO 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
etal., 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
etal., 1996). In fact, our effects are more similar to those observed
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following administration of opioid antagonists during fetal devel-
opment (Shepanek etal., 1995; Medina Jimenez et al., 1997). Thus,
the transgenerational effects observed in the offspring of adolescent
morphine-exposed females may be indicative of a down-regulation
of the endogenous opioid system in their mothers, perhaps both
pre- and postnatally, which is then transmitted to their offspring via
currently unidentified, epigenetic processes. Such processes could
include modifications in maternal—offspring interactions.

CONCLUSION

Adolescent use of prescription pain relievers has increased dra-
matically in the past decade, especially in young females. Beyond
the risks of overdose or addiction, the long-term effects of expo-
sure to such powerful opiates during a critical period of neu-
rodevelopment are unknown. As endogenous opioids play such
a significant role in reproductive function, prior opiate use could
influence pre- and/or postnatal factors. Given the importance
of opioids in maternal-offspring interactions, and the critical
role that mothers play in the healthy development of their chil-
dren, it is possible that opiate use in adolescent girls could have

repercussions for future generations. To begin to elucidate the
possible long-term effects of adolescent opiate use, animal mod-
els examining the impact of adolescent opiate exposure on both
the female and her future offspring are required. The current
findings demonstrate that exposure to increasing doses of mor-
phine during adolescent development can induce subtle changes
in maternal care and offspring development. While the neural
and/or endocrine mechanisms underlying these effects remain to
be determined, a shift in the endogenous opioid system of both
mother and offspring seems likely. These findings strongly suggest
that adolescent female opiate use, occurring prior to mating, and
in the absence of any further use pre- or postnatally, can impact
maternal—offspring interactions and the behavioral phenotype of
their offspring. Thus, concerns about the impact of maternal drug
use on children’s health, should not only include consideration
of in utero exposure, but prior drug history as well.
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INTRODUCTION

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
ochrogasten), 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; MANT1 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 MANO 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, MANO 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.

Keywords: oxytocin, vasopressin, monogamy, parental care, anxiety

or physical challenge (Levine, 2005; Aguilar, 2010; Zanettini et al.,

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

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
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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 Vla 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 MANO).
Behavioral differences in later life were striking and in some cases
sexually dimorphic. When tested with pups following weaning,
MANO 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 (MANO)
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, MANO 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 MANO 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 MANO 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.

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 X 22 cm X 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 X 16 cm X 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 MANO, 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 MANY7 received this manipulation once
on day 7. MANO 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

Frontiers in Psychiatry | Child and Neurodevelopmental Psychiatry

May 2011 | Volume 2 | Article 24 | 18


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

Bales et al.

Early experience and oxytocin

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. MANO 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 um 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

between MAN1 and MANO 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
(MANO and MAN?7).

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 pl of plasma)
and 1:12 for AVP (25 pl 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-um
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—HCI (pH 7.4) at room temperature
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for 5 min and incubated for 60 min at room temperature in a
solution of 50 mM Tris—HCI (pH 7.4) with 10 mM MgCl,, 0.1%
bovine serum albumin, and 50 pM of radiotracer. For OTR bind-
ing, ['*I]-ornithine vasotocin analog [ ("*I)OVTA] was employed
[vasotocin, d(CH,),[Tyr(Me)*Thr*,Orn®, (**I)Tyr*-NH_]; 2200
Ci/mmol]; (NEN Nuclear, Boston, MA, USA). For V1aR binding,
[-lin—vasopressin  ['*I-phenylacetyl-D-Tyr(ME)-Phe-Gln—
Asn—Arg-Pro—Arg-Tyr-NH,]; (NEN Nuclear) was used. Non-
specific binding was determined by incubating adjacent sections
with the radioactive specific ligand as well as with 50 pM of unla-
beled Thr?, Gly” OT, a selective OT ligand (Peninsula Laboratories,
Belmont, CA, USA) or 50 uM of unlabeled [1-(-mercapto-,-cyclo-
pentamethylene propionic acid),2-(O-methyl)-tyrosine]-arg®-
vasopressin, selective for the V1aR. Following incubation, sections
were washed four times at 5 min each in 50 mm Tris—HCI (pH
7.4) with 10 mM MgCl, 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,O and rapidly dried with a
stream of cold air. Sections were apposed to Kodak BioMaxMR
film (Kodak, Rochester, NY, USA). Autoradiographic '*I-receptor
binding was quantified from film using the NITH 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 pl 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 ul 3% H,O, per 10 ml10.175 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).

Images were captured using a Nikon Eclipse E 800 microscope,
Sensi-cam camera, and IP Lab Software®. Pictures for analysis were
taken at 100X magnification. Analysis was performed using Image
] 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 pm X 125 pm) measuring
both cells and fibers, and another in the periphery (sampling area:
375 pm X 250 pm) 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 pum X 375 pm and vertical 225 pm x 440 pm)
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 (MANO 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, =4.95, p=0.035; Figure 1) and total time spent
in alloparental behavior (including sniffing, licking/grooming,
non-huddling contact, and huddling; F, = 4.24, p = 0.046). When
only MANO and MAN1 males were compared directly, there was a
trend for a difference in non-huddling contact (n = 20, F, = 3.79,
p =0.067) and other behaviors were non-significant (Table 1). In
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a one-tailed test (justified by a priori expectation of direction), the
difference between MANO and MANT in non-huddling contact is
significant (p = 0.033).

No female alloparental behaviors varied significantly by early
treatment (Table 1). When MANO and MAN1 females were com-
pared directly, there were also no significant differences in allopa-
rental behaviors.
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FIGURE 1 | Males that were manipulated before day 7 displayed a
significantly longer duration of non-huddling contact (F, =4.95, p = 0.035;
Table 1) and total time spent in alloparental behavior (F, = 4.24, p=0.046).

ELEVATED PLUS-MAZE

Autogrooming in the EPM differed by treatment for females
(n=39, F, = 4.38, p = 0.012; Figure 2) but not for males (1 = 38,
F,=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, x> = 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 MANO groups were compared, no sig-
nificant differences for males were seen; however MAN1 females
autogroomed significantly more than MANO females (n = 19,
F, =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,=3.38,p=10.084).

OXYTOCIN AND ARGININE VASOPRESSIN (V1A) RECEPTOR BINDING
Oxytocin receptor binding differed in several areas in females,
with MANO females having significantly higher OTR binding
than other groups (Figures 3 and 4). Treatment differences
were significant in the BNST (n = 26, F, = 3.37, p = 0.032)
and the nucleus accumbens (NAcc; F, = 2.96, p = 0.048). OTR
binding in females was also marginally significant in the same
direction in the cingulate cortex (F, = 2.89, p = 0.051; opti-
cal densities, MAN1 = 0.107 £ 0.03, MAN1-7 = 0.115 £ 0.02,
MAN7=0.126£0.3, MANO = 0.248 £ 0.06) and the lateral septum
(LS; F,=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, =3.85, p=0.018; Figure 5), and tended to differ in the NAcc
(F, = 2.65, p = 0.065). These differences were in the same direc-
tion as females (MANO and MAN?7 higher than MANT1), 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
MANO 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 MANO 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 (MANO

and MAN?).

MALE: MALE: No early  Statistic p-value FEMALE: FEMALE: No early Statistic p-value

Manipulation in manipulation Manipulation in manipulation

the first week (MANO and the first week (MANO and MAN 7;

(MAN1 and MAN 7; n=21) (MAN1 and n=20)

MAN1-7; n=21) MAN1-7; n= 20)
Sniff 31.562+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 x?=2.01 0.156 70.05£3732 49.47 +18.68 x> =233 0.507
Retrievals 2.67+0.72 1.81£0.60 x> =199 0.158 1.65+£0.47 447177 x> =3.33 0.344
Huddling 1.24+£0.86 5.71+£4.15 x =11 0.737 33.9+23.22 16.32+£9.23 x?=5.04 0.169
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FIGURE 2 | Time spent autogrooming in the elevated plus-maze differed
among treatment groups in females (F, =4.38, p=0.012). There was a
trend for time spent in the closed arms to differ (Kruskal-Wallis test, x* = 7.14,
p = 0.067). Groups which differ significantly from each other in the overall
ANOVA are indicated by different letters. WWhen MAN1 and MANO females

were compared directly in pre-planned comparisons, MAN1 females

autogroomed significantly more than MANO females (F, = 4.87 p = 0.041) and
MAN1 females tended to spend more time in the closed arms than MANO

females (F, = 3.38, p = 0.084).
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FIGURE 3 | Oxytocin receptor binding (optical density), females. Bars with
different letters indicate groups that are significantly different in post hoc testing.
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FIGURE 5 | Oxytocin receptor binding (optical density), males. Bars with
different letters indicate groups that are significantly different in post hoc testing.

CENTRAL OT AND AVP PRODUCTION (IMMUNOHISTOCHEMISTRY)

The density of OT cell bodies in the SON differed significantly by
treatment for males (n =33, F, =4.12, p=0.018; Figures 6 and 7),
but not for females (n = 27, F, = 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 MANO and
MANI1 groups revealed that the differences in density of
AVP immunoreactive cell bodies approached significance
(F, = 4.34, p=0.056) with high levels of AVP in MANO versus
MANI1 males. This difference was not observed in females;
however, in females there was a trend for MANO females to
have higher OT cell bodies in the PVN than MAN1 females
(F, = 3.41, p = 0.088).

PLASMA HORMONES

There was a trend for CORT to differ in females (n = 36, F, = 2.41,
p = 0.085; Figure 8) but not in males (1 = 40, F, = 0.68, p = 0.569)
following the EPM test, a mild stressor. MANO females had sig-
nificantly higher CORT than MAN1 females (¢, = 2.66, p = 0.012).
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Table 2 | Radiolabeled ligand binding for AVP V1a receptors (optical density) for males (means x SD). Groups also did not differ inV1a receptor binding.

MAN1 (n=6) MAN1-7 (n=10) MAN? (n=10) MANO (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).

MANT1 (n=8) MAN1-7 (n=7) MAN7 (n=3) MANO (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.
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FIGURE 6 [ The number of OT cell bodies in the SON differed significantly
by treatment for males (F, =5.46, p = 0.005). Although the overall ANOVA
for females was not significant (F, = 1.9, p = 0.157), there was a trend for a
difference between MANO and MAN1 (t, = -1.73, p = 0.096).

FIGURE 7 | Representative photographs of OT immunoreactivity in the
SON in MAN1 and MANO animals.

Plasma AVP did not differ significantly by treatment following
the EPM test in males (n = 31, F, = 0.33, p = 0.802; Figure 9) or
females (n = 32, F, = 0.07, p = 0.977). OT also did not differ sig-
nificantly by treatment in males (F, = 1.63, p=0.199; Figure 10) or
females (F, = 1.23, p=0.316). Comparisons of MANO 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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Table 4 | Inmunohistochemistry results for OT and AVP measures in males.

MAN1 (n=6) MAN1-7 (n=7) MAN?7 (n=10) MANO (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+0.02 144 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 | Inmunohistochemistry results for OT and AVP measures in females.
MAN1 (n=5) MAN1-7 (n=7) MAN7 (n=5) MANO (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
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FIGURE 8 |There is a trend for stress-induced corticosterone to differ in
females (F,=2.41, p = 0.085) but not in males (F, = 0.68, p = 0.569).
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FIGURE 10 | Plasma OT did not differ significantly by treatment in males
(F,=1.63, p=0.199) or females (F, = 1.23, p=0.316).

HMAN1
OMAN1-7
MAN7
@ MANO

Vasopressin (pg/ml)

/% 0

Males

Females

FIGURE 9 | Plasma AVP did not differ significantly by treatment following

the EPM test in males (F, = 0.33, p = 0.802) or females (F, = 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 (MANO)

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 MANO 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 (MANO). 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 MANO (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 MANO 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
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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
MANO treatment, the male offspring from this repeated han-
dling group showed low levels of alloparenting in later life (Boone
etal., 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 MANO 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 MANO
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 MANO
(Bales et al., 2007a) showed higher levels of anxiety-like behaviors
in MANO animals, as measured in the EPM, which we did not
detect here. In fact, we found the opposite: MANO females tended
to spend less time in the closed arms of the EPM than MANI1
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.

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 (MANO 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. MANO females autogroomed the
least of all groups (Figure 2). MANO 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 MANO and MAN?7 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 hoccomparisons 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 MANO 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 MANO 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 thatlower OT during development is more likely, given
that MANO females actually had higher OT production in the PVN
in this study than MANI1 females. Although the SON is unlikely
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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. MANO 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 MANO 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 MANO 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 MANO group,
which might also be receiving less parental stimulation.

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 (MANO), 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 (MAN?7), the
consequences for subsequent alloparental behavior were similar to
MANO. However, the neuroendocrine effects of MAN1-7 versus
MANT1 and the effects of MAN7 versus MANO 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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Repeated drug use/abuse amplifies psychopathology, progressively reducing frontal lobe
behavioral control, and cognitive flexibility while simultaneously increasing limbic temporal lobe
negative emotionality. The period of adolescence is a neurodevelopmental stage characterized by
poor behavioral control as well as strong limbic reward and thrill seeking. Repeated drug abuse
and/or stress during this stage increase the risk of addiction and elevate activator innate immune
signaling in the brain. Nuclear factor kappa-light-chain-enhancer of activated B cells (NFkB) is a
key glial transcription factor that regulates proinflammatory chemokines, cytokines, oxidases,
proteases, and other innate immune genes. Induction of innate brain immune gene expression
(e.g., NFkB) facilitates negative affect, depression-like behaviors, and inhibits hippocampal
neurogenesis. In addition, innate immune gene induction alters cortical neurotransmission
consistent with loss of behavioral control. Studies with anti-oxidant, anti-inflammatory, and anti-
depressant drugs as well as opiate antagonists link persistent innate immune gene expression
to key behavioral components of addiction, e.g., negative affect-anxiety and loss of frontal—
cortical behavioral control. This review suggests that persistent and progressive changes in
innate immune gene expression contribute to the development of addiction. Innate immune
genes may represent a novel new target for addiction therapy.

Keywords: addiction, alcoholism, chemokines, microglia, neurogenesis

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

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
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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
PEC 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

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 (Shorsetal.,2001) as well as mood and affective state
(Malbergetal.,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 etal.,
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
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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-xB 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

as sensory and hormonal signals activate the oxidation sensitive
transcription factor NF-kB that is highly expressed in microglia
(see Figure 1).

The transcription factor NF-xB 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-kB-DNA
binding and transcription of many genes, particularly chem-
okines, cytokines, oxidases, and proteases. Our laboratory has
previously demonstrated that ethanol increases NF-kxB-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-xB target

Ethanol
Stress
Drug abuse

tPA, MMP

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«B 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 NFkB-DNA binding and transcription. Reactive oxygen species
resulting from oxidases such as NADPH-oxidase or ethanol metabolism by
CYP2E1 increase NF-«B transcription of NOX2°">, 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 NFxB activation leading
to autocrine and paracrine amplification and persistent signals. Cytokines and
chemokines, such asTNFo, IL1B, IL6, and MCP-1 as well as their receptors
(TNFR in figure), are also induced resulting in amplification loops. Toll-ike
receptors are increased by ethanol (Dolganiuc et al., 2006; Alfonso-Loeches
etal., 2010) as are other damage-associated molecular pattern receptors and
there agonists resulting in the formation of positive activation loops (Garg et al.,
2010). TollHike 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:
CYP2ET1, cytochrome P450 2E1; ECM, extracellular matrix; EtOH, ethanol;
gp91, NADPH-oxidase flavocytochrome b components; HMGB1, high-mobility
group box 1; IL1-1B, 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-kB,
nuclear factor kappa-light-chain-enhancer of activated B cells; TACE, TNFa.
converting enzyme; TLR, tollHike receptor; TNFa, tissue necrosis factoralpha;
tPA, tissue plasminogen activator.
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genes, including chemokine monocyte chemoattractant protein-1
(MCP-1,CCL2; He and Crews, 2008), proinflammatory cytokines
[tumor necrosis factor-oo (TNFo), Interleukin (IL)-1B, and
IL-6], proinflammatory oxidases [iINOS (Zou and Crews, 2010),
cyclooxygenase (COX; Knapp and Crews, 1999), and NOX (Qin
etal.,2008)],and proteases (TACE and tPA; Zou and Crews, 2010).
Similarly, stress increases the expression of NF-xB (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-kB 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-kB. Thus, activation of NF-«B 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-xB
target genes and activators of NF-xB 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-kB 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-kB 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
(Garget al.,, 2010), activate TLR and other signals that contribute
to innate immune gene induction (Huang et al., 2010). Loops of
NF-kB activation likely vary across individuals and exposure to spe-
cific addictive drugs. However, all addictive drugs activate NF-xB
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 TNFq, 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-xB transcription of innate immune genes in the
brain occurs during exposure to ethanol and other addictive drugs

as well as stress promoting vicious cycles of NF-xB 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-
entimmune 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
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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 (C57BI/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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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-xB
nuclear binding of p50 subunits with 479 NF-kB 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-kB, its regulatory proteins,
and many innate immune genes are central to high ethanol drinking
behaviors (Mulligan et al., 2006). Furthermore, beta-2 microglobu-
lin (B2M), which is a NF-kB 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

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-«B 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-1B 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
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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-
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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).

R
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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 lowerventral dentate gyrus, hippocampus, and entorhinal
cortex (indicated by black arrows) contains more pMAPK + IR than the
upperdorsal 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 (DMAPK + IR) and cell death (silver stain).

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-xB 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
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A The Neurobiology of Addiction

Drug- and stress-induced innate immune gene induction
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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
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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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et al., 2009). In behavioral studies, this learning paradigm mim-
ics the inability of drug addicted individuals to learn new healthy
behaviors. Thus, proper frontal cortex function is needed to weigh
the value of decisions and is important when new learning and/or
behavior is necessary. Our laboratory found that models of binge
ethanol drinking induces persistent deficits in reversal learning in
rats (Obernier et al., 2002) and in adult mice following a model
of adolescent binge drinking (Coleman et al., 2011). Other studies
have demonstrated that rats with previous experience, either with
self-administration of cocaine or with passive cocaine injections,
are abnormally slow to learn reversals even though they learn ini-
tial contingencies at a normal rate (Schoenbaum et al., 2004; Calu
et al., 2007). Furthermore, lesion of the frontal cortex produce
reversal learning deficits similar in nature to chronic drug abuse-
induced deficits (Schoenbaum et al., 2006). In addition, frontal
cortex dysfunction results in perseveration and repetition of previ-
ously learned behaviors due to failure to associate new information
(e.g., negative consequences) into decision making. Thus, innate
immune gene induction disrupts frontal—cortical functions lead-
ing to loss of behavioral control. Similarly, limbic negative affect is
promoted by innate immune gene induction. Together, the loss of
behavioral control and increased limbic drive due to innate immune
gene induction is consistent with innate immune gene induction
culminating in the neurobiology of addiction.

CONCLUSION

The neurobiology of addiction is complex (see Figure 5) and high
rates of co-morbid depression psychopathology suggest common
overlapping molecular changes in the brain (Grant and Dawson,
1998). Drug-induced induction of brain innate immune genes
was initially thought to reflect drug-induced neurodegeneration.
However, more recent studies suggest that increased glutamate
hyperexcitability in the frontal cortex occurs as well as increased
sensitivity to excitotoxicity. Recent research supports a role for
innate immune gene induction in altered neurotransmission

and neurocircuitry that contribute to the dysfunctional behav-
iors associated with addiction. Indeed, increased innate immune
gene expression in increasingly associated with the molecular
mechanisms underlying negative affect, anxiety, and depression
that are known to increase in the addicted brain. The recent dis-
covery that chronic glucocorticoids, elevated by stress and/or
drug abuse, promote NF-kB proinflammatory transcription in
the frontal cortex support a common molecular mechanism of
drug abuse and stress promoting common changes in neurobi-
ology that parallel the progressive and persistent psychopathol-
ogy of addiction. Increased innate immune gene expression in
post-mortem brain tissue of addicted individuals’ mimic findings
in pre-clinical studies of drug- and stress-induced activation of
brain NF-xB transcription and the prolonged psychopathology
of chronic addiction. Stimuli that activate brain innate immune
gene expression independent of any addictive drug experience
promote addiction-like behaviors and increase drug consumption.
Human genetic studies on alcohol dependence have also found
innate immune gene polymorphisms that are associated with risk
for alcoholism. A promising recent discovery that anti-opiate drugs
used to treat addiction also disrupt innate immune gene induc-
tion suggests new and unanticipated mechanisms of action. Taken
together, these findings support innate immune gene induction as
akey mechanism causing addiction. This new mechanism includes
many new and novel targets for addiction, depression, and other
psychopathology. It is hoped that the discoveries of the role of
innate immune genes in addiction will lead to improved preven-
tion and/or therapy for addiction.
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INTRODUCTION

We investigated adolescent brain processing of decisions under conditions of varying risk,
reward, and uncertainty. Adolescents (n=231) 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 superiormiddle
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

2009). Consequently, the neurobiological study of adolescent deci-

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,

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

A Stimulus Response  Probability B

Behavioral risk Left or Right 50%

A

$

No risk Left 100%

Right 100%

bl L <

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

Reward risk Left 50% X
Righe so% 250 ms 3s o 1s  iTs s AT R
Cue Delay Prompt Delay Outcome Delay

Decision phase Outcome phase

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 2560 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:
"$3$" (not shown here) for behavioral risk, or no reward: “x ") 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 intertrial interval (2, 4, 6, or 85s). 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, 1Q, 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 1Q 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 51b 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 7s)
where the fixation cross was presented, the trial outcome (reward:
“$” for no risk, and “$$” for behavioral risk or reward risk, or no
reward: “x”) 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 8s). 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 (MathWorks!)
using the Psychophysics Toolbox (Brainard, 1997). Stimuli were
displayed on goggles at a video resolution of 800 x 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% -weighted spiral-in pulse sequence (TR =25, TE =28 ms, flip
angle =90°, 34 slices, voxel size: 3.75 mm X 3.75 mm X 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 T -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

Uhttp://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). FSLs 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 9.0.2% (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 =0.082s), 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
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Adolescents: BR > RR + NR
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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 (dIPFC), 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=10.002). 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) V4 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 (mm?® 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 etal., 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.
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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

-0.05

NR/$ BR/S

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 ROl 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) V4 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
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 3.1 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 (mm?®) 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.

>

During Behavioral Risk

12 13 14 15 16 17 18
AGE (years)

Mean Frontal Pole BOLD Activity

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
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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
etal.,,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
alow 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
Bjorketal. (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 ROL

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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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
asubstantial 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,

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.
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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

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

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/
mlin 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 naive 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.
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FIGURE 1 |This is a composite summary representation of published and chamberassociated with each of the cocaine doses is represented in the
emerging findings from multiple experiments in our laboratory. (A) Plasma cocaine-associated response. Doses are listed in the legend with graphical order
levels of cocaine in independent groups of postpartum females in the acute phase  of doses remaining consistent across all chambers and preference categories.
of their drug exposure, 30 min after cocaine injection (Vernotica et al., 1996; (Seip et al., 2008; Pereira and Morrell, 2010a). (C) This graph represents the impact
Wansaw et al., 2005; Basso and Morrell, in preparation). (B) Individual preference of systematically varied cocaine doses on the four components of caregiving
for uniquely decorated chambers associated with cocaine in the postpartum responses of postpartum females, anogenital-directed licking of pups, corporal-
female rat during the postconditioning test session in the absence of cocaine. The directed licking of pups, retrieving of pups displaced from the maternal nest, and
percentage of the postpartum females with a preference for the nest building (* P < 0.05) (Vernotica et al., 1996; Pereira and Morrell, in preparation).

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

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

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.

ACKNOWLEDGMENT

This research was supported by a NARSAD
Young Investigator Award and NIDA SOAR
DA027945 awarded to Mariana Pereira and
NIDA DA014025 awarded to Joan I. Morrell.

www.frontiersin.org

May 2011 | Volume 2 | Article 30 | 53


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

Morrell et al.

Cocaine derailment of maternal caregiving

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, E. 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, E 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. Pediatrics82,888-895.

Gawin, E 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. 1., 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. E,, 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

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. 1. (2001). Comparison of two positive reinforcing
stimuli: pups and cocaine throughout the postpartum
period. Behav. Neurosci. 115, 683-694.

Mattson, B.]., Williams, S., Rosenblatt, J. S., and Morrell,
J.1.(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, ]. 1. (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. 1. (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

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. L.,
Reiss, J. 1., 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. E, Mathran, K. M., Kurkjian, M. E, 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, ]. L. (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, ]. 1. (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, E 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.

Frontiers in Psychiatry | Child and Neurodevelopmental Psychiatry

May 2011 | Volume 2 | Article 30 | 54


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

{frontiers in
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. Canavan’, Linda C. Mayes? and Helen B. Treloar™ *

" 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, RO. 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 Prir) were
found to increase expression. Nos7 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; Esrl, estrogen
receptor 1; FosB, FBJ osteosarcoma oncogene B; Foxbl, forkhead box Bl; Mest,
mesoderm-specific transcript; Nosl, 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; PPDO, 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 (Nosl; Gammie and Nelson, 1999), oxy-
tocin receptor (Oxtr; Takayanagi et al., 2005), estrogen recep-
tor alpha (Esrl; Ogawa et al., 1996, 1998), forkhead box Bl
(Foxbl; Wehr et al., 1997), mesoderm-specific transcript (Mest;
Lefebvre et al., 1998), paternally expressed gene 3 (Peg3; Li et al.,
1999), and FB] 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 (PPDO0) 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,
Foxbl, FosB, and Oxtr decreased in expression in most regions
after exposure to pups, while NosI, 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 PPDO and PPD1 were sacrificed with CO, 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.

c¢DNA 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,
PPDO, 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; nAQOT, 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 19

Esr1 acagacactttgatccacct gcctttgttactcatgtgece 116

FosB cccgagaagagacacttaccc  aagtcgatctgtcagetcee 115
Foxb1 actttaagattcgaccagtcctcc  gtatgagtagggcggcttctg 115
Mest gcatcttctaccaagattctgtc  gaaatcaagggcgatcactc 145
Nos1 gaacgaacagtctcecgect tcttcaggtgcagggtgtcag 109

Oxtr ccgcacagtgaagatgacct agcatggcaatgatgaaggcag 134
Peg3 tctttetettectgtgatgte tcttgtectctttgagttcca 133

Prir ttctttagcaagcagtacacttcc  ggctctggttcaacaatgtaagtc 127
Quantitative PCR

Quantitative PCR was performed using iQ SYBR Green supermix
(Bio-Rad) in a 20 1 reaction volume, using 0.6 pl 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
Cr 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 (AACT)
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 ACt value, or the number of cycles
between GAPDH and the gene of interest. The A Crt values of the
two experimental groups, PPDO0 and PPD1, were than normalized
to the Virgin control sample, giving a A A Ct value. This was con-
verted into expression fold change using the 22T (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 AA Cr. 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 AC; value (i.e., PCR cycle at which gene was detected above
threshold). The earlier a gene is detected, the lower its AC; value and the
higher the level of expression. To graph this, we plot the —A C; value, for
easier interpretation: physically higher points on the graph represent higher
gene expression. Gene expression from all 11 gene regions examined were
plotted (—A C; & SD) to compare expression between genes. All nine genes
were found in all 11 regions, although relative levels of expression differed.
Interestingly, only Prir showed a largely dichotomy in expression between
regions, with seven the regions (pMA, aMA, pLA, al A, 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., AC; 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 ACt 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 (ACr values between
~14 and 17) with the remaining regions having higher expres-
sion (ACT values between ~8 and 11), an average 64-fold (2°)
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 PPDO 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 PPDO and PPD1, few genes were observed to show greater
than two-fold changes in expression in the OB (Figure 3A). Dbh
and Foxbl 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 Foxbl
both showed approximately a two-fold decrease in expression
at both PPD0O and PPD1. Oxtr was found to have a ~2.5-
fold decrease in expression only at PPDO, while FosB had a
~1.5-fold decrease in expression only at PPD1 followed by a nearly
two-fold decrease at PPD1. Prir 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
PPDO and PPD1 while Oxtr, FosB, Foxbl 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 Prir 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. Foxbl was
downregulated as observed in the other regions. Both the Oxtr and
Prlr were found to decrease, which is surprising for Prir as it was
already expressed at very low levels to start with (Figure 2). Mest
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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, Foxbl, and
Oxtr). This suggests that system wide changes are maintained
along the pathway, and may underlie some aspects of maternal
behavior.
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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
(Dulacand 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 Foxbl 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. Esrl 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 Prir levels were extremely low in AOB, so while a six-fold
increase in Prir 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 Foxbl downregulated their expres-
sion while Mest and Prir increased expression. In contrast to the
AOB, Esrl 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). Prir was observed to undergo a ~16-fold increase in
expression at PPD1, after an initial decrease in expression at PPDO.
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 PPDO, 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 PPDO 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
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FIGURE 5 | Changes in fold expression (determined by C; method) at
PPDO 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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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 (PPDO0 and
PPDI).

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

etal., 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. NosI 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
etal.,2010). This circuit, in contrast to the main olfactory pathway,
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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 PPDO 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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INTRODUCTION

Objectives: This study examined the association between prenatal cocaine exposure and
children's self-regulation at 3years 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, x2 (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 ( =0.23, p < 0.05), and higher intensity of
harshness at 2 years was predictive of lower self-regulation at 3years (8 =—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 3years. 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

and autonomic regulation (Silvestri et al., 1991; Bard et al., 20005

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)

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
etal., 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 3years 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 (2min) 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 30s, 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 30s, while maintaining a neutral expression. After the first
trial, the caregiver was again asked to play with the child for
30s 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 69.21s
(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 45s). Halfway through the delay,
the experimenter lifts the bell but does not ring it. Coding ranged
from O (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),
alatency 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 15s 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 (Cls) 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 42
M SD 1% SD

DEMOGRAPHICS
BM age 2777 5.60 30.82 6.1 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 3.1 19.38** 0.08
Head circumference (cm) 33.60 1.39 33.07 2.10 4.61* 0.02
OCS 100.69 1743 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 1.45 732 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 3766 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** 0.1
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 =—0.22and 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 (x?(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, Ax?(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, Ax?(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 -0.1 —0.26 0.00 0.22 0.27
10. Internalization of rules 0.06 -0.04 —0.02 -0.1 -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 in Table 2. The error terms for the measured indicators are not depicted

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
etal. (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.,
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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
(Johnsetal.,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
etal., 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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INTRODUCTION

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

at some point during their pregnancy (Cooper et al., 2007). Many

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

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)
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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
etal., 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
levelsin this region in previous studies (Lubin etal.,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 (200-230g) 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 7.5mg/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 WM 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 WM 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 HCI
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 75 664 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 75 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-\Vatson 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
etal., 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 x 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 x 16 x 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,
0.05M NacCl, 0.1% BSA, 0.1% Triton 100, 0.1% sodium azide, pH
7.4) and centrifuged at 3000 x 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 16-24h at 4°C with %*I-oxytocin after which time normal
rabbit serum and goat anti-rabbit IgG serum were added and incu-
bated 90 min at room temperature. The 12 I-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 600s 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 [xz(l) =6.85, p<0.01] and saline
control dams [%?(1) =4.24, p <0.05]. AH birth litters weighed
less on PPD 1 than AL [xz(l) =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 Gestational Dam Litter Average Average Surrogate litter Surrogate litter

tested length weight weight on birth PPD 1 pup weight weight gain

(# dams) (days) gain (g) PPD 1 (g) litter size weight PPD 1 (g) PPD 1-6 (g)

(# pups) (g/pup)

AH 1 * 21.0£0.14 132.27 £5.51 78.82+4.50/ 12556+£0.80 6.31+£0.14 4764+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/ 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 14711 +6.10 89.67 +4.97 14.11+0.88 6.424+0.15 58.11+2.30 60.78 £3.25
DH 1 20.91+0.14 142454552 81.73+4.50 14.00+£0.80 5.85+0.14Sa 57.18+2.08 52.45+2.94 a
DM m* 20.64+0.14 130.27+5.52s 7527+450s 13.09+0.80 5.78+0.14 Sa 56.73+2.08 52.45+2.94
DL il 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 | 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 (2mi/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 [x?(;) =13.15, p <0.01] and saline
control litters [x%(1)=11.45, p <0.01]. Surrogate litters of AH
dams gained significantly less over PPDs 1-6 than did those of
AM [x%(1) = 16.16,p <0.01],AL [x*(1) = 7.75, p < 0.01] or saline
control litters [xz(l) =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 [x?(1) = 4.19, p < 0.05, see Table 2]. DL dams’ weight on GD
0 was significantly higher than both DH [x?(;) =4.75, p <0.05]
and saline control [xz(l) =8.78, p <0.01] dams. The average indi-
vidual pup weight of DH litters on PPD 1 was lower than saline
controls [xz(l) =7.66,p <0.01]. DM litters had a lower litter birth
weight [x%(1) =4.61, p <0.05] and individual pup birth weight
[xz(l) =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 [Xz(l) =6.98, p<0.01].
AM dams weighed less on GD 0 than DM dams [Xz(l) =5.17,
p <0.05]. AH and AM birth litters had higher average individual
pup weights on PPD 1 than DH [x?(1) = 5.62, p <0.05] and DM
[)(2(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 [x%(1)=17.69, p <0.01]; AL [x*(1) =15.26, p <0.01]
or saline controls [xz(l) =20.81, p<0.01]. Interestingly, the
AH dams touched pups more AM [x?(;)=13.77, p <0.01];
AL [xz(l) =12.89, p<0.01]; saline controls [xz(l) =8.13,
p<0.01] and also licked them longer than other dams AM
[x%1)=17.14,p <0.01]; AL [x*(1) = 18.91, p < 0.01]; saline con-
trols [%?(1)=18.88, p <0.01]. Finally, AH dams were gener-
ally more active than other dams AM [xz(l) =19.65, p <0.01];
AL [xz(l) =11.45, p <0.01]; and saline controls [xz(l) =24.63,
p <0.01], as shown in Figure 1.

Desipramine

DH [x2(1) =3.94,p < 0.05] and DM [x?(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 [xz(l) =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 [%?(;) = 8.47,
p<0.01] but touched [xz(l) =7.77, p<0.01] and licked
[xz(l) =19.53, p <0.01] pups longer than did the DH dams (see
Figure 3). AH dams were also more active [xz(l) =19.95,p <0.01]
than were DH dams in general. Conversely, AM dams crouched
longer than did DM [x%()=4.84, p <0.05] dams while DM
and DL dams touched pups longer than did AM [x?)=5.31,
p <0.05] or AL [x%(1) =5.49, p < 0.05] dams.

POSTPARTUM AGGRESSION

Amitriptyline

As shown in Figure 4, AH dams attacked intruders less saline
controls [x?(1) = 5.26, p < 0.05], had a higher frequency of aggres-
sive postures aggressive posture AL only [x?(1) = 5.63, p <0.05]
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desipramine high (56 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)l. 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 [x%(1)=14.84, p <0.01]; AL [x%(1)=50.16, p <0.01]; and
saline controls [Xz(l) =16.03, p <0.01]. AL dams threaten intrud-
ers more than AM [xz(l) =6.29, p <0.05] or saline treated dams
[x2(1) =948, p <0.05].

Desipramine

As shown in Figure 4, all desipramine dams threatened intrud-
ers less than saline treated dams DH [xz(l) =40.36, p<0.01];
DM [x?(1)=31.52, p<0.01]; and DL [x?;)=24.71, p <0.01].
DH treated dams also attacked intruders less DM [xz(l) =11.18,
p <0.01]; saline controls [xz(l) =16.47, p <0.01], and were less
likely to pin intruders with an aggressive posture than were
other dam groups DM [x?(1) =4.13, p <0.05]; DL [x?(1) = 6.09,
p <0.05]; saline controls [Xz(l) =7.46, p<0.01]. DL dams
attacked intruders less often than did saline treated dams
[x%(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

[x2(1) =5.56, p <0.05], medium [x* () =28.36, p < 0.01], or low
[x%(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 [x?(1) = 17.58, p < 0.01].

OXYTOCIN RADIOIMMUNOASSAY

Amitriptyline

AL dams had higher oxytocin levels in the MPOA than did saline
controls [x%(1)=3.99, p <0.05]. AH [x%()=30.20, p <0.01],
AM [x?(1)=40.15, p<0.01], and AL [x?()=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 [xz(l) =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 mi/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 [x?(1)=7.06, p <0.01]. DM [x?%@1) =66.05, p <0.01] and
DL dams [x?%(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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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 mi/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
alonger 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
etal.,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-
jors 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

2001). Early separation from the dam has been demonstrated to

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 atleast 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.,

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
etal.,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 (30cm diameter x 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 Maternal Control
deprivation separation

Attacks 2714 4+ 1.95* 24.51 4 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 3.514+0.46% ** 147 +0.25% ** 2.43+0.40
Pins 8.568+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 18.724+1.71* 16.71 4 1.38* 11.56 + 1.09
Evasion duration 23.5842.38*** 1835+ 1.71*** 13.02+ 1.48
Supine postures 9.09+0.94 10.27+0.91 8.7440.93
Supine duration 29.58 +3.21 34.02+3.21 29.79 + 3.56
Submissions 4.8440.91 3.90+0.77 5.5+1.00
Submissive duration  21.04 + 1.67 19.86 + 1.51 1743 +1.69

*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 4 1.45) attacking more
than females (22.50 4 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 4 0.06 versus 0.97 4+ 0.05s
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 4 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.
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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+£19 178+4.2 226+20 186+24
Attack duration* 16.9+2.9 439+75 36.7+43 217432
Boxing bouts 2.2+0.5 2.0+0.5 2.1+03 25405
Boxing duration 3.6+13 28+0.7 26+05 22+05
Pins* 28+10 10.8+2.1 8.6+ 1.0 8.0+16
Pinning duration 13.7+53 296+58 285+39 275+64
Evasions* 44412 219433 112413 12.2+19
Evasion duration* 6.2+19 258+44 135+18 122+25
Supine postures*® 3.2+11 122424 8.9+ 1.1 8.4+17
Supine duration 15.0+£5.7 30.1+£6.0 305+43 285+6.5
Submissions 3.7+0.8 3.3+12 6.8+ 14 3.1+0.9
Submissive duration 55415 54421 188+19 149426

*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=10.0003; Stay-at-home subjects
(1.65+0.07) attacked longer per individual attack than Control
subjects (1.35 4 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 4 1.42 supine events per session, while males were
supine only 7.38 4+ 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
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THE DATA MANAGEMENT CHALLENGE FOR COLLABORATIVE

RESEARCH

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

scientific question of relevance to, and requiring the expertise of,
each laboratory. We are involved in two such research collabo-

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 Consortium', 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

Uhttp://www.ctsaweb.org/

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 folder?, or even documents stored in Google Docs>.
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 SharePoint?, Joomla!”, or Drupal6 canbe
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 DSpace’ 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

Zhttp://www.dropbox.com/
3http://docs. (google).com
“http://sharepoint.microsoft.com
Shttp://www.joomla.org/
Shttp://drupal.org/
http://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 (Kitware®)
and Xnat® systems were developed for the management of neural
imaging data, whereas the MADAM system (TM41?) 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 system'! 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 arich
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
“http://www.xnat.org/

WOhttp://www.irods.org/
Uhttp://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

Data retrieval/publishing mechanisms

Data issues

Integration requirements

Scale

Policies

Provenance

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.

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.

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.

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?

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?

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?

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 grid'2, 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)

2http://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 I'T 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 system!®, 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.

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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INTRODUCTION

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 intervocalization-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.

Keywords: rat pup, infant crying, ultrasonic vocalization, prenatal, substance exposure

findings of one another. As the field of behavioral epigenetics con-

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

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 (Fy; 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 Fy occurs has
been described as having one of three qualitatively different modes
(Trubyand Lind, 1965). Phonation is the typical cry mode and usu-
ally has an F ranging between 400 and 600 Hz. Hyperphonation is
asecond cry mode characterized by a qualitative shift in vocal pro-
duction that results in an Fj 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. 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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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 55kHz (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 0.05s 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 45kHz at 2 days
of age to 25kHz 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-
Hockertetal., 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
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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
etal.,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 etal., 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 (Jiirgens and Richter, 1986;
Jiirgens, 2002) and that glutamatergic and GABAergic input into
the PAG (Jiirgens and Lu, 1993b) from limbic structures including
the hypothalamus and amygdala (Jiirgens, 1982; Jiirgens 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
etal., 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

www.frontiersin.org

October 2011 | Volume 2 | Article 56 | 115


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

Zeskind et al.

Translational methods in cry analysis

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, 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( determined from phonated cry
sounds may be lower than the average F 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
etal., 1999), others may use the Peak Fy described above (Zeskind
etal., 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 Fy is emitted. While each measure has its pros and cons,
it should be understood that calculations of a mean F 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
Fy than that based on the point at which the Fj 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
refers to where the fundamental frequency reaches its highest point
(in hertz), analyses of rat pup USVs typically refer to the Peak Fy
as the frequency where the fundamental frequency has the highest
power (amplitude). In this case, the Peak F of a human infant
cry might be described as the Maximum Fj in a rat pup USV and
the Peak Fy 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( 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 Fy 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 Fj 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 Fy 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 5min) 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 (0.03-0.05s). 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

Duration (s) of each individual expiratory

component

Expiration duration
Intercry-interval Duration (s) from offset of one expira-
tory component to onset of next expi-
ratory component

SPECTRAL
Peak Fq Fundamental frequency (Hz), measured
at its highest point in each expiratory
component of the recorded cry bout
Amplitude (relative dB) of Peak Fg
Frequency (Hz) of harmonic with high-
est power (amplitude); measurement
obtained from power spectrum at point
of Peak Fg

Amplitude (relative dB) of dominant fre-

Amplitude of peak Fg
Dominant frequency

Amplitude of dominant frequency
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
Peak Fg above 1000 Hz due to qualita-

tive shift in frequency

Hyperphonation

(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
(44.1kHz 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
(%£0.005s). 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
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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
reached its highest point (in hertz) in each expiratory cry sound
(Peak F() 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 Fj). 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 Fj,
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 Fq [*peakfreg(minentire)] Fo (Hz) at lowest point in each USV

Maximum Fq Fo (Hz) at highest point in each USV
[*peakfreg(maxentire)]

Amplitude at maximum Fg Amplitude (relative dB) at the maxi-

[*peakamp(maxentire)] mum Fo
Maximum amplitude Loudest amplitude (relative dB) in
[*peakamp(max)] the USV

Fo at Maximum amplitude Fo (Hz) at the maximum amplitude

[*peakfreg(max)] (the frequency of sound at the loud-
est point in the USV)

SD of the Fy (Hz) across the individ-
ual USV

SD of the amplitude (dB) of the
fundamental frequency across the

individual USV

Frequency variance
[*peakfreq(stddeventire)]
Amplitude of frequency variance
[*peakamp(stddeventire)]

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 125kHz, 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

75 S— — =
1204 9 10 n 12 13 14 15 16
1154 =10f x|
1104| Setup Export View Help
1054
0o B 2B 9 s
954| # | duation| interval| peak freg(max) | peak amplfmax)| _peak freg[minentice) | peak ampiminentie) | _peak freq[maxentite) | peak ampimasentite) | _peak feqfstddeventire) | _peak amplfstddeventire) | 4 |
god| 9 0100 0966 45600 -26.00 42700 86400 -26.00 0.180 0977
gsd| 10 00%2 023 47100 21.32 42900 47600 21.32 0.025 1.044
god| 11 00%® 0239 47800 25.46 43700 86900 -25.46 0.131 0.850
12 0077 0245 45600 -28.86 43700 89100 -28.86 0.207 0.968
513 0104 0212 43000 2429 42200 48000 2429 0.030 0948
704 14 0071 0278 45600 39.36 41500 86300 -39.36 0.349 0.768
B5{| 15 0034 0268 85400 -45.08 41300 85400 -45.08 0.242 0531
go| 16 0012 0258 39500 51.51 39300 78300 5151 0.327 0.346 Iﬂ
g54| 41 |
50
o — = - St o = -
40 = .
35
30
25
201
15
10
54
3 58 6 62 64 66 68 7 72 74 76 78 8
FIGURE 6 | Examples of temporal and acoustic measures of rat pup USVs as taken in Avisoft-SASLab Pro.
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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
Intercry-interval

Repetition rate

Latency

SPECTRAL MEASURES
Peak Fq

Peak Fg amplitude
Dominant frequency
Dominant frequency amplitude
Overall maximum amplitude

USV duration
Interval
Repetition rate
Latency

Maximum Fg

Max Fo amplitude

Peak frequency

Peak frequency amplitude
Overall maximum amplitude

Minimum Fq

Fo 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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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
drugabuse 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

Drug-Induced Brain Changes

—

Perception of
Infant Cues

High Stress/
Low Reward

Postpartum
Environment

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
(Johnsetal., 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

Frontiers in Psychiatry | Child and Neurodevelopmental Psychiatry

July 2011 | Volume 2 | Article 37 | 126


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

Rutherford et al.

Addiction and maternal neurocircuitry

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 fMR], 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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ACC: anterior cingulate cortex
ACTX: auditory cortex

ERCTX: entorhinal cortex

MPFC: medial prefrontal cortex
OPFC: orbito-prefrontal cortex
SSCTX: somatosensory cortex
AOB: accessory olfactory bulb

HIPP: hippocampal formation

LHB: lateral habenula

LS: lateral septum

MHB: medial habenula

MOB: main olfactory bulb

PVN-T: paraventricular nucleus of the thalamus
VP: ventral pallidum

BNST: bed nucleus of stria terminalis
CEA: central nucleus of amygdala
NAC: nucleus accumbens

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

ACTX
CoA
MPOA
MOB/AOB
VPMN
SMN
SSCTX

Reward
Circuitry

BLA
MHb
oPFC

BLA: basolateral amygdala

COA: cortical amygdala

MEA: medial amygdala

AHN: anterior hypothalamic nucleus

MPOA: medial preoptic area of hypothalamus
PVN: paraventricular nucleus of hypothalamus
SMN: supramammilary body

SON: supraoptic nucleus of hypothalamus
VPMN: ventral premammilary body

LC : locus coereleus

LPN: lateral parabrachial nucleus
NTS: nucleus tractus solitaris
RN: raphe nuclei

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-HTA or 1
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., 19974,
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
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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 (mMPFC). The NAc (as well as the lateral habenula,

Drugs of Abuse

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
etal.,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 on VTA 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 the VTA 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 GABA, 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;
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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 D; 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 NAcisimportant 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 NAg, 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 D, receptor activation is important for normal MB (Zhao
and Li, 2010). Although D, receptor binding does not differ
between dams that are highly maternal and those which are low-
licking/nursing, highly maternal dams have more D; 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 ¢-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 D) 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
affectbaseline 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 PEC’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
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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

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 and VTA, 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 CRFRI 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
etal.,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).
Opverall, 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 etal.,2000; Walker
etal.,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
CREF 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

-
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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
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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.

ACKNOWLEDGMENTS

The authors were supported by Award Number P01DA022446
(Josephine M. Johns) from the National Institute on Drug Abuse.
The content is solely the responsibility of the authors and does not
necessarily represent the official views of the National Institute on
Drug Abuse or the National Institutes of Health.

Belej, T., Manji, D., Sioutis, S., Barros,
H. M., and Nobrega, J. N. (1996). D.,
Changes in serotonin and norepi-
nephrine uptake sites after chronic
cocaine: pre- vs. post-withdrawal

Blackwell, P., Kirkhart, K., Schmitt,
and Kaiser, M. (1998).
Cocaine/polydrug-affected  dyads:
implications for infant cognitive

development and mother-infant

REFERENCES Aston-Jones, G., and Harris, G.

Adell, A., and Artigas, E (2004). C. (2004). Brain substrates for
The somatodendritic release of increased drug seeking during
dopamine in the ventral tegmen- protracted  withdrawal.  Neu-
tal area and its regulation by affer- ropharmacology ~ 47(Suppl. 1),
ent transmitter systems. Neurosci. 167-179.

Biobehav. Rev. 28,415-431.

Afonso, V. M., Grella, S. L., Chatter-
jee, D., and Fleming, A. S. (2008).
Previous maternal experience affects
accumbal dopaminergic responses
to pup-stimuli. Brain Res. 1198,
115-123.

Afonso, V. M., Sison, M., Lovic, V., and
Fleming, A. S. (2007). Medial pre-
frontal cortex lesions in the female
rat affect sexual and maternal behav-
ior and their sequential organiza-
tion. Behav. Neurosci. 121, 515-526.

Alheid, G. E (2003). Extended amygdala
and basal forebrain. Ann. N. Y. Acad.
Sci. 985, 185-205.

Bakermans-Kranenburg, M. J., and van
Ijzendoorn, M. H. (2008). Oxy-
tocin receptor (OXTR) and sero-
tonin transporter (5-HTT) genes
associated with observed parent-
ing. Soc. Cogn. Affect. Neurosci. 3,
128-134.

Ball,S. A.,Mayes, L. C., DeTeso, J. A.,and
Schottenfeld, R. S. (1997). Maternal
attentiveness of cocaine abusers dur-
ing child-based assessments. Am. J.
Addict. 6,135-143.

Bartels, A., and Zeki, S. (2004).
The neural correlates of maternal
and romantic love. Neuroimage 21,
1155-1166.

effects. Brain Res. 736, 287-296.

Ben Shahar, O., Keeley, P., Cook, M.,
Brake, W., Joyce, M., Nyffeler, M.
Heston, R., and Ettenberg, A. (2007).
Changes in levels of D1, D2, or
NMDA receptors during withdrawal
from brief or extended daily access
to IV cocaine. Brain Res. 1131,
220-228.

Berridge, K. C. (2004). Motivation con-
cepts in behavioral neuroscience.
Physiol. Behav. 81, 179-209.

Berridge, K. C., Robinson, T. E., and
Aldridge, J. W. (2009). Dissect-
ing components of reward: ‘liking),
‘wanting, and learning. Curr. Opin.
Pharmacol. 9, 65-73.

interaction during the first six
postnatal months. J. Appl. Dev.
Psychol. 19, 235-248.

Bosch, O. J., Meddle, S. L., Beider-
beck, D. 1., Douglas, A. J., and Neu-
mann, I. D. (2005). Brain oxytocin
correlates with maternal aggression:
link to anxiety. J. Neurosci. 25,
6807-6815.

Bosch, O. J., Musch, W., Bredewold, R.,
Slattery, D. A., and Neumann, I. D.
(2007). Prenatal stress increases HPA
axis activity and impairs maternal
care in lactating female offspring:
implications for postpartum mood
disorder. Psychoneuroendocrinology
32,267-278.

www.frontiersin.org

July 2011 | Volume 2 | Article 37 | 137


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

Rutherford et al.

Addiction and maternal neurocircuitry

Briand, L. A., and Blendy, J. A. (2010).
Molecular and genetic substrates
linking stress and addiction. Brain
Res. 1314, 219-234.

Brummelte, S., and Galea, L. A.
(2010). Chronic corticosterone dur-
ing pregnancy and postpartum
affects maternal care, cell prolif-
eration and depressive-like behav-
ior in the dam. Horm. Behav. 58,
769-779.

Burns, K., Chethik, L., Burns, W. J.,
and Clark, R. (1991). Dyadic distur-
bances in cocaine-abusing mothers
and their infants. J. Clin. Psychol. 47,
316-319.

Burns, K. A., Chethik, L., Burns, W. J.,
and Clark, R. (1997). The early rela-
tionship of drug abusing mothers
and their infants: an assessment at
eight to twelve months of age. J. Clin.
Psychol. 53, 279-287.

Byrnes, E. M., Bridges, R. S., Scanlan,
V. E, Babb, J. A, and Byrnes, J.
J. (2007). Sensorimotor gating and
dopamine function in postpartum
rats. Neuropsychopharmacology 32,
1021-1031.

Campioni, M. R., Xu, M., and McGe-
hee, D. S. (2009). Stress-induced
changes in nucleus accumbens glu-
tamate synaptic plasticity. J. Neuro-
Pphysiol. 101, 3192-3198.

Cash, S. J., and Wilke, D. J. (2003).
An ecological model of maternal
substance abuse and child neglect:
issues, analyses, and recommenda-
tions. Am. J. Orthopsychiatry 73,
392-404.

Champagne, E. A., Chretien, P,, Steven-
son, C. W,, Zhang, T. Y., Gratton, A.,
and Meaney, M. J. (2004). Variations
in nucleus accumbens dopamine
associated with individual differ-
ences in maternal behavior in the rat.
J. Neurosci. 24, 4113—-4123.

Champagne, E. A., Curley, J. P., Swaney,
W. T., Hasen, N. S., and Keverne,
E. B. (2009). Paternal influence on
female behavior: the role of Peg3
in exploration, olfaction, and neu-
roendocrine regulation of maternal
behavior of female mice. Behav. Neu-
rosci. 123, 469—480.

Champagne, F. A., and Meaney, M. J.
(2006). Stress during gestation alters
postpartum maternal care and the
development of the offspring in a
rodent model. Biol. Psychiatry 59,
1227-1235.

Chen, B. T., Bowers, M. S., Martin,
M., Hopf, E W,, Guillory, A. M,,
Carelli, R. M., Chou,J. K., and Bonci,
A. (2008). Cocaine but not natural
reward self-administration nor pas-
sive cocaine infusion produces per-
sistent LTP in the VTA. Neuron 59,
288-297.

Chen, Y., Holzman, C., Chung, H.,
Senagore, P,, Talge, N. M., and Siler-
Khodr, T. (2010). Levels of mater-
nal serum corticotropin-releasing
hormone (CRH) at midpregnancy
in relation to maternal character-
istics. Psychoneuroendocrinology 35,
820-832.

Ciccocioppo, R., Sanna, P. P, and Weiss,
E. (2001). Cocaine-predictive stim-
ulus induces drug-seeking behavior
and neural activation in limbic brain
regions after multiple months of
abstinence: reversal by D(1) antag-
onists. Proc. Natl. Acad. Sci. U.S.A.
98,1976-1981.

Cleck, J. N, Ecke, L. E., and Blendy, J. A.
(2008). Endocrine and gene expres-
sion changes following forced swim
stress exposure during cocaine absti-
nence in mice. Psychopharmacology
(Berl.) 201, 15-28.

Corominas, M., Roncero, C., and Casas,
M. (2010). Corticotropin releasing
factor and neuroplasticity in cocaine
addiction. Life Sci. 86, 1-9.

Dalley, J. W., Cardinal, R. N., and
Robbins, T. W. (2004). Prefrontal
executive and cognitive functions in
rodents: neural and neurochemical
substrates. Neurosci. Biobehav. Rev.
28,771-784.

Dalley, J. W., Mar, A. C., Econo-
midou, D., and Robbins, T. W.
(2008).
nisms of impulsivity: fronto-striatal
systems and functional neurochem-
istry. Pharmacol. Biochem. Behav. 90,
250-260.

D’Anna, K. L, and Gammie, S. C.
(2009). Activation of corticotropin-
releasing factor receptor 2 in lateral
septum negatively regulates mater-
nal defense. Behav. Neurosci. 123,
356-368.

Der-Avakian, A., Bland, S. T., Schmid,
M. J., Watkins, L. R., Spencer, R. L.,
and Maier, S. F. (2006). The role
of glucocorticoids in the uncontrol-
lable stress-induced potentiation of
nucleus accumbens shell dopamine
and conditioned place preference
responses to morphine. Psychoneu-
roendocrinology 31, 653—663.

Di Chiara, G. (2002). Nucleus accum-
bens shell and core dopamine: differ-
ential role in behavior and addiction.
Behav. Brain Res. 137, 75-114.

Dinieri, J. A., Nemeth, C. L., Parsegian,
A., Carle, T., Gurevich, V. V., Gure-
vich, E., Neve, R. L., Nestler, E. J., and
Carlezon, W. A. Jr. (2009). Altered
sensitivity to rewarding and aversive
drugs in mice with inducible dis-
ruption of cAMP response element-
binding protein function within the
nucleus accumbens. J. Neurosci. 29,
1855-1859.

Neurobehavioral mecha-

Dworkin, S. I., Co, C., and Smith, J. E.
(1995). Rat brain neurotransmitter
turnover rates altered during with-
drawal from chronic cocaine admin-
istration. Brain Res. 682, 116—126.

Eiden, R. D. (2001). Maternal substance
use and mother—infant feeding inter-
actions. Infant Ment. Health J. 22,
497-511.

Fiden, R. D., Stevens, A., Schuetze,
P., and Dombkowski, L. E. (2006).
A conceptual model for maternal
behavior among polydrug cocaine-
using mothers: the role of postnatal
cocaine use and maternal depres-
sion. Psychol. Addict. Behav. 20,
1-10.

Elliott, J. C., Lubin, D. A., Walker, C.
H., and Johns, J. M. (2001). Acute
cocaine alters oxytocin levels in the
medial preoptic area and amyg-
dala in lactating rat dams: implica-
tions for cocaine-induced changes
in maternal behavior and mater-
nal aggression. Neuropeptides 35,
127-134.

Erb, S. (2010). Evaluation of the rela-
tionship between anxiety during
withdrawal and stress-induced rein-
statement of cocaine seeking. Prog.
Neuropsychopharmacol. Biol. Psychi-
atry 34,798-807.

Febo, M., Felix-Ortiz, A. C., and John-
son, T. R. (2010). Inactivation or
inhibition of neuronal activity in
the medial prefrontal cortex largely
reduces pup retrieval and grouping
in maternal rats. Brain Res. 1325,
77-88.

Febo, M., and Ferris, C. E (2007).
Development of cocaine sensiti-
zation before pregnancy affects
subsequent maternal retrieval of
pups and prefrontal cortical activ-
ity during nursing. Neuroscience 148,
400-412.

Febo, M., Numan, M., and Ferris,
C. E (2005). Functional mag-
netic resonance imaging shows oxy-
tocin activates brain regions asso-
ciated with mother-pup bonding
during suckling. J. Neurosci. 25,
11637-11644.

Febo, M., Segarra, A. C., Nair, G.,
Schmidt, K., Duong, T. Q., and Fer-
ris, C. E (2004). The neural conse-
quences of repeated cocaine expo-
sure revealed by functional MRI in
awake rats. Neuropsychopharmacol-
ogy 30,936-943.

Feldman, R., Weller, A., Zagoory-
Sharon, O., and Levine, A. (2007).
Evidence for a neuroendocrinologi-
cal foundation of human affiliation:
plasma oxytocin levels across preg-
nancy and the postpartum period
predict mother-infant bonding. Psy-
chol. Sci. 18, 965-970.

Felton, T. M., Linton, L., Rosenblatt, J.
S., and Morrell, J. 1. (1998). Intact
neurons of the lateral habenular
nucleus are necessary for the non-
hormonal, pup-mediated display of
maternal behavior in sensitized vir-
gin female rats. Behav. Neurosci. 112,
1458-1465.

Ferguson, J. N., Aldag, J. M., Insel, T. R,,
and Young, L. J. (2001). Oxytocin in
the medial amygdala is essential for
social recognition in the mouse. J.
Neurosci. 21, 8278-8285.

Ferguson, J. N, Young, L. J., Hearn, E.
F., Matzuk, M. M., Insel, T. R., and
Winslow, J. T. (2000). Social amnesia
in mice lacking the oxytocin gene.
Nat. Genet. 25, 284-288.

Ferris, C. F, Kulkarni, P., Sullivan, J.
M. Jr, Harder, J. A., Messenger,
T. L., and Febo, M. (2005). Pup
suckling is more rewarding than
cocaine: evidence from func-
tional magnetic resonance imaging
and  three-dimensional
tational analysis. J. Neurosci. 25,
149-156.

Fleming, A. S., and Korsmit, M. (1996).
Plasticity in the maternal circuit:
effects of maternal experience on
Fos-Lir in hypothalamic, limbic,
and cortical structures in the post-
partum rat. Behav. Neurosci. 110,
567-582.

Fleming, A. S., Suh, E. J., Korsmit, M.,
and Rusak, B. (1994a). Activation
of Fos-like immunoreactivity in the
medial preoptic area and limbic
structures by maternal and social
interactions in rats. Behav. Neurosci.
108, 724-734.

Fleming, A. S., and Walsh, C. (1994b).
Neuropsychology ~ of  maternal
behavior in the rat: c-fos expression
during mother-litter interactions.
Psychoneuroendocrinology 19,
429-443.

Franklin, T. R., and Druhan, J. P. (2000).
Expression of Fos-related antigens
in the nucleus accumbens and asso-
ciated regions following exposure to
a cocaine-paired environment. Eur.
J. Neurosci. 12,2097-2106.

Freeman, W. M., Brebner, K., Lynch, W.
J., Robertson, D. J., Roberts, D. C.,
and Vrana, K. E. (2001). Cocaine-
responsive gene expression changes
in rat hippocampus. Neuroscience
108, 371-380.

Freeman, W. M., Lull, M. E., Patel, K.
M., Brucklacher, R. M., Morgan,
D., Roberts, D. C., and Vrana, K.
E. (2010). Gene expression changes
in the medial prefrontal cortex
and nucleus accumbens following
abstinence self-
administration. BMC Neurosci. 11,
29. doi: 10.1186/1471-2202-11-29

compu-

from cocaine

Frontiers in Psychiatry | Child and Neurodevelopmental Psychiatry

July 2011 | Volume 2 | Article 37 | 138


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

Rutherford et al.

Addiction and maternal neurocircuitry

Gammie, S. C., Bethea, E. D., and
Stevenson, S. A. (2007). Altered
maternal profiles in corticotropin-
releasing factor receptor 1 deficient
mice. BMC Neurosci. 8, 17. doi:
10.1186/1471-2202-8-17

Gammie, S. C., Edelmann, M. N,,
Mandel-Brehm, C., D’Anna, K. L.,
Auger, A. P, and Stevenson, S. A.
(2008a). Altered dopamine signal-
ing in naturally occurring maternal
neglect. PLoS ONE 3, e1974. doi:
10.1371/journal.pone.0001974

Gammie, S. C., Seasholtz, A. FE,
and Stevenson, S. A. (2008b).
Deletion of corticotropin-releasing
factor binding protein selectively
impairs maternal, but not intermale
aggression. Neuroscience 157, 502—
512.

Geisler, S., and Trimble, M. (2008).
The lateral habenula: no longer
neglected. CNS Spectr. 13, 484-489.

Goeders, N. E. (2002). Stress and
cocaine addiction. J. Pharmacol. Exp.
Ther. 301, 785-789.

Gottwald, S. R., and Thurman, S.
K. (1994). The effects of prenatal
cocaine exposure on mother—infant
interaction and infant arousal in the
newborn period. Topics Early Child.
Spec. Educ. 14,217-231.

Gulpinar, M. A., and Yegen, B. C.
(2004). The physiology of learn-
ing and memory: role of peptides
and stress. Curr. Protein Pept. Sci. 5,
457-473.

Haber, S. N., and Knutson, B. (2009).
The reward circuit: linking pri-
mate anatomy and human imag-
ing. Neuropsychopharmacology 35,
4-26.

Hammer, R. P. Jr, and Cooke, E.
S. (1994). Gradual tolerance of
metabolic activity is produced in
mesolimbic regions by chronic
cocaine treatment, while subse-
quent cocaine challenge activates
extrapyramidal regions of rat brain.
J. Neurosci. 14, 4289—4298.

Hatton, G. I, and Wang, Y. E (2008).
Neural mechanisms underlying the
milk ejection burst and reflex. Prog.
Brain Res. 170, 155-166.

Heiming, R. S., and Sachser, N. (2010).
Consequences of serotonin trans-
porter genotype and early adversity
on behavioral profile — pathology or
adaptation? Front. Neurosci. 4:187.
doi: 10.3389/fnins.2010.00187

Herman, J. P, Ostrander, M. M.,
Mueller, N. K., and Figueiredo, H.
(2005). Limbic system mechanisms
of stress regulation: hypothalamo-
pituitary-adrenocortical axis. Prog.
Neuropsychopharmacol. Biol. Psychi-
atry 29, 1201-1213.

Hernandez-Gonzalez, M.,
Beracoechea, C., Navarro-Meza, M.,

Prieto-

Ramos-Guevara, J. P., Reyes-Cortes,
R, and Guevara, M. A. (2005).
Prefrontal and tegmental electrical
activity during olfactory stimulation
in virgin and lactating rats. Physiol.
Behav. 83,749-758.

Insel, T. R. (2003). Is social attach-
ment an addictive disorder? Physiol.
Behav. 79, 351-357.

Jarrett, T. M., McMurray, M. S., Walker,
C. H., and Johns, ]J. M. (2006).
Cocaine treatment alters oxytocin
receptor binding but not mRNA
production in postpartum rat dams.
Neuropeptides 40, 161-167.

Jin, S. H., Blendy, J. A., and Thomas,
S. A. (2005). Cyclic AMP response
element-binding protein is required
for normal
ing behavior.
647-655.

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

Johns, J. M., Lubin, D. A., Walker, C.
H., Joyner, P, Middleton, C., Hofler,
V., and McMurray, M. (2004). Ges-
tational treatment with cocaine and
fluoxetine alters oxytocin receptor
number and binding affinity in lac-
tating rat dams. Int. J. Dev. Neurosci.
22,321-328.

Johns, J. M., Lubin, D. A., Walker, C.
H., Meter, K. E., and Mason, G. A.
(1997a). Chronic gestational cocaine
treatment decreases oxytocin levels
in the medial preoptic area, ventral
tegmental area and hippocampus in
Sprague-Dawley rats. Neuropeptides
31,439-443.

Johns, J. M., Noonan, L. R, Zim-
merman, L. I, Li, L., and Peder-
sen, C. A. (1997b). Effects of short-
and long- term withdrawal from
gestational cocaine treatment on
maternal behavior and aggression in
Sprague-Dawley rats. Dev. Neurosci.
19, 368-374.

Johns, J. M., Noonan, L. R., Zimmer-
man, L. I, Li, L., and Pedersen, C.
A. (1994). Effects of chronic and
acute cocaine treatment on the onset
of maternal behavior and aggres-
sion in Sprague-Dawley rats. Behav.
Neurosci. 108, 107-112.

Johnson, A. L., Morrow, C. E,
Accornero, V. H., Xue, L., Anthony,
J. C., and Bandstra, E. S. (2002).
Maternal cocaine use:
effects on mother-child play
interactions in the preschool
period. J. Dev. Behav. Pediatr. 23,
191-202.

nurtur-
133,

maternal
Neuroscience

estimated

Kash, T. L., Nobis, W. P, Matthews,
R. T, and Winder, D. G. (2008).
Dopamine enhances fast excita-
tory synaptic transmission in the
extended amygdala by a CRF-RI1-
dependent process. J. Neurosci. 28,
13856-13865.

Kelley, S. J. (1998). Stress and cop-
ing behaviors of substance-abusing
mothers. J. Soc. Pediatr. Nurs. 3,
103-110.

Kimble, D. P.,, Rogers, L., and Hen-
drickson, C. W. (1967). Hippocam-
pallesions disrupt maternal, not sex-
ual behavior in the albino rat. J.
Comp. Physiol. Psychol. 63, 401-407.

Kinnally, E. L., Tarara, E. R., Mason, W.
A., Mendoza, S. P., Abel, K., Lyons,
L. A., and Capitanio, J. P. (2009).
Serotonin transporter expression is
predicted by early life stress and is
associated with disinhibited behav-
ior in infant rhesus macaques. Genes
Brain Behav. 9, 45-52.

Knutson, B., and Cooper, J. C.
(2005). Functional magnetic reso-
nance imaging of reward prediction.
Curr. Opin. Neurol. 18,411-417.

Koob, G. E, and Volkow, N. D. (2010).
Neurocircuitry of addiction. Neu-
ropsychopharmacology 35, 217-238.

Kreibich, A. S., and Blendy, J. A.
(2004). cAMP response element-
binding protein is required for stress
but not cocaine-induced reinstate-
ment. J. Neurosci. 24, 6686—6692.

Kreibich, A. S., Briand, L., Cleck, J. N.,
Ecke, L., Rice, K. C., and Blendy, J. A.
(2009). Stress-induced potentiation
of cocaine reward: a role for CRF R1
and CREB. Neuropsychopharmacol-
ogy 34,2609-2617.

Kringelbach, M. L., Lehtonen, A.,
Squire, S., Harvey, A. G., Craske, M.
G., Holliday, I. E., Green, A. L., Aziz,
T.Z.,Hansen,P.C., Cornelissen, P. L.,
and Stein, A. (2008). A specific and
rapid neural signature for parental
instinct. PLoS ONE 3, el664. doi:
10.1371/journal.pone.0001664

Kuczkowski, K. (2004). The cocaine
abusing parturient: a review of anes-
thetic considerations. Can. J. Anesth.
51, 145-154.

Lau, C.,and Simpson, C. (2004). Animal
models for the study of the effect of
prolonged stress on lactation in rats.
Physiol. Behav. 82,193-197.

Le Moal, M. (2009). Drug abuse: vulner-
ability and transition to addiction.
Pharmacopsychiatry 42, S42-S55.

Lee, A., Clancy, S., and Fleming, A.
S. (2000). Mother rats bar-press
for pups: effects of lesions of the
mpoa and limbic sites on mater-
nal behavior and operant respond-
ing for pup- reinforcement. Behav.
Brain Res. 108, 215-231. [Corrected
and republished article originally

printed in Behav. Brain Res. 1999;
100, 15-31].

Lee, H. J., Macbeth, A. H., Pagani, J.
H., and Young, W. S. IIL. (2009).
Oxytocin: the great facilitator of life.
Prog. Neurobiol. 88, 127-151.

Li, M., and Fleming, A. S. (2003). The
nucleus accumbens shell is criti-
cal for normal expression of pup-
retrieval in postpartum female rats.
Behav. Brain Res. 145, 99-111.

Li, M. Y., Yan, Q. S., Coffey, L. L,
and Reith, M. E. (1996). Extracellu-
lar dopamine, norepinephrine, and
serotonin in the nucleus accumbens
of freely moving rats during intrac-
erebral dialysis with cocaine and
other monoamine uptake blockers.
J. Neurochem. 66, 559-568.

Light, K. C., Grewen, K. M., Amico,
J. A., Boccia, M., Brownley, K. A,
and Johns, J. M. (2004). Deficits
in plasma oxytocin responses and
increased negative affect, stress, and
blood pressure in mothers with
cocaine exposure during pregnancy.
Addict. Behav. 29, 1541-1564.

Lightman, S. L., Windle, R. J., Wood, S.
A., Kershaw, Y. M., Shanks, N., and
Ingram, C. D. (2001). Peripartum
plasticity within the hypothalamo-
pituitary-adrenal axis. Prog. Brain
Res. 133, 111-129.

Lodge, D. J., and Grace, A. A. (2005).
Acute and chronic corticotropin-
releasing factor 1 receptor blockade
inhibits cocaine-induced dopamine
release: correlation with dopamine
neuron activity. J. Pharmacol. Exp.
Ther. 314, 201-206.

Lonstein, J. S., Simmons, D. A., and
Stern, J. M. (1998). Functions of the
caudal periaqueductal gray in lactat-
ing rats: kyphosis, lordosis, maternal
aggression, and fearfulness. Behav.
Neurosci. 112, 1502-1518.

Lonstein, J. S., and Stern, J. M. (1997).
Role of the midbrain periaqueduc-
tal gray in maternal nurturance
and aggression: c-fos and electrolytic
lesion studies in lactating rats. J.
Neurosci. 17, 3364-3378.

Lorberbaum, J. P, Newman, J. D,
Dubno, J. R., Horwitz, A. R., Nahas,
Z., Teneback, C. C., Bloomer, C. W,
Bohning, D. E., Vincent, D., Johnson,
M. R., Emmanuel, N., Brawman-
Mintzer, O., Book, S. W., Lydiard, R.
B., Ballenger, J. C., and George, M. S.
(1999). Feasibility of using fMRI to
study mothers responding to infant
cries. Depress. Anxiety 10, 99-104.

Lorberbaum, J. P., Newman, J. D., Hor-
witz, A. R., Dubno, J. R,, Lydiard, R.
B., Hamner, M. B., Bohning, D. E,,
and George, M. S. (2002). A potential
role for thalamocingulate circuitry
in human maternal behavior. Biol.
Psychiatry 51, 431-445.

www.frontiersin.org

July 2011 | Volume 2 | Article 37 | 139


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

Rutherford et al.

Addiction and maternal neurocircuitry

Lovic, V., Palombo, D. J., and Fleming,
A. S. (2010). Impulsive rats are less
maternal. Dev. Psychobiol. 53,13-22.

Lubin, D. A., Cannon, J. B., Black, M.
C., Brown, L. E., and Johns, J. M.
(2003). Effects of chronic cocaine on
monoamine levels in discrete brain
structures of lactating rat dams.
Pharmacol. Biochem. Behav. 74,
449-454.

Lubin, D. A., Meter, K. E., Walker, C. H.,
and Johns, J. M. (2001). Effects of
chronic cocaine administration on
aggressive behavior in virgin rats.
Prog. Neuropsychopharmacol. Biol.
Psychol. 25, 1421-1433.

Mattson, B. J., and Morrell, J. 1. (2005).
Preference for cocaine- versus pup-
associated cues differentially acti-
vates neurons expressing either
Fos or cocaine- and amphetamine-
regulated transcript in lactating,
maternal rodents. Neuroscience 135,
315-328.

Mayes, L. C., Feldman, R., Granger, R.
H., Haynes, O. M., Bornstein, M.
H., and Schottenfeld, R. (1997). The
effects of polydrug use with and
without cocaine on mother-infant
interaction at 3 and 6 months. Infant
Behav. Dev. 20, 489-502.

McClure, S. M., York, M. K., and Mon-
tague, P. R. (2004). The neural
substrates of reward processing in
humans: the modern role of fMRI.
Neuroscientist 10, 260—268.

McEwen, B. S., and Gianaros, P.
J. (2011). Stress- and allostasis-
induced brain plasticity. Annu. Rev.
Med. 62, 431-445.

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

Meshul, C. K., Noguchi, K., Emre, N,
and Ellison, G. (1998). Cocaine-
induced changes in glutamate and
GABA immunolabeling within rat
habenula and nucleus accumbens.
Synapse 30, 211-220.

Molitor, A., and Mayes, L. C. (2010).
Problematic  dyadic  interaction
among toddlers and their polydrug-
cocaine-using mothers. Infant Ment.
Health J. 31, 121-140.

Nelson, C. J., Meter, K. E., Walker, C.
H., Ayers, A. A., and Johns, J. M.
(1998). A dose-response study of
chronic cocaine on maternal behav-
ior in rats. Neurotoxicol. Teratol. 20,
657-660.

Nephew, B. C., and Febo, M. (2010).
Effect of sensitization
prior to pregnancy on maternal
care and aggression in the rat.

cocaine

Psychopharmacology ~ (Berl.) 209,
127-135.

Nitschke, J. B., Nelson, E. E., Rusch,
B. D, Fox, A. S., Oakes, T. R., and
Davidson, R.J. (2004). Orbitofrontal
cortex tracks positive mood in
mothers viewing pictures of their
newborn infants. Neuroimage 21,
583-592.

Noriuchi, M., Kikuchi, Y., and Senoo,
A. (2008). The functional neu-
roanatomy
mother’s response to infant’s attach-
ment behaviors. Biol. Psychiatry 63,
415-423.

Numan, M. (2007). Motivational sys-
tems and the neural circuitry of
maternal behavior in the rat. Dev.
Psychobiol. 49, 12-21.

Numan, M., Stolzenberg, D. S., Delle-
vigne, A. A., Correnti, C. M., and
Numan, M. J. (2009). Temporary
inactivation of ventral tegmental
area neurons with either musci-
mol or baclofen reversibly disrupts
maternal behavior in rats through
different underlying mechanisms.
Behav. Neurosci. 123, 740-751.

Olazabal, D. E., Abercrombie, E., Rosen-
blatt, J. S., and Morrell, J. 1. (2004).
The content of dopamine, sero-
tonin, and their metabolites in
the neural circuit that mediates
maternal behavior in juvenile and

Bull. 63,

of maternal love:

adult rats. Brain Res.
259-268.

Oleson, E. B., Talluri, S., Childers,
S. R, Smith, J. E., Roberts, D.
C., Bonin, K. D, and Budy-
gin, E. A. (2009). Dopamine
uptake changes associated with
cocaine
Neuropsychopharmacology 34,
1174-1184.

Pajulo, M., Suchman, N., Kalland, M.,
and Mayes, L. (2006). Enhancing
the effectiveness of residential treat-
ment for substance abusing preg-
nant and parenting women: focus
on maternal reflective function-
ing and mother-child relationship.
Infant Ment. Health ]. 27, 448.

Palkovits, M., Young, W. S. III, Kovacs,
K., Toth, Z., and Makara, G. B.
(1998). Alterations in corticotropin-
releasing hormone gene expression
of central amygdaloid neurons fol-
lowing long-term paraventricular
lesions and adrenalectomy. Neuro-
science 85, 135-147.

Panatier, A., and Oliet, S. H. (2006).
Neuron-glia in the
hypothalamus. Neuron Glia Biol. 2,
51-58.

Pawluski, J. L., and Galea, L. A. (2007).
Reproductive experience alters hip-
pocampal neurogenesis during the
postpartum period in the dam. Neu-
roscience 149, 53—67.

self-administration.

interactions

Paxinos, G., and Watson, C. (1997).
“The Rat Brain”, in Stereotaxic Coor-
dinates. San Diego: Academic Press.

Pedersen, C. A., and Boccia, M. L.
(2002). Oxytocin links mothering
received, mothering bestowed and
adult stress responses. Stress 5,
259-267.

Pedersen, C. A., Caldwell, J. D., Walker,
C., Ayers, G., and Mason, G. A.
(1994). Oxytocin activates the post-
partum onset of rat maternal behav-
ior in the ventral tegmental and
medial preoptic areas. Behav. Neu-
rosci. 108, 1163-1171.

Pego, J. M., Morgado, P, Pinto, L. G,,
Cerqueira, J. J., Almeida, O. F, and
Sousa, N. (2008). Dissociation of the
morphological correlates of stress-
induced anxiety and fear. Eur. J.
Neurosci. 27, 1503—-1516.

Peterson, S. L., Olsta, S. A., and
Matthews, R. T. (1990). Cocaine
enhances medial prefrontal cortex
neuron response to ventral tegmen-
tal area activation. Brain Res. Bull.
24,267-273.

Quinones-Jenab, V., Krey, L. C.,
Schlussman, S. D., Ho, A., and
Kreek, M. J. (2000). Chronic ‘binge’
pattern cocaine alters the neuroen-
docrine profile of pregnant rats.
Neurosci. Lett. 282, 120-122.

Rasia-Filho, A. A., Londero, R. G,
and Achaval, M. (2000). Func-
tional activities of the amygdala: an
overview. J. Psychiatry Neurosci. 25,
14-23.

Rees, S. L., Panesar, S., Steiner, M., and
Fleming, A. S. (2004). The effects
of adrenalectomy and corticosterone
replacement on maternal behavior
in the postpartum rat. Horm. Behav.
46, 411-419.

Rodaros, D., Caruana, D. A., Amir,
S., and Stewart, J. (2007).
Corticotropin-releasing factor
projections from limbic forebrain
and paraventricular nucleus of the
hypothalamus to the region of the
ventral tegmental area. Neuroscience
150, 8-13.

Russo, S. J., Dietz, D. M., Dumitriu,
D., Morrison, J. H., Malenka, R.
C., and Nestler, E. J. (2010). The
addicted synapse: mechanisms of
synaptic and structural plasticity in
nucleus accumbens. Trends Neurosci.
33,267-276.

Russo, S. J., Festa, E. D., Fabian, S. J.,
Gazi, F. M., Kraish, M., Jenab, S., and
Quinones-Jenab, V. (2003). Gonadal
hormones differentially modulate
cocaine-induced conditioned place
preference in male and female rats.
Neuroscience 120, 523-533.

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: place pref-
erence and locomotor analyses in the
lactating female rat. Psychopharma-
cology (Berl.) 194, 309-319.

Seip, K. M., and Morrell, J. I. (2009).
Transient inactivation 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.,
Reiss, J. 1., Dziopa, E. 1., and Mor-
rell, J. I. (2008). Incentive salience
of cocaine across the postpartum
period of the female rat. Psychophar-
macology (Berl.) 199, 119-130.

Sesack, S. R., and Grace, A. A.
(2010). Cortico-basal ganglia reward
network: microcircuitry. Neuropsy-
chopharmacology 35, 27-47.

Shahrokh, D. K., Zhang, T. Y., Dio-
rio, J., Gratton, A., and Meaney, M.
J. (2010). Oxytocin-dopamine inter-
actions mediate variations in mater-
nal behavior in the rat. Endocrinol-
ogy 151, 2276-2286.

Sinha, R. (2001). How does stress
increase risk of drug abuse and
relapse? Psychopharmacologia 158,
343-359.

Sinha, R., Lacadie, C., Skudlarski,
P, Fulbright, R., Rounsaville, B.,
Kosten, T., and Wexler, B. E.
(2005). Neural activity associated
with stress-induced cocaine crav-
ing: a functional magnetic resonance
imaging study. Psychopharmacology
(Berl.) 183, 171-180.

Sinha, R., Lacadie, C., Skudlarski, P,
and Wexler, B. E. (2004). Neural cir-
cuits underlying emotional distress
in humans. Ann. N. Y. Acad. Sci.
1032, 254-257.

Sinha, R., and Li, C. S. R. (2007). Imag-
ing stress- and cue-induced drug
and alcohol craving: association with
relapse and clinical implications.
Drug Alcohol Rev. 26, 25-31.

Slattery, D. A., and Neumann, I. D.
(2008). No stress please! Mecha-
nisms of stress hyporesponsiveness
of the maternal brain. J. Physiol. 586,
377-385.

Smith, J. W., Seckl, J. R., Evans, A.
T., Costall, B., and Smythe, J. W.
(2004). Gestational stress induces
post-partum depression-like behav-
iour and alters maternal care in
rats. Psychoneuroendocrinology 29,
227-244.

Sombers, L. A., Beyene, M., Carelli, R.
M., and Wightman, R. M. (2009).
Synaptic overflow of dopamine in
the nucleus accumbens arises from
neuronal activity in the ventral
tegmental area. J. Neurosci. 29,
1735-1742.

Frontiers in Psychiatry | Child and Neurodevelopmental Psychiatry

July 2011 | Volume 2 | Article 37 | 140


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

Rutherford et al.

Addiction and maternal neurocircuitry

Stack, E. C., Balakrishnan, R., Numan,
M. J., and Numan, M. (2002). A
functional neuroanatomical investi-
gation of the role of the medial pre-
optic area in neural circuits regulat-
ing maternal behavior. Behav. Brain
Res. 131, 17-36.

Steffensen, S. C., Taylor, S. R., Hor-
ton, M. L., Barber, E. N., Lyle,
L. T.,, Stobbs, S. H., and Allison,
D. W. (2008). Cocaine disinhibits
dopamine neurons in the ventral
tegmental area via use-dependent
blockade of GABA neuron voltage-
sensitive sodium channels. Eur. J.
Neurosci. 28, 2028-2040.

Strathearn, L., Fonagy, P, Amico, J.,
and Montague, P. R. (2009). Adult
attachment predicts maternal brain
and oxytocin response to infant
cues. Neuropsychopharmacology 34,
2655-2666.

Strathearn, L., and Kosten, T. R. (2008).
Does chronic cocaine use affect a
mother’s brain response to baby face
cues? A pilot fMRI study. The Col-
lege on Problems of Drug Dependence
70th Annual Scientific Meeting.

Substance Abuse and Mental Health
Services Administration. (2008).
Results from the 2007 National
Survey on Drug Use and Health:
National ~Findings (Office of
Applied Studies, NSDUH Series
H-34, DHHS Publication No. SMA
08-4343). Rockville, MD.

Suchman, N., Decoste, C., Castiglioni,
N., Legow, N., and Mayes, L. (2008).
THE MOTHERS AND TODDLERS
PROGRAM: preliminary findings
from an attachment-based par-
enting intervention for substance-
abusing mothers. Psychoanal. Psy-
chol. 25.

Suchman, N. E, and Luthar, S. S.
(2001). The mediating role of

parenting stress in methadone-
maintained mothers’ parenting. Par-
ent Sci. Pract. 1,285-315.

Takayanagi, Y., Yoshida, M., Bielsky,
I. E, Ross, H. E., Kawamata, M.,
Onaka, T., Yanagisawa, T., Kimura,
T., Matzuk, M. M., Young, L. J,
and Nishimori, K. (2005). Pervasive
social deficits, but normal parturi-
tion, in oxytocin receptor-deficient
mice. Proc. Natl. Acad. Sci. U.S.A.
102, 16096-16101.

Thomas, M. J.,, and Malenka, R. C.
(2003). Synaptic plasticity in the
mesolimbic dopamine system. Phi-
los. Trans. R. Soc. Lond. B Biol. Sci.
358, 815-819.

Thompson, A. C., and Kristal, M. B.
(1996). Opioid stimulation in the
ventral tegmental area facilitates the
onset of maternal behavior in rats.
Brain Res. 743, 184-201.

Tronick, E. Z., Messinger, D. S., Wein-
berg, M. K., Lester, B. M., LaGasse,
L., Seifer, R., Bauer, C. R., Shankaran,
S., Bada, H., Wright, L. L., Poole, K.,
and Liu, J. (2005). Cocaine exposure
is associated with subtle compro-
mises of infants’ and mothers’social-
emotional behavior and dyadic fea-
tures of their interaction in the face-
to-face still-face paradigm. Dev. Psy-
chol. 41,711-722.

Uhlhorn, S. B., Messinger, D. S., and
Bauer, C. R. (2005). Cocaine expo-
sure and mother-toddler social play.
Infant Behav. Dev. 28, 62-73.

Uvnas-Moberg, K., Arn, I.,and Magnus-
son, D. (2005). The psychobiology
of emotion: the role of the oxytocin-
ergic system. Int. J. Behav. Med. 12,
59-65.

Van den Oever, M. C., Spijker, S.,
Smit, A. B., and De Vries, T. J.
(2010). Prefrontal cortex plasticity
mechanisms in drug seeking and

relapse. Neurosci. Biobehav. Rev. 25,
276-284.

van Velzen, A., and Toth, M. (2010).
Role of maternal 5-HT(1A) recep-
tor in programming offspring emo-
tional and physical development.
Genes Brain Behav. 9, 877-885.

Venkatesan, A., Nath, A., Ming, G. L,,
and Song, H. (2007). Adult hip-
pocampal neurogenesis: regulation
by HIV and drugs of abuse. Cell Mol.
Life Sci. 64, 2120-2132.

Walker, D. L., Toufexis, D. J., and Davis,
M. (2003). Role of the bed nucleus
of the stria terminalis versus the
amygdala in fear, stress, and
anxiety. Eur. J. Pharmacol. 463,
199-216.

Webster-Stratton, C. (1990). Stress: a
potential disruptor of parent per-
ceptions and family interactions.
J. Clin. Child Adolesc. Psychol. 19,
302-312.

Windle, R. J., Kershaw, Y. M., Shanks,
N., Wood, S. A., Lightman, S. L,
and Ingram, C. D. (2004). Oxy-
tocin attenuates stress-induced c-fos
mRNA expression in specific fore-
brain regions associated with mod-
ulation of hypothalamo-pituitary-
adrenal activity. J. Neurosci. 24,
2974-2982.

Wise, R. A., and Morales, M. (2010).
A ventral tegmental CRF-glutamate-
dopamine interaction in addiction.
Brain Res. 1314, 38—43.

Yang, J. Y, Qi, J,, Han, W. Y., Wang,
E, and Wu, C. E (2010). Inhibitory
role of oxytocin in psychostimulant-
induced psychological dependence
and its effects on dopaminergic and
glutaminergic transmission. Acta
Pharmacol. Sin. 31,1071-1074.

Yoshida, M., Takayanagi, Y., Inoue,
K., Kimura, T, Young, L. J,
Onaka, T.,, and Nishimori, K.

(2009). Evidence that
exerts anxiolytic effects via oxytocin
receptor expressed in serotonergic
neurons in mice. J. Neurosci. 29,
2259-2271.

Zhang, D., Yang, S., Yang, C,, Jin, G.,
and Zhen, X. (2008). Estrogen reg-
ulates responses of dopamine neu-
rons in the ventral tegmental area to
cocaine. Psychopharmacology (Berl.)
199, 625-635.

Zhao, C., and Li, M. (2010). c-Fos
identification of neuroanatomical
sites associated with haloperidol and
clozapine disruption of maternal
behavior in the rat. Neuroscience 166,
1043-1055.

oxytocin

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: 22 February 2011; paper pend-
ing published: 06 April 2011; accepted: 09
June 2011; published online: 06 July 2011.
Citation: Rutherford HJV, Williams SK,
Moy S, Mayes LC and Johns JM (2011)
Disruption of maternal parenting cir-
cuitry by addictive process: rewiring of
reward and stress systems. Front. Psychi-
atry 2:37. doi: 10.3389/fpsyt.2011.00037

This article was submitted to Frontiers in
Child and Neurodevelopmental Psychia-
try, a specialty of Frontiers in Psychiatry.

Copyright © 2011 Rutherford, Williams,
Moy, Mayes and Johns. This is an open-
access article subject to a non-exclusive
license between the authors and Frontiers
Media SA, which permits use, distribu-
tion and reproduction in other forums,
provided the original authors and source
are credited and other Frontiers condi-
tions are complied with.

www.frontiersin.org

July 2011 | Volume 2 | Article 37 | 141


http://dx.doi.org/10.3389/fpsyt.2011.00037
www.frontiersin.org
http://www.frontiersin.org/child_and_neurodevelopmental_psychiatry/archive

{frontiers in
PSYCHIATRY

ORIGINAL RESEARCH ARTICLE
published: 07 December 2011
doi: 10.3389/fpsyt.2011.00067

Enhanced dopamine D1 and BDNF signaling in the adult
dorsal striatum but not nucleus accumbens of prenatal
cocaine treated mice

Thomas F Tropea'?, Zeeba D. Kabir '3, Gagandeep Kaur*, Anjali M. Rajadhyaksha’® and

Barry E. Kosofsky '3 *

" Division of Pediatric Neurology, Department of Pediatrics, Weill Cornell Medical College, New York, NY, USA

2 College of Osteopathic Medicine, University of New England, Biddeford, ME, USA

3 Graduate Program in Neurosciences, Weill Cornell Medical College, New York, NY, USA

4 School of Environmental and Biological Sciences, Rutgers, The State University of New Jersey, New Brunswick, NJ, USA

Edited by:
Linda Mayes, Yale University, USA

Reviewed by:

Katerina Maniadaki, Technological
Educational Institute of Athens,
Greece

Diana Dow-Edwards, State University
of New York, USA

*Correspondence:

Barry E. Kosofsky, Division of Child
Neurology, Weill Cornell Medical
College/New York Presbyterian
Hospital, 525 East 68th Street, Box
91, New York, NY 10021, USA.
e-mail: bar2009@med.cornell.edu

INTRODUCTION

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) GIuA1 and Ser 845 P-GIuA1 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-GIuA1. 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-GIuA1 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

manifest ongoing behavioral abnormalities in subtle neurobehav-

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

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-)GluAl 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
la 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)GluAl 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-GluAl in both the Str and NAc of PSAL mice,
in contrast to significantly decreased levels of Ser845 P-GluAl 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 GluAl in both the Str and NAg, 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 HCI (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-
peaetal.,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 41.98 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 BDNE, 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 g 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-GluAl (1:850), GluA1l (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 1248 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, BDNE, 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 BDNE, pro-
BDNEF 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 GluAl/Ser 845
P-GluA1l 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 Average percentage Average number of
Treatment weight gain of dam 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.

www.frontiersin.org

December 2011 | Volume 2 | Article 67 | 144


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

Tropea et al.

Altered molecular signaling following prenatal cocaine

Striatum .
Saline challenge Cocaine
challenge
" i ’ i
SR — T — - T
- *%
200 ~ . 4 s
< =
£ =] = = *
B 2150 T 85 :f_ R .
22 = @ < 52
2L 4 w v
& 100 = 5 T 2L |-
o R g X O R
50 — -
0- - =
E F G H
250 - =
T . - T
£ 200 oo _ =
£ g | 1 *
& 2150 331 T { T -
T = - -8
2(: 100 - éo 4T T - AT Tf )
o a
50 - -
0- _
Thr34  Thr75 Thr 34 Thr 75
K L M
250 - - T
— —
— ———— —
200 = - <
| ) E=1 -
82150 &3 | 82
&7 ge ge
x X & = xR
51004/ = Wl = = b
0- _
o P Q
250 - _
200 - TT =
e T £ - £ -
T 2150~ — g2 .4 %
L& = o =5 «
I - <% | = L | *
50100_ Glo - Glo —
o a
50 - -
0- - _
[] PSALsal [ PCOCsal [ PSALcoc |l PCOCcoc

FIGURE 1 | Effect of prenatal cocaine treatment on basal, cocaine- and
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(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).
"0 <0.05, ""p <0.01 PCOC pretreatment groups vs. PSAL pretreatment
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accumbens of adult mice. Representative immunoblots and quantitative skf) as adults. Data are represented as percentage of PSAL mice treated
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density & SEM). Protein levels were measured in prenatal saline (PSAL) 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 GluAl revealed significantly higher
levels of basal GluA1l and P-GluAl in PCOC mice compared to
PSAL mice (Figures 10,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], 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 11, PCOC skf vs. PSAL skf). Cocaine or SKF 82958 treat-
ment significantly decreased Thr75 P-DARPP-32 levels in PSAL
mice (Figures 1H,], 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 1IN, PCOC skf vs.
PSAL skf). Examination of P-GluAl levels revealed that cocaine
or SKF 82958 treatment significantly increased P-GluAl 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 GluA1l levels revealed no difference in basal
GluAl levels (Figure 20) 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,], 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-GluAl revealed that cocaine or SKF 82958
administration increased P-GluAl in PSAL mice (Figures 2Q,R,
respectively) while either cocaine or SKF 82958 treatment signif-
icantly decreased P-GluAl 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
etal., 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 GluAl
in the Str and NAc of adult mice via a D1 mechanism

Frontiers in Psychiatry | Child and Neurodevelopmental Psychiatry

December 2011 | Volume 2 | Article 67 | 147


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

A
150 = —_——
|- — x
£ -
S 1004 =~ = LA s g
= <
Zm
8%
2= 50+
=)
0_
mPFC  Str NAc  VTA

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
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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
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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-GluAl, 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
la 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 Galpha$ 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 la 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-GluA1l 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-GluAl
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 etal.,
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.
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