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The ability of many drugs of abuse, including cocaine, to mediate reinforcement and
drug-seeking behaviors is in part mediated by the corticotropin-releasing hormone
(CRH) system, in which CRH exerts its effects partly via the CRH receptor subtype
1 (CRHR1) in extra-hypothalamic areas. In fact, CRHR1 expressed in regions of
the mesolimbic dopamine (DA) system have been demonstrated to modify cocaine-
induced DA release and alter cocaine-mediated behaviors. Here we examined the role
of neuronal selectivity of CRHR1 within the mesolimbic system on cocaine-induced
behaviors. First we used a transgenic mouse line expressing GFP under the control of
the Crhr1 promoter for double fluorescence immunohistochemistry to demonstrate the
cellular location of CRHR1 in both dopaminergic and D1 dopaminoceptive neurons. We
then studied cocaine sensitization, self-administration, and reinstatement in inducible
CRHR1 knockouts using the CreERT2/loxP in either dopamine transporter (DAT)-
containing neurons (DAT-Crhr1) or dopamine receptor 1 (D1)-containing neurons (D1-
Crhr1). For sensitization testing, mice received five daily injections of cocaine (15 mg/kg
IP). For self-administration, mice received eight daily 2 h cocaine (0.5 mg/kg per
infusion) self-administration sessions followed by extinction and reinstatement testing.
There were no differences in the acute or sensitized locomotor response to cocaine in
DAT-Crhr1 or D1-Crhr1 mice and their respective controls. Furthermore, both DAT-Crhr1
and D1-Crhr1 mice reliably self-administered cocaine at the level of controls. However,
DAT-Crhr1 mice demonstrated a significant increase in cue-induced reinstatement
relative to controls, whereas D1-Crhr1 mice demonstrated a significant decrease in
cue-induced reinstatement relative to controls. These data demonstrate the involvement
of CRHR1 in cue-induced reinstatement following cocaine self-administration, and
implicate a bi-directional role of CRHR1 for cocaine craving.

Keywords: corticotropin-releasing hormone, corticotropin-releasing factor, inducible knockouts, mesolimbic
dopamine system, cocaine sensitization, self-administration, extinction, reinstatement
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INTRODUCTION

Drug craving and subsequent relapse following abstinence
remain major impediments to the treatment of drug addiction
in humans. Relapse can be precipitated by one of several factors,
including exposure to drug-related cues or the drug itself, as
well as stress (Shaham et al., 2003; Sanchis-Segura and Spanagel,
2006). The corticotropin-releasing hormone/corticotropin-
releasing factor (CRH/CRF) family of ligands and receptors
are important mediators of the neuroendocrine and behavioral
response to stress, and hyperfunction of CRH and its type
1 high-affinity receptor (CRHRI) have been implicated in the
pathology of chronic stress, including the development of anxiety
and mood disorders (Muller and Wurst, 2004; Aubry, 2013).
Furthermore, there is high comorbidity of anxiety and mood
disorders with substance use disorders in humans (Grant et al.,
2004; Bruijnzeel and Gold, 2005), and stress plays an important
role in increasing the vulnerability and motivation to abuse
drugs in addicted individuals (Koob and Le Moal, 2001, 2008b).
Thus, a great deal of preclinical research has been devoted to
the link between CRH and CRHR1 in extrahypothalamic brain
regions and the effects of drugs of abuse.

CRHRI is expressed throughout the brain, including the
mesolimbic dopamine (DA) system (Van Pett et al, 2000),
a brain system extensively demonstrated to mediate drug
reinforcement and drug-induced neuroadaptations (Koob and
Nestler, 1997; Self, 2004). CRHR1 has been shown to mediate
the CRH-induced firing rate of ventral tegmental area (VTA)
DA neurons (Wanat et al, 2008), and CRHRI antagonism
has been shown to inhibit striatal DA release (Bagosi et al.,
2006) In addition, the activation of CRHR1 by CRH results
in an increase in DA release in the nucleus accumbens (Acb;
Lemos et al., 2012), and midbrain CRHR1 blockade has been
demonstrated to reduce cocaine-induced DA release into the
Acb (Lodge and Grace, 2005). CRHRI is also expressed in
DAergic terminal regions including the prefrontal cortex (PFC)
and amygdala (Amy; Smagin and Dunn, 2000; Van Pett et al,,
2000; Jaferi and Bhatnagar, 2007; Miguel et al.,, 2014), which
mediate excitatory drive and associative processes related to
drug-mediated behaviors (Everitt et al., 1999; Peters et al., 2009),
as well as regions of the extended amygdala (Van Pett et al., 2000;
Kash et al., 2008; Silberman and Winder, 2013), the dysregulation
of which also contributes to drug dependence (Koob and Le
Moal, 2008b).

Because of the important role of CRHRI in stress adaptation,
the predominance of studies of CRHRI in drug paradigms
have examined its effects on stress-mediated drug-responding.
For example, in terms of psychostimulants such as cocaine,
peripheral administration of CRHR1 antagonists in rats have
been demonstrated to impair a stress-induced increase in the
magnitude of cocaine conditioned place preference (Kreibich
et al., 2009) and stress-induced reinstatement of cocaine place
preference following extinction (Lu et al., 2001; McReynolds
et al, 2014). Furthermore, CRH administration induces
reinstatement of cocaine-seeking in rats following extinction
in the self-administration paradigm (Erb et al., 2006; Brown
etal., 2009; Kupferschmidt et al., 2012), and CRHR1 antagonists

have been shown to attenuate stress-induced reinstatement of
cocaine-seeking in rats (Shaham et al., 1998; but see Wang et al.,
2007). Thus, CRHR1 has been demonstrated to play a consistent
role in stress-mediated cocaine behaviors.

In addition to its role in stress mediation, the CRH
system may contribute to drug reinforcement processes.
Behaviorally, CRHRI1 antagonists administered peripherally
have been demonstrated to reduce cocaine intake in rats
during both limited access (Goeders and Guerin, 2000) and
escalation (Specio et al., 2008) self-administration procedures. In
addition, peripheral CRHR1 antagonism in rats decreased cue
responding following cocaine self-administration (Gurkovskaya
and Goeders, 2001) and during reinstatement testing following
extinction of cocaine self-administration (Goeders and Clampitt,
2002). CRH administered directly into the VTA has been
demonstrated to augment cocaine-seeking following self-
administration, an effect blocked by a CRHRI antagonist
(Blacktop et al., 2011). Furthermore, Chen et al. (2014) examined
the effects of lentiviral knockdown of CRHRI1 in the VTA
on primary and secondary cocaine reinforcement using self-
administration, demonstrating no difference in the acquisition of
cocaine self-administration, but a reduced cue-induced cocaine-
seeking following an extended abstinence period. Thus, in
conjunction with stress mediation, CRHRI in the reward
system likely mediates in general emotional states involved
in the motivation for cocaine-taking and cocaine-seeking
behaviors.

The studies summarized here demonstrate that CRHR1 plays
an important role in the mesolimbic DA system and the response
to cocaine. Because CRHRI1 are located both presynaptically
and postsynaptically in the VTA (Hahn et al.,, 2009), as well as
distributed throughout DAergic terminal regions, its functional
role based on site and cellular localization has yet to be
characterized. The purpose of the current study was to examine
the role of neuronal selectivity of CRHRI receptors on cocaine-
mediated behaviors. To this end, we first examined the cellular
location of CRHR1 in both DAergic and D1 dopaminoceptive
neurons. Because of the lack of specific immunochemical
tools and the low resolution of ligand binding approaches, the
anatomical distribution of CRHRI1 is not well resolved. An
alternative approach is the use of transgenic mice in which
the non-mammalian green fluorescent protein (GFP) gene is
inserted upstream of the coding region of a target gene and
thus is driven by the promoter of this gene. This approach
has been successfully applied for anatomical characterization
of CRHRI1 (Justice et al., 2008). Here, the GFP reporter
gene is under the control of the Crhrl promoter and GFP
immunoreactivity (ir) mimics the location of endogenous
CRHRI. In this study, we used the Crhrl-GFP transgenic
mice to map cellular localization of the receptor within the
mesolimbic system. We then generated inducible knockouts of
the CRHRI receptor using the CreERT2/loxP system in either
DA transporter (DAT)-containing neurons (DAT-Crhrl) or
DA receptor 1 (D1)-containing neurons (D1-Crhr). We first
measured locomotion and the acute and sensitized locomotor
response to cocaine to determine basal genotypic differences
among these inducible knockout lines. We then measured
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cocaine self-administration and cue-induced reinstatement
following extinction. Following cue-induced reinstatement,
we also examined yohimbine- and yohimbine + cue-induced
reinstatement in the two lines. We show here that despite
demonstrating no differences relative to controls in cocaine-
induced locomotion or sensitization, and no differences in
cocaine SA, resulting from CRHRI1 inactivation in DAT-
and D1-containing neurons, we found dissociable effects on
cue-induced reinstatement. DAT-Crhrl mice demonstrated
a significant increase in cue-induced reinstatement relative
to controls, while D1-Crhrl mice demonstrated a significant
decrease in cue-induced reinstatement relative to controls,
indicating neuronal selectivity of CRHRI receptors on
dopaminoceptive neurons in the reinstatement of cocaine-
seeking.

MATERIALS AND METHODS
Subjects

For immunocytochemistry, three male Crhrl-GFP mice
(8-10 weeks) were used. For behavioral experiments, 103 adult
male inducible DAT-Crhrl and DI1-Crhrl mice and their
wild-type floxed littermates not carrying the Cre-recombinase
(8-10 weeks at the beginning of the experiments) resulting from
at least 10 consecutive backcrosses with C57BL/6N were used.

All mice were single-housed in a temperature-controlled
(21°C) maintained on a 12-h light-dark
cycle (lights on at 6 a.m.). Food and water was available
ad libitum. All experiments were performed in accordance with
EU guidelines on the care and use of laboratory animals
and were approved by the local animal care committee
(Regierungsprasidium, Karlsruhe, Germany). All behavioral
testing was conducted during the light phase between 08:00 h
and 17:00 h.

environment

Generation of Mice

We generated transgenic mice expressing GFP under the control
of the Crhrl promoter as previously described (Justice et al,
2008).

The generation of floxed Crhrl mice has also been previously
described (Kithne et al, 2012). Conditional Crhrl mutant
mice were obtained by breeding Crhr1”/f mice to the
respective Cre-expressing mouse lines using a three generation
breeding scheme. For the selective disruption of CRHRI in
midbrain DAergic neurons, Crhr1”/f mice were bred to
DAT-CreERT2 mice. In this transgenic Cre mouse line, an
inducible Cre recombinase is controlled by the promoter
of the dopamine transporter (DAT) and is preferentially
expressed in midbrain dopaminergic neurons (Engblom
et al., 2008). The resulting DAT-CreERT2 Crhr1*/f offspring
were bred to Crhr1¥/f mice, and the line was maintained by
breeding DAT-CreERT2 Crhr1"/f mice (DAT-Crhr1) to Crhr1/f
mice. For induction of the mutation, mice were treated with
10 mg of tamoxifen i.p. twice a day for five consecutive days
(Eisenhardt et al., 2015) a minimum 6 weeks prior to behavioral
experiments. Crhr1/f control mice were also treated with
tamoxifen.

For the selective disruption of CRHRI1 in DA receptor
1 positive neurons, Crhr1?/f mice were bred to D1-CreERT2
mice. In this transgenic Cre mouse line, an inducible Cre
recombinase is controlled by the promoter of DA receptor 1 and
is preferentially expressed in dopaminoceptive neurons (Parkitna
et al, 2009; Eisenhardt et al., 2015). D1-CreERT2 Crhr1%/f
mice (D1-Crhrl) were obtained by breeding D1-CreERT2 mice
to Crhr1¥f mice and maintained as described above. Crhr1¥/
mice were backcrossed to C57BL/6N for five generations. For
induction of the mutation, mice were treated with 10 mg
of tamoxifen ip. twice a day for five consecutive days
(Eisenhardt et al., 2015) a minimum 6 weeks prior to behavioral
experiments. Crhr1/f control mice were also treated with
tamoxifen. DAT-CreERT2 and D1-CreERT2 were backcrossed
to C57BL/6N for >10 generations before breeding to Crhr1¥/*
mice.

Double Fluorescence

Immunocytochemistry

Male Crhr1-GFP mice (n = 3) were deeply anesthetized
with isoflurane and intracardially perfused with 0.9% NaCl
containing 10000 IE/1 heparine and subsequently with fixative
solution (phosphate buffer containing 4% paraformaldehyde and
14% saturated picric acid). Brains were collected, post-fixed
in the same fixative for 1.5 h and transferred to a 10%
sucrose solution in 0.1 M phosphate buffer for 48 h (4°C).
Brains were frozen in CO, snow and 14 pm coronal cryostat
sections were taken at Bregma levels: +1 mm (nucleus
accumbens shell, AcbS), +0.1 to +0.02 mm (bed nucleus
of the stria terminalis, BNST) and —3 to —3.6 mm (VTA;
substantia nigra compacta, SNC; substantia nigra reticulata,
SNR, according to the atlas of Paxinos and Franklin (2001).
Sections were thaw-mounted on [potassium(III)sulfate - H,O]
gelatine-coated slides and stored at —20°C. Double fluorescence
immunohistochemistry was performed as described by Hansson
et al. (2003, 2006b). Briefly, sections were brought to room
temperature (RT), rehydrated, rinsed in 0.01 M PBS buffer,
and incubated with a mixture of two primary antibodies (rabbit
anti-GFP (ThermoFisher Scientific, MA, USA, 1:500) and mouse
anti-neuron-specific nuclear protein (NeuN, Merck Millipore,
Darmstadt, Germany, 1:700) or sheep anti-tyrosine hydroxylase
(TH, Merck Millipore, Darmstadt, Germany, 1:500) or rat
anti-D1 (Sigma-Aldrich Chemie, Munich, Germany, 1:800) at
4°C overnight. The sections were rinsed in 0.01 M PBS/0.3%
Triton buffer, and a mixture of two secondary antibodies
(conjugated with Alexa 488 or Alexa 555: AlexaFluor 488- labeled
donkey anti-rabbit, 1:200, and AlexaFluor 555-labeled donkey
anti-mouse or AlexaFluor 555-labeled donkey anti-sheep or
AlexaFluor 555-labeled donkey anti-rat, 1:100) were added
and incubated for 1-2 h at RT. Sections were rinsed briefly,
mounted in a mounting medium for fluorescent signals (Dako,
Carpinteria, CA, USA), and coverslipped. Sections were then
qualitatively analyzed by a Leica TCS SP2 imaging system
mounted on a DM IRE2 microscope (Leica Microsystems,
Wetzlar, Germany) using an x63 oil-planchromat lens and
either an argon ion laser (458-514 nm) or a green neon
laser (543 nm).
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Genotyping and Detection of Conditional

Crhr1 Inactivation

Genotyping of conditional Crhr1 knockout mice was performed
by PCR as previously described (Kithne et al, 2012). The
detection of Crhrl inactivation in different brain regions
was assessed using primers multiplex forward: (a) 5 -AGT-
CAA-TCT-GCA-TGT-CCT-CAT-T-3; and (b) 2cre reverse
5-ACT-GGG-ACT-AAC-CAT-GGG-TG-3". Standard PCR
conditions using genomic DNA prepared from tissue punches
of respective brain regions as template resulted in a 2276 bp
PCR product resembling the floxed exon 2 and a 514 bp
product following Cre-mediated recombination resembling the
inactivated Crhr1 locus lacking exon 2. A wild-type allele would
have been detected by a PCR product of 1994 bp. The presence of
CreERT2 was assessed by PCR using primers DAT-cre forward
5-GGC-TGG-TGT-GTC-CAT-CCC-TGA-A-3 and DAT-cre
reverse 5 -GGT-CAA-ATC-CAC-AAA-GCC-TGG-CA-3'.
Standard PCR conditions resulted in a 405 bp PCR product.

The site-specific inactivation of Crhrl was demonstrated by
reverse transcriptase PCR (RT-PCR) using cDNA prepared from
tissue punches of respective brain areas. The cDNA was used for
a first PCR using primers Crhrl-fwd 5'-CTC-TTC-GCT-CTG-
GGA-TGT-3" and Crhrl-rev 5-CAG-AAA-ACA-ATA-GAA-
CAC-AGA-CAC-3'. This PCR product was used as template for
subsequent nested PCRs. The wild-type Crhrl transcript was
detected by nested PCR using primers nested CRHR1 forward
(c) 5 -GAG-CCC-GAG-GAT-GGG-ACA-GC-3" and Crhrl-E5-
rev (d) 5-TGA-CGG-CAA-TGT-GGT-AGT-GC-3'as a PCR
product of 371 bp. The mutant Crhrl transcript following Cre
recombinase-mediated deletion of exon 2 was detected by nested
PCR using primers Crhrl-E1-3-fwd2 (e) 5 -CTC-CGG-CTC-
GTG-AAG-GCC-TG-3  and Crhr1-E5-rev (d) as a 255 bp PCR
product.

Drugs
Cocaine hydrochloride (Sigma-Aldrich, Germany) was dissolved
in physiological saline (0.9% NaCl) for intraperitoneal (IP)
injection of 15 mg/kg (10 ml/kg) for locomotor activity
measurements or 0.50 mg/kg/14 pl infusion for self-
administration.

Tamoxifen was dissolved in medium-chain triglycerides
(Stadtklinik Frankenthal, Frankenthal, Germany) to a final
concentration of 10 mg/ml.

Behavioral Procedures

Locomotor Activity

The acute and sensitized locomotor response to cocaine
was assessed in eight TruScan activity monitors (Coulbourn
Instruments, USA). Each monitor consists of a clear acrylic
plastic test cage (27 x 27 x 39 cm) placed inside a
monitoring unit that records via computer ambulatory beam
interruptions from infrared photocell emitter/detector pairs
evenly spaced along each axis. Mice were habituated to
the locomotor activity monitors for 60 min/day for three
consecutive days. Following habituation, mice received 15 mg/kg
cocaine IP or saline (10 ml/kg) on subsequent days for

5 days (five injections). Cocaine injections on days 1 and
5 were followed by 60-min locomotor measurements in the
activity monitors. Locomotor activity was measured as distance
traveled (cm).

Cocaine Self-Administration

Self-administration was assessed in 12 operant chambers (Med
Associates, USA) housed in light- and sound-attenuating
cubicles. Each chamber (24.1 x 20.3 x 18.4 cm) is equipped
with two levers (left and right), a food dispenser and a
drug delivery system connected via infusion pump (PHM-
100, Med-Associates, USA) located outside the cubicle. Operant
chambers were controlled using Med-PC IV (Med Associates,
USA) software. Mice first underwent lever training with
14 mg sweetened food pellets (TestDiet, USA), as previously
described (Bernardi and Spanagel, 2013). Following lever
training, mice were implanted with an indwelling intravenous
catheter (made in-house) into the jugular vein. Catheter patency
was maintained with 0.15 ml heparanized saline (100 i.u./ml)
containing Baytril (0.7 mg/ml) administered daily throughout
the experiment. After 3 days recovery, mice underwent daily
2 h cocaine self-administration for eight consecutive days.
Cocaine (0.50 mg/kg/14 pl infusion) delivery was contingent
upon pressing on the active lever under an FRI schedule
of reinforcement and paired with the 20 s presentation
of a blinking light stimulus (Conditioned Stimulus, CS),
which also served as a timeout period, during which lever
presses were not reinforced. For all experiments, presses
on the inactive lever were recorded but had no scheduled
consequence.

Following cocaine self-administration, mice were exposed
to daily 2 h extinction sessions, during which presses on the
active lever were not reinforced, and the CS was omitted.
Extinction concluded when each mouse reached a criterion
level of responding on the active lever (less than 33%
responding over 2 days relative to the mean active lever
presses during the last 2 days of self-administration). Once
extinction criteria were reached, cue reinstatement was tested
during a single 2 h session that began with a 20 s blinking
of the light CS, and during which active lever presses
resulted in the presentation of the 20 s blinking light CS,
but no cocaine. Following cue reinstatement testing, further
tests for yohimbine-induced reinstatement and yohimbine +
cue reinstatement were conducted, and are described in
Supplementary Information.

Statistical Analysis

Statistical analyses were conducted using SPSS software (StatSoft,
USA). Locomotor data were analyzed using three-way ANOVA
(treatment x day X genotype). SA acquisition data were
analyzed using three-way ANOVA (lever x day x genotype),
while extinction and reinstatement data were analyzed using
three-way (session x lever x genotype) and two-way ANOVA
(lever x genotype). Post hoc confirmation of effects was
conducted using Bonferroni-corrected ¢-tests, where indicated.
Significance was set at p < 0.05.
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RESULTS

Co-Localization of CRHR1 in

Dopaminergic and D1-Expressing Neurons
(Crhr1-)GFP-ir and NeuN-ir were primarily found in the nuclei
of neurons with lighter staining in the cytoplasm, while TH-ir
was detected exclusively in the cytoplasm and D1-ir on neuronal
dendrites. Double fluorescence immunolabelings of (Crhrl-)
GFP-ir with NeuN-ir demonstrated a neuronal location of
CRHRI in all analyzed reward-related brain regions (i.e., AcbS,
BNST, VTA, SNC, SNR; Noori et al., 2012). (Crhr1-)GFP-ir was
expressed in TH-ir positive DAergic neurons of the VTA and the
SNC, while (Crhr1-)GFP-ir in D1-ir neurons was detected in the
BNST and the VTA. In the AcbS and SNR, (Crhrl1-)GFP-ir was
not found in either DAergic TH-ir or D1-ir expressing neurons.
All immunostainings are shown in Figure 1 and Table 1. In
summary, we demonstrate that CRHR1 is expressed in both
DAergic and D1 dopaminoceptive neurons.

Generation of Conditional Knockouts

In Figure 2A, a schematic illustration of the conditional
Crhrl allele (Crhr1?) in which the critical exon 2, flanked
by loxP sites, is depicted. Conditional Crhrl inactivation is
based on the presence of tamoxifen-inducible CreERT2, and Cre
recombinase-mediated deletion of exon 2 resulted in functional
inactivation of Crhrl (Crhr1X©). Brain region-specific detection
of Crhrl inactivation in DAergic neurons in the VTA and SN
of DAT-Crhrl mice, as well as in dopaminoceptive neurons
in the caudate putamen (CPu) and Acb of D1-Crhrl mice,
was demonstrated on genomic and mRNA level as depicted in
Figures 2B,C, respectively.

Behavior

Locomotor Activity

DAT-Crhrl mice and littermate Crhr1/f control mice did not
differ in the locomotor response to saline (n = 7 and n = 9 for
DAT-Crhrl and control mice, respectively) or the acute and
sensitized locomotor response to cocaine (n = 7 and n = 8 for
DAT-Crhrl and control mice, respectively). Figure 3A shows
the experimental design for locomotor testing. Figure 3B shows
the locomotor response to saline or cocaine on Days 1 and
5 for each group. Data represent mean (=SEM) distance traveled
(cm) across the 60-min activity trials. A three-way ANOVA

TABLE 1 | Localization of corticotropin-releasing hormone receptor subtype 1
(CRHR1) in tyrosine hydroxylase (TH) and D1 expressing cells.

CRHR1-D1 CRHR1-TH CRHR1-NeuN
AcbS - — +++
BNST ++ - +++
VTA ++ ++ +++
SNC — ++ ++
SNR - - ++

Nucleus accumbens shell (AcbS); bed nucleus of the stria terminalis (BNST);
ventral tegmental area (VTA); substantia nigra compacta (SNC); substantia nigra
reticulata (SNR), no (—), sparse (+), modest (++), high (+++) level of co-localized
(Crhr1-)GFP-ir with either D1-ir, TH-ir or NeuN-ir. Co-localization was performed in
(Crhr1-)GFP reporter mice (n = 3, Justice et al., 2008).

(treatment x day x genotype) revealed significant main effects of
both treatment (F(;27) = 15.7, p < 0.005) and day (F(127) = 29.7,
p < 0.001) and a significant treatment x day interaction
(Fa27 = 16.7, p < 0.001), but no other effects (Fs < 1).
Paired t-tests analyzing cocaine-treated animals confirmed that
across genotypes there was a significant increase in locomotion
from Day 1 to Day 5 (tu4 = 5.1, p < 0.005, Bonferroni-
corrected a = 0.05/2), confirming sensitization. Saline-treated
animals (f(;5) = 2.0, p > 0.025, Bonferroni-corrected a = 0.05/2)
demonstrated no such increase. These results indicate no
differences in basal locomotor activity, or the acute and sensitized
response to cocaine, as a function of genotype.

D1-Crhrl and littermate Crhr1¥/f control mice did not
differ in the locomotor response to saline (n = 9 and
n = 10 for D1-Crhrl and control mice, respectively) or the
acute and sensitized locomotor response to cocaine (n = 9 and
n = 10 for D1-Crhrl and control mice). Figure 3C shows the
locomotor response to saline or cocaine on Days 1 and 5 for
each group. Data represent mean (+SEM) distance traveled
(cm) across the 60-min activity trials. A three-way ANOVA
(treatment x day x genotype) revealed significant main effects of
both treatment (F(; 34) = 29.1, p < 0.001) and day (F(134) = 48.2,
p < 0.001) and a significant treatment x day interaction
(Fasey = 41.7, p < 0.001), but no other effects (Fs < 1,
except treatment x day X genotype: F(134 = 1.5, p > 0.05).
Paired t-tests analyzing cocaine-treated animals confirmed that
across genotypes there was a significant increase in locomotion
from Day 1 to Day 5 (tusy = 7.3, p < 0.005, Bonferroni-
corrected a = 0.05/2), confirming sensitization. Saline-treated
animals (t(13) = 0.7, p > 0.025, Bonferroni-corrected a = 0.05/2)
demonstrated no such increase. These results indicate no
differences in basal locomotor activity, or the acute and sensitized
response to cocaine, as a function of genotype.

Cocaine Self-Administration
DAT-Crhrl (n = 7) and littermate Crhr1¥f control (n = 8) mice
did not differ in cocaine self-administration. Figure 4A shows
the mean (+SEM) responding on the active and inactive levers
during eight daily 2 h sessions of cocaine self-administration. A
three-way ANOVA (lever x day x genotype) revealed significant
main effects of lever (Fq,13y = 221.1, p < 0.001), indicating
a distinction between the active and inactive levers, and a
significant main effect of day (F(2.0,25.6) = 3.4, p < 0.05). However,
there was no main effect of genotype and no interactions (Fs < 1,
except day x lever: F0256) = 1.8, p > 0.05). Figure 4B
shows the mean ((=SEM) number of cocaine infusions received
during 8 days of cocaine self-administration. A two-way ANOVA
(day x genotype) revealed no significant effects (Fs < 1),
indicating no difference in reinforcers based on genotype.
Following the self-administration procedure, DAT-Crhrl
mice and controls underwent extinction and subsequent
reinstatement testing, during which all mice demonstrated
a return to responding on the cocaine-associated lever. A
three-way ANOVA (session x lever x genotype) revealed a
significant session x lever x genotype interaction (F(1,13) = 5.3,
p < 0.05), significant session x genotype (F(1,13 = 6.7,
p < 0.05), lever x genotype (F(1,13 = 5.7, p < 0.05) and
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FIGURE 1 | Corticotropin-releasing hormone receptor subtype 1 (CRHR1) is expressed in both DAergic and D1 neurons. Double fluorescence
immunohistochemistry for (Crhr1-)GFP-ir (green) and tyrosine hydroxylase (TH)-ir (red) or D1-ir (red) or NeuN-ir (red) on coronal brain sections of Crhr1-GFP reporter
mice (Justice et al., 2008) in reward-related brain regions (Noori et al., 2012). Merged images show the expression of (Crhr1-)GFP-ir (green) in DAergic TH-ir positive
cells (red) in the ventral tegmental area (VTA) and the substantia nigra compacta (SNC). A co-localization of (Crhr1-)GFP-ir (green) and D1-ir (red) is detected in the
bed nucleus of the stria terminalis (BNST) and the VTA. White arrow heads point to co-localized CRHR1 with either TH-ir or D1-ir cells (yellow color). Co-localized
CRHR1 with TH-ir and D1-ir is not found in the accumbens shell (AcbS) or substantia nigra reticulata (SNR). Double immunostainings for (Crhr1-)GFP-ir (green) and
NeuN-ir (red) demonstrates a neuronal location of CRHR1 in all analyzed brain regions.

Frontiers in Behavioral Neuroscience | www.frontiersin.org 6 November 2017 | Volume 11 | Article 221


https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/behavioral-neuroscience#articles

Bernardi et al.

CRHR1 and Cocaine Reinstatement

A genomic locus
Crhrt’ 1 a5 2 b 3 MRNA
y , i Y—
7//&[]]: loxP ¥ U Fioxp 4 cs 4
T — (B = = e e e 78
Ko . or D1-CreERT2
Crhr1 1 P 3 100bp
. b //
7//5[“, 4 I] “ e d
B DAT-Crhr1 D1-Crhr1
| CPu || Acb || VTA || SN | | CPu || Acb || VTA || SN |
Crarl gt §f ff ff ff ff ff 6 6F fF 6F fF fF ff fF ff
CreERT2 - + - + - + - + - + - + - + - + L
a+b
s | 2276 bp
(S —— =" — L " (floxed)
= —— 514 bp
(KO)
p— L ~| 405 bp
- - (CreERT2)
C DAT-Crhr1 D1-Crhr1
[ CPuJ Acb J vTA ] SN ][ CPu ] Acb | VTA ] SN |
Crhrl fif ff f/f ff ff fif ff ff ff fF fF 6 ff ff ff fif
CreERT2 - + - + - 4+ - + - + - + - + - + L
e+d
255 bp
— == == - (KO)
c+d
~ [371bp
[------- I-—-.-- " (floxed)
FIGURE 2 | Conditional inactivation of Crhr1 in dopamine transporter (DAT)-Crhri and D1-Crhr1 mice. (A) Schematic illustration of conditional Crhr1 allele (Crhr1’) in
which the critical exon 2 is flanked by loxP sites and corresponding mRNA transcripts. Cre recombinase-mediated deletion of exon 2 results in functional inactivation
of Crhr1 (Crhr1X9) due to a premature stop codon in exon 4 Primers (a) and (b) for detection of the recombination event on genomic level as well as primers (c), (d)
and (e) for detection of the mutant transcript are depicted. (B) Brain region-specific detection of Crhr1 inactivation on the genomic level in dopaminergic neurons in
the VTA and substantia nigra (SN) of DAT-Crhr1 mice as well as in dopaminoceptive neurons in the caudate putamen (CPu) and nucleus accumbens (Acb) of
D1-Crhr1 mice. The floxed exon 2 and thus intact Crhr1 is detected by a 2276 bp PCR product. Deletion of exon 2 and concomitant inactivation of Crhr1 is detected
by a 514 bp PCR product. Conditional Crhr1 inactivation is based on the presence of tamoxifen-inducible CreERT2 detected by a 405 bp PCR product. (C) Brain
region-specific detection of the mutant Crhr1 transcript lacking exon 2 in the VTA and SN of DAT-Crhr1 and CPu and Acb of D1-Crhr1 mice. The Crh1 transcript
lacking exon 2 is detected by a 255 bp PCR product. As a control the wild-type transcript was detected in all brain regions analyzed in DAT-Crhr1 and D1-Crhr1
mice. Wild-type Crhr1 transcripts present in regions of Crhr1 deletion originate from Crhr1 expressed in non-dopaminergic or non-dopaminoceptive cells,
respectively. Translated exons are depicted in red. 5'UTR and untranslated exons are depicted in gray.

session X lever (F,13y = 50.0, p < 0.001) interactions, and
significant main effects of session (F(,13y = 34.0, p < 0.001),
lever (F(1,13) = 56.1, p < 0.001), and genotype (F(1,13) = 5.5,
p < 0.05). Importantly, paired samples t-tests of the active
and inactive levers between extinction and reinstatement
revealed that active presses increased in both DAT-Crhrl mice
(t@) = 4.6, p < 0.005, Bonferroni-corrected o = 0.05/4 = 0.0125)
and controls (¢7 = 6.0, p < 0.005, Bonferroni-corrected
a = 0.05/4 = 0.0125). Inactive lever presses did not differ
across sessions in DAT-Crhrl mice (te) = 2.1, p > 0.0125,
Bonferroni-corrected o 0.05/4) and controls (7 1.2,

p > 0.0125, Bonferroni-corrected o = 0.05/4). Furthermore,
responding at the conclusion of extinction did not differ between
DAT-Crhrl mice and controls. Figure 4C shows the mean
(£SEM) responding on the active and inactive levers during
the final 2 days of 2 h daily extinction sessions. A two-way
ANOVA (lever x genotype) revealed a significant main effect
of lever (F,13y = 21.9, p < 0.001), but no main effect of
genotype (F < 1) and no interaction (F(,13) = 1.6, p > 0.05).
Furthermore, DAT-Crhrl mice and controls did not differ in
the number of trials required to reach the extinction criteria
(tasy = 1.2, p > 0.05; for DAT-Crhrl mice and controls,
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FIGURE 3 | Acute and sensitized locomotor response to cocaine in

DAT-Crhr1 and D1-Crhr1 mice. (A) Experimental design for cocaine locomotor
sensitization. There were no differences in the acute or locomotor response to
cocaine in (B) DAT-Crhr1 and (C) D1-Crhr1 mice and their respective littermate
Crhr1'/f controls. Furthermore, saline-treated groups revealed no differences in
basal locomotor activity among the groups. Data represent mean activity
(=SEM) during the 60-min locomotor activity trial on Day 1 and Day 5 of
cocaine or saline exposure. **p < 0.005 across genotypes relative to Day 1.

11.6 &£ 4.0 and 6.8 £ 1.5 extinction sessions, respectively).
During cue reinstatement, DAT-Crhrl mice demonstrated
higher levels of responding on the cocaine-associated active
lever relative to controls. Figure 4D shows the mean (+=SEM)
responding on the active and inactive levers during the 2-h
cue reinstatement test. A two-way ANOVA (lever x genotype)
revealed main effects of genotype (F(1,13y = 6.1, p < 0.05)
and lever (F(,13) = 53.3, p < 0.001), but more importantly, a
significant lever x genotype interaction (F(1,13) = 5.5, p < 0.05).
Independent samples t-tests confirmed that DAT-Crhrl mice
responded more on the active lever than control mice (t(13) = 2.6,
p < 0.025, Bonferroni-corrected a = 0.05/2), but the two groups
did not differ on inactive lever pressing (t(13) = 1.8, p > 0.025,
Bonferroni-corrected o = 0.05/2), indicating a selective increase
in responding on the cocaine-associated lever by DAT-Crhrl
mice relative to controls. For yohimbine-induced reinstatement
and yohimbine + cue reinstatement in DAT-Crhr1 mice, please
see Supplementary Figure S1 (Supplementary Information).

D1-Crhrl (1 =9) and littermate Crhr1%f control (n = 10) mice
did not differ in cocaine self-administration. Figure 5A shows
the mean (+SEM) responding on the active and inactive levers
during eight daily 2 h sessions of cocaine self-administration.
A three-way ANOVA (lever x day x genotype) revealed a
significant main effects of lever (F(,17) = 140.6, p < 0.001),
indicating a distinction between the active and inactive levers,
and a significant day x lever interaction (F41698 = 9.5,
p < 0.001). However, there was no main effect of genotype
(Fa,u7) = 14, p > 0.05) or genotype x lever interaction
(F < 1), and no other main effects or interactions (day:
Fi3s588 = 2.3, p > 0.05; day x genotype: F35538) = 1.0,
p > 0.05; day x lever x genotype: F41698 = 1.2, p > 0.05).
Figure 5B shows the mean (SEM) number of cocaine infusions
received during 8 days of cocaine self-administration. A two-way
ANOVA (day x genotype) revealed a significant main effect of
day (F37,624) = 3.7, p < 0.05), but no significant main effect
of genotype (F1,17 = 1.5, p > 0.05) and no day x genotype
interaction (F < 1), indicating no difference in reinforcers based
on genotype.

Following the self-administration procedure, D1-Crhrl mice
and controls underwent extinction and subsequent reinstatement
testing, during which all mice demonstrated a return to
responding on the cocaine-associated lever. A three-way
ANOVA (session x lever x genotype) revealed a significant
session X lever x genotype interaction (F(,17) = 5.9, p < 0.05),
significant session x genotype (F(1,177 = 9.8, p < 0.05)
and session x lever (F(,17) = 59.6, p < 0.001) interactions
(lever x genotype interaction: F(1,7 = 3.7, p > 0.05), and
significant main effects of session (F(j,17) = 88.0, p < 0.001), lever
(F(1,17) = 86.5, p < 0.001), and genotype (F(1,17) = 7.3, p < 0.05).
Importantly, paired samples t-tests of the active and inactive
levers between extinction and reinstatement revealed that active
presses increased in both D1-Crhrl mice (t(g) = 5.0, p < 0.005,
Bonferroni-corrected o = 0.05/4 = 0.0125) and controls
(t9) = 7.6, p < 0.001, Bonferroni-corrected a = 0.05/4 = 0.0125).
Inactive lever presses did not differ across session in D1-Crhrl
mice (tg) = 1.9, p > 0.0125, Bonferroni-corrected o = 0.05/4), but
differed slightly in controls () = 3.4, p < 0.0125, Bonferroni-
corrected o = 0.05/4). Furthermore, responding at the conclusion
of extinction did not differ between D1-Crhrl mice and controls.
Figure 5C shows the mean (+SEM) responding on the active
and inactive levers during the final 2 days of 2 h daily extinction
sessions. A two-way ANOVA (lever x genotype) revealed a
significant main effect of lever (F(1,17) = 43.0, p < 0.001), but no
main effect of genotype (Fs < 1) and no interaction (F(j,17) = 1.1,
p > 0.05). Furthermore, D1-Crhrl mice and controls did not
differ in the number of trials required to reach the extinction
criteria (f(17) = 0.1, p > 0.05; for D1-Crhrl mice and controls,
8.2 £ 3.3 and 8.6 & 1.3 extinction sessions, respectively). During
cue reinstatement, D1-Crhrl mice demonstrated lower levels
of responding on the cocaine-associated active lever relative to
controls. Figure 5D shows the mean (£SEM) responding on the
active and inactive levers during the 2-h cue reinstatement test.
A two-way ANOVA (lever x genotype) revealed main effects
of genotype (F(1,17) = 8.6, p < 0.01) and lever (F(1,17) = 74.4,
p < 0.001), but more importantly, a significant lever x genotype

Frontiers in Behavioral Neuroscience | www.frontiersin.org

November 2017 | Volume 11 | Article 221


https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/behavioral-neuroscience#articles

Bernardi et al.

CRHR1 and Cocaine Reinstatement

A Cocaine Self-administration B Cocaine Reinforcers

= '] @ Crhr1'factive @DAT-Crhr1 active @ 201 © Crhri™

é 100- O Crhr1"finactive 1 DAT-Crhr1 inactive 2 1001 3 DAT-Crhr1

@ S

@ 8o S 80

] ‘s

2 o

o 604 -« 604

5 o

) o

£ £

:E; 204 5 201

z =

"1 2 3 a4 5 6 71 8 "1 2 3 4 5 6 71 8
Day Day
c Extinction D Cue-induced Reinstatement
1607 =3 Active Lever 1607 =3 Active Lever *

@ O Inactive Lever @ 3 Inactive Lever

& 1204 P 1201

o o

o o

‘S 8o ‘S 8o

@ @

.g E-]

E a0 g 40-

4 4

0._-__-' T 0
Crhr1™ DAT-Crhr1 Crhr1 DAT-Crhr1

FIGURE 4 | Cocaine self-administration in DAT-Crhr1 and littermate Crhr1%' control mice. (A) Both DAT-Crhr1 and controls demonstrated similar acquisition of the
task, as demonstrated by a significant difference between responding on the active and inactive levers. Data represent mean number of presses (=SEM) on the
active and inactive levers during eight daily 2 h sessions of cocaine self-administration (0.50 mg/kg/infusion). (B) There was no difference in DAT-Crhr1 mice and
controls in the number of cocaine reinforcers achieved. Data represent mean number of cocaine reinforcers (+=SEM) achieved during eight daily 2 h sessions of
cocaine self-administration (0.50 mg/kg/infusion). (C) There was no difference in responding in DAT-Crhr1 mice and controls during the final 2 days of extinction
trials. Data represent mean number of presses (+SEM) on the active and inactive levers during the final 2 days of daily 2 h extinction sessions. (D) DAT-Crhr1 mice
demonstrated increased cue-induced reinstatement relative to controls, as indicated by an increase in responding on the active lever without a corresponding
change in responding on the inactive lever. Data represent mean number of presses (=SEM) on the active and inactive levers during a single 2 h session of cue
reinstatement. *p < 0.025 relative to active lever presses of control mice.

interaction (F(1,17) = 4.8, p < 0.05). Independent samples ¢-tests
confirmed that D1-Crhrl mice responded less on the active lever
than control mice (t17) = 2.7, p < 0.025, Bonferroni-corrected
a = 0.05/2), but the two groups did not differ on inactive
lever pressing (ti17y = 2.0, p > 0.025, Bonferroni-corrected
a = 0.05/2), indicating a selective decrease in responding on the
cocaine-associated lever by D1-Crhrl mice relative to controls.
For yohimbine-induced reinstatement and yohimbine + cue
reinstatement in D1-Crhrl mice, please see Supplementary
Figure S2 (Supplementary Information).

Because of the differences in active lever responding during
the reinstatement tests for the Crhr1¥f control mice of the
Crhr1-DAT and Crhr1-D1 lines, we further analyzed these levels
of responding relative to final extinction values (the mean of
the last two extinction days), finding that these percentage
differences did not differ between the lines. Supplementary
Figure S3 (Supplementary Information) shows the percentage
(£SEM) responding during cue reinstatement relative to the
mean of the final 2 days of 2 h daily extinction sessions
on the active lever for both Crhr1-DAT and Crhrl1-D1 mice
and their respective controls. A two-way ANOVA of active
lever presses (line x genotype) revealed main effects of line
(Fa30) = 15.3, p < 0.001) and a significant line x genotype

interaction (F(1309) = 11.6, p < 0.005), but no effect of genotype
(F(1,30) = 2.0, p > 0.05). Importantly, there was no difference in
percentage responding relative to final extinction values in the
two control lines (t(16) = 0.4, p > 0.05); thus, although absolute
values of responding on the active lever differed between the
Crhr1/f control mice of the Crhr1-DAT and Crhr1-D1 lines, the
levels of responding relative to extinction did not differ.

DISCUSSION

Here we report dissociable effects of CRHRI1 inactivation in
DAT- and D1-containing neurons on cue-induced reinstatement
following cocaine self-administration. DAT-Crhrl mice
demonstrated a significant increase in cue-induced reinstatement
relative to controls, while D1-Crhrl mice demonstrated a
significant decrease in cue-induced reinstatement relative to
controls, indicating neuronal selectivity of CRHRI1 receptors
in the control of relapse-like behavior. Furthermore, we
demonstrated that CRHR1 in DAT and D1-containing neurons
are not involved in mediating the primary rewarding properties
of cocaine, consistent with previous studies that have used
both pharmacological and viral approaches to examine the
role of CRHRI on self-administration specifically under
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limited access conditions (Przegalinski et al., 2005; Chen
et al., 2014), and had no effect on basal locomotion or the
acute and sensitized locomotor response to cocaine. These
findings suggest that CRHR1 may play an important role in
cue-induced reinstatement based on neuronal localization.
Functional in vivo experiments have previously revealed
bidirectional models for the role of CRHRI on the cellular
level in anxiety studies (Refojo et al., 2011). Thus, an imbalance
between CRHRI1-controlled drug-seeking responses in DAergic
and D1-containing dopaminoceptive neurons may lead to a
systemic craving response. Nonetheless, in addition to a role for
CRHRI in stress-induced reinstatement, our findings further
confirm the involvement of CRHRI1 receptors in cue-induced
cocaine-seeking.

Our findings in DI1-Crhrl mice, which showed a
decreased cue-induced reinstatement relative to controls,
are consistent with previous work demonstrating an attenuation
of drug-seeking in various reinstatement studies using a
variety of drugs of abuse by peripheral administration
of CRHRI1 antagonists following drug self-administration
(e.g..Shaham et al, 1998; Goeders and Clampitt, 2002;
Przegalinski et al., 2005; Marinelli et al, 2007; Zislis et al.,
2007; Smith and Aston-Jones, 2011; Cosme et al., 2015).

Few studies to date have specifically examined the effect of
CRHRI1 antagonism on cocaine cue-mediated reinstatement
following extinction, similar to the paradigm used here.
Peripheral administration of a CRHRI1 antagonist resulted
in a decrease in cue-induced cocaine-seeking (Goeders and
Clampitt, 2002; Smith and Aston-Jones, 2011), an effect also
demonstrated with a CRHR1 antagonist administered into
the insular cortex (Cosme et al., 2015). However, in addition,
intracerebroventricular CRHR1 antagonism has been shown
to attenuate methamphetamine cue-induced reinstatement
(Moffett and Goeders, 2007).

Because our inducible line specifically knocked out CRHR1 in
D1-containing neurons, and D1 receptors are expressed in
low levels in the VTA, as indicated by our immunostainings
(see also Bernardi et al., 2015), we suggest that conditioned
cue-induced drug-seeking is at least partly mediated by
CRHRI in DA projection regions demonstrated to play a role
in cocaine cue-induced reinstatement (Kalivas and McFarland,
2003; Kalivas and Volkow, 2005; See, 2005). Reinstatement to
drug-seeking requires D1 activation in the PFC and basolateral
amygdala (BLA; Ciccocioppo et al, 2001; Kruzich et al,
2001; Capriles et al,, 2003), which mediate excitatory drive
and associative processes related to drug-mediated behaviors
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(Everitt et al, 1999; Peters et al, 2009). CRH acting via
CRHRI has been demonstrated to potentiate D1 receptor
modulation of a BLA-PFC pathway (Orozco-Cabal et al,
2008). Furthermore, CRHRI is required for DI1-mediated
signaling in the BNST (Kash et al, 2008), part of the
extended amygdala that also subserves drug-seeking behaviors
(Koob and Le Moal, 2008a); importantly, projections from
the BNST to the VTA comprise an important substrate
mediating the actions of CRH and CRHRI on stress-induced
drug-seeking behaviors (reviewed in Silberman and Winder,
2013) and clear co-localization of Crhrl and D1 in the
BNST can be seen in our immunostainings. In addition,
systemic pretreatment with the D1 antagonist SCH23390 blocked
intracerberoventicular CRF-induced reinstatement of cocaine
seeking (Brown et al., 2012). Thus, CRHRI plays a modulatory
role in DIl-mediated signaling. The loss of CRHRI in
D1-expressing neurons in the BLA and/or PFC, as well as in
the extended amygdala and in BLA-CeA projections that may
also process stimulus-reward associations (Pollandt et al., 2006;
Krishnan et al., 2010), likely underlie the decreased cue-induced
reinstatement in D1-Crhrl mice demonstrated in the current
study.

CRHR1 on DAT-containing neurons are likely
predominantly located on cell bodies and dendrites in the
VTA (see our immunostainings), implicating the loss of
CRHRI in the VTA in our results in DAT-Crhrl mice. Our
demonstration of an increase in cue-mediated drug-seeking in
DAT-Crhrl mice relative to controls is not entirely consistent
with previous findings, which have generally implicated
an inhibitory role of CRHRI antagonists in the VTA on
reinstatement under various protocols (Blacktop et al.,, 2011;
Vranjkovic et al., 2014; but see, e.g., Wang et al, 2007),
including a recent report that demonstrated a decrease in
cue-mediated drug-seeking in mice relative to controls following
lentiviral knockdown of CRHRI1 in the VTA (Chen et al,
2014). However, it is important to note that CRHRI1 in the
VTA are located both presynaptically and postsynaptically,
as indicated by our immunostainings, primarily located on
glutamatergic and dopaminergic neurons (Sauvage and Steckler,
2001; Hahn et al., 2009; Refojo et al., 2011; Williams et al.,
2014). Lentiviral targeting of CRHR1 in the VTA may have
resulted in alterations in signaling in glutamatergic neurons
expressing CRHR1 in addition to CRHRI-containing DAergic
neurons. In fact, cocaine experience has been demonstrated
to result in a sustained enhancement of CRH potentiation
of glutamate transmission onto DA neurons in the VTA
(Wang et al., 2005; Hahn et al., 2009; Williams et al., 2014),
such that lentiviral knockdown—as well as pharmacological
inhibition—of CRHRI1 on both glutamatergic and DAergic
neurons in the VT'A may result in a complete inhibition of
CRHRI1-mediated excitability mediating drug-seeking. In
contrast, our inducible knockdown is specific to DAergic
neurons. The mechanism by which these differences might
differentially effect cue-mediated reinstatement remains unclear,
but may involve an opposing, but concerted action of CRHR1 on
glutamate and DA neurons in the VTA in the regulation of
behavior (Refojo et al., 2011). Nonetheless, our findings suggest

that the role of CRHR1 may be much more complex than
previously demonstrated. In fact, a recent study showed that
mice globally deficient in CRHRI1 showed a leftward shift of
the dose response curve for cocaine reward—in other words,
an increase in sensitivity at lower doses—as measured by
conditioned place preference (Contarino et al., 2017), again
confirming somewhat divergent effects of CRHR1 knockdown
or inhibition on reward processes.

Other factors may also contribute to the increase in
reinstatement demonstrated in Crhr1-DAT mice. CRHRI on
nerve terminals in the Acb, despite our difficulty in
characterizing CRHR1 on DAT-containing (as well as D1)
neurons in this region, may also play a role in our observed
effect, as CRHR1 antagonist administered directly into the
Acb have shown involvement in drug reinstatement (Wang
et al., 2006). CRHRI on nerve terminals in the PFC (Sauvage
and Steckler, 2001) may also play a role in the effects seen
in Crhr1-DAT mice. In fact, CRHR1 antagonists have been
demonstrated to increase cocaine-induced DA overflow in the
PFC (Gurkovskaya et al., 2005), an area critical for cue-induced
reinstatement (Ciccocioppo et al., 2001; McLaughlin and See,
2003). Furthermore, the lack of CRHR1 on dopaminergic
neurons may result in an increase in the extracellular
concentration of CRH, which may be recruited by CRH
binding protein (CRH-BP). CRH-BP activates CRHR2 in the
VTA, facilitating calcium flow via an NMDA-mediated pathway
and in turn resulting in an increase in burst firing of DA
neurons and glutamate and DA levels (Ungless et al., 2003;
Wang et al, 2007). CRHR2 also regulates glutamate release
onto VTA DA neurons via disinhibition of the GABAergic
suppression of glutamatergic cells (Williams et al., 2014).
Together, these studies suggest the possibility of a compensatory
mechanism of increased DA release that may explain the
increased reinstatement in DAT-Crhrl mice. The concerted
actions between pre- and postsynaptic CRHR1 in the VTA, as
well as the role of CRHR2, which play an equally important
role in VTA excitability (Hahn et al, 2009; Williams et al,
2014) and drug-seeking behaviors (Wang et al., 2007; Guan
et al.,, 2014), need further evaluation in terms of conditioned
reinforcement. Nonetheless, our findings and those previously
reported indicate an important role of CRHRI on drug-seeking
behaviors.

Interestingly, yohimbine alone had only a minor, but
significant, effect on responding in the two lines, but there
were no differences between the genotypes (Supplementary
Information). Yohimbine has previously been used as a stressor
to induce reinstatement of cocaine conditioned place preference
in mice (Mantsch et al., 2010; Sartor et al., 2016), but has to
date not been reported to induce reinstatement of drug-seeking
following cocaine self-administration and extinction in mice.
However, it has effectively been used to induce reinstatement
of cocaine-seeking in rats (e.g., Feltenstein and See, 2006;
Feltenstein et al., 2011; Brown et al., 2012). Thus, yohimbine may
be more effective in rats at doses similar to that used here; higher
doses may be necessary to produce a more robust reinstatement
of cocaine-seeking in mice. Furthermore, a more conventional
stressor, such as footshock, may have more reliably induced
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stress-related reinstatement in mice. Indeed, systemic yohimbine
has been shown to increase impulsivity (Mahoney et al., 2016;
Adams et al, 2017) that may affect behaviors such as lever
responding. Nonetheless, it is difficult to conclude here that
yohimbine resulted in a reliable stress-induced reinstatement,
and further studies are required to assess the effectiveness
of yohimbine in self-administration in mice. Importantly,
however, our subsequent yohimbine + cue reinstatement
testing replicated our cue-induced reinstatement findings
(Supplementary Information), and as yohimbine appeared to play
only a minor role on its own, it is likely reinstatement responding
was almost entirely due to the presence of the cue, confirming
the bidirectional effect of DAT-Crhr1 and D1-Crhrl knockdown
on cue-mediated relapse-like responding. It is important to
mention that although the number of days to criterion during
the first bout of extinction sessions prior to cue reinstatement
did not differ significantly relative to controls in either of
the lines, there were significant differences in these values
prior to yohimbine and yohimbine + cue reinstatement, with
DAT-Crhrl and D1-Crhrl showing impaired and accelerated
extinction training, respectively, relative to the appropriate
control groups. Because tamoxifen was administered prior
to cocaine self-administration, it is possible that neuronal-
specific inhibition of CRHR1 during task acquisition resulted in
alterations in initial cocaine-cue learning that may have affected
the rates of extinction and performance on subsequent cue tests.
Further studies of the role of CRHR1 on drug-cue learning are
necessary.

CRHRI1 antagonists have been suggested as a potential
treatment for addiction in humans, especially alcohol use
disorders (Zorrilla et al, 2013), due to the comorbidity
between alcohol use disorders and anxiety disorders (Grant
et al,, 2004; Bruijnzeel and Gold, 2005) and polymorphisms
in the Crhrl gene related to alcohol use disorders in
humans (Treutlein et al., 2006; Chen et al, 2010) and
changes in Crhrl expression related to alcohol drinking
phenotypes in rodents (Hansson et al., 2006a, 2007; Molander
et al, 2012). Furthermore, CRHRI antagonists have been
successful in attenuating alcohol-seeking in animal models
of relapse (Hansson et al., 2006a; Marinelli et al., 2007;
Sommer et al., 2008), but less successful in clinical trials
(reviewed in Spierling and Zorrilla, 2017). Our findings
contribute to previous data of the complex role of CRHRI in
drug-seeking behaviors, and the circumstances under which
these dissociable effects occur need further evaluation in terms of
CRHRI receptor antagonists for therapeutic use. It is interesting
to speculate that the effectiveness of CRHRI antagonists to
treat dependence may vary based on individual differences in
CRHRI1 expression.

REFERENCES

Adams, W. K., Barrus, M. M., Zeeb, F. D., Cocker, P. J., Benoit, J., and
Winstanley, C. A. (2017). Dissociable effects of systemic and orbitofrontal
administration of adrenoceptor antagonists on yohimbine-induced
motor impulsivity. Behav. Brain Res. 328, 19-27. doi: 10.1016/j.bbr.2017.
03.034

on cocaine-
reinforcement,

In summary, while
induced locomotion or primary cocaine
we report dissociable effects of CRHRI1 inactivation
in DAT- and Dl-containing neurons on cue-induced
reinstatement  following  cocaine  self-administration.
DAT-Crhrl mice demonstrated a significant increase
in cue-induced reinstatement relative to controls, while
D1-Crhrl mice demonstrated a significant decrease in
cue-induced reinstatement relative to controls, indicating
neuronal selectivity of CRHRI1 receptors on dopaminoceptive
neurons in the control of relapse-like behavior. Thus, in
addition to its well-documented role in stress-induced
reinstatement of drug-seeking, CRHR1 may play an important
role in cue-induced reinstatement based on neuronal
localization.

having no effects

AUTHOR CONTRIBUTIONS

REB, LB, JMD and ACH participated in the design of the studies,
data collection and analysis and preparation of the article.
NH participated in data collection. NJJ participated in the design
of the studies. RS participated in the design of the studies, data
analysis and preparation of the article.

FUNDING

REB and RS were supported by the Deutsche
Forschungsgemeinschaft (DFG): Reinhart-Koselleck Award
SP 383/5-1 and the ERANET COCADDICT. LB and ACH
were supported by the Bundesministerium fir Bildung und
Forschung (e:Med program, FKZ: 01ZX1311A 4, Spanagel
et al,, 2013) and the Deutsche Forschungsgemeinschaft (DFG
HA6102/1-1, DFG center grant (SFB1134). JMD was supported
by the Bundesministerium fiir Bildung und Forschung (e:Med
program, FKZ: 01ZX1314H).

ACKNOWLEDGMENTS

We would like to thank Elizabeth Robel, Stefanie Unkmeir and
Andrea Ressle for their invaluable technical assistance. Portions
of this manuscript, including much of the methods and results,
were included in the Ph.D. dissertation of co-author Broccoli
(2016).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fnbeh.2017.
00221/full#supplementary-material

Aubry, J. M. (2013). CRF system and mood disorders. . Chem. Neuroanat. 54,
20-24. doi: 10.1016/j.jchemneu.2013.09.003

Bagosi, Z., Jészbérenyi, M., Bujdoso, E., and Telegdy, G. (2006). The
effects of corticoptropin-releasing factor and the urocortins on striatal
dopamine release induced by electrical stimulation—an in vitro
superfusion study. Neurochem. Res. 31, 209-213. doi: 10.1007/s11064-005-
9010-x

Frontiers in Behavioral Neuroscience | www.frontiersin.org

November 2017 | Volume 11 | Article 221


https://www.frontiersin.org/articles/10.3389/fnbeh.2017.00221/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnbeh.2017.00221/full#supplementary-material
https://doi.org/10.1016/j.bbr.2017.03.034
https://doi.org/10.1016/j.bbr.2017.03.034
https://doi.org/10.1016/j.jchemneu.2013.09.003
https://doi.org/10.1007/s11064-005-9010-x
https://doi.org/10.1007/s11064-005-9010-x
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/behavioral-neuroscience#articles

Bernardi et al.

CRHR1 and Cocaine Reinstatement

Bernardi, R. E., Broccoli, L., Spanagel, R., and Hansson, A. C. (2015). Sex
differences in dopamine binding and modafinil conditioned place preference
in mice. Drug Alcohol Depend. 155, 37-44. doi: 10.1016/j.drugalcdep.2015.
08.016

Bernardi, R. E., and Spanagel, R. (2013). The ClockDeltal9 mutation in mice fails
to alter the primary and secondary reinforcing properties of nicotine. Drug
Alcohol Depend. 133, 733-739. doi: 10.1016/j.drugalcdep.2013.08.024

Blacktop, J. M., Seubert, C., Baker, D. A., Ferda, N., Lee, G., Graf, E. N, etal. (2011).
Augmented cocaine seeking in response to stress or CRF delivered into the
ventral tegmental area following long-access self-administration is mediated by
CREF receptor type 1 but not CRF receptor type 2. J. Neurosci. 31, 11396-11403.
doi: 10.1523/JNEUROSCI.1393-11.2011

Broccoli, L. (2016). Cross-talk of the Corticotropin Releasing Hormone Receptor
Subtype 1 with the Dopamine System: Functional Evidence on Emotional
Responses to Stress and Alcohol Dependence. [Dissertation thesis]. Heidelberg,
Germany: Ruperto-Carola University of Heidelberg.

Brown, Z. J., Kupferschmidt, D. A., and Erb, S. (2012). Reinstatement of cocaine
seeking in rats by the pharmacological stressors, corticotropin-releasing factor
and yohimbine: role for D1/5 dopamine receptors. Psychopharmacology 224,
431-440. doi: 10.1007/s00213-012-2772-3

Brown, Z. J., Tribe, E., D’Souza, N. A., and Erb, S. (2009). Interaction between
noradrenaline and corticotrophin-releasing factor in the reinstatement
of cocaine seeking in the rat. Psychopharmacology 203, 121-130.
doi: 10.1007/500213-008-1376-4

Bruijnzeel, A. W., and Gold, M. S. (2005). The role of corticotropin-releasing
factor-like peptides in cannabis, nicotine and alcohol dependence. Brain Res.
Rev. 49, 505-528. doi: 10.1016/j.brainresrev.2005.01.007

Capriles, N., Rodaros, D., Sorge, R. E., and Stewart, J. (2003). A role for the
prefrontal cortex in stress- and cocaine-induced reinstatement of cocaine
seeking in rats. Psychopharmacology 168, 66-74. doi: 10.1007/s00213-002-
1283-z

Chen, N. A,, Jupp, B., Sztainberg, Y., Lebow, M., Brown, R. M., Kim, J. H,,
et al. (2014). Knockdown of CRFI1 receptors in the ventral tegmental area
attenuates cue- and acute food deprivation stress-induced cocaine seeking
in mice. J. Neurosci. 34, 11560-11570. doi: 10.1523/[NEUROSCIL.4763-12.
2014

Chen, A. C,, Manz, N,, Tang, Y., Rangaswamy, M., Almasy, L., Kuperman, S., et al.
(2010). Single-nucleotide polymorphisms in corticotropin releasing hormone
receptor 1 gene (CRHRI1) are associated with quantitative trait of event-
related potential and alcohol dependence. Alcohol. Clin. Exp. Res. 34, 988-996.
doi: 10.1111/j.1530-0277.2010.01173.x

Ciccocioppo, R., Sanna, P. P., and Weiss, F. (2001). Cocaine-predictive stimulus
induces drug-seeking behavior and neural activation in limbic brain regions
after multiple months of abstinence: reversal by D antagonists. Proc. Natl.
Acad. Sci. US A 98, 1976-1981. doi: 10.1073/pnas.98.4.1976

Contarino, A., Kitchener, P., Vallee, M., Papaleo, F., and Piazza, P. V. (2017).
CRF1 receptor-deficiency increases cocaine reward. Neuropharmacology 117,
41-48. doi: 10.1016/j.neuropharm.2017.01.024

Cosme, C. V., Gutman, A. L., and LaLumiere, R. T. (2015). The dorsal agranular
insular cortex regulates the cued reinstatement of cocaine-seeking, but not
food-seeking, behavior in rats. Neuropsychopharmacology 40, 2425-2433.
doi: 10.1038/npp.2015.92

Eisenhardt, M., Leixner, S., Lujin, R., Spanagel, R, and Bilbao, A. (2015).
Glutamate receptors within the mesolimbic dopamine system mediate alcohol
relapse behavior. J. Neurosci. 35, 15523-15538. doi: 10.1523/JNEUROSCI.2970-
15.2015

Engblom, D., Bilbao, A., Sanchis-Segura, C., Dahan, L., Perreau-Lenz, S.,
Balland, B., et al. (2008). Glutamate receptors on dopamine neurons control
the persistence of cocaine seeking. Neuron 59, 497-508. doi: 10.1016/j.neuron.
2008.07.010

Erb, S., Petrovic, A., Yi, D., and Kayyali, H. (2006). Central injections of CRF
reinstate cocaine seeking in rats after postinjection delays of up to 3 h:
an influence of time and environmental context. Psychopharmacology 187,
112-120. doi: 10.1007/s00213-006-0392-5

Everitt, B. J., Parkinson, J. A., Olmstead, M. C., Arroyo, M., Robledo, P., and
Robbins, T. W. (1999). Associative processes in addiction and reward. The
role of amygdala-ventral striatal subsystems. Ann. N'Y Acad. Sci. 877, 412-438.
doi: 10.1111/§.1749-6632.1999.tb09280.x

Feltenstein, M. W., Henderson, A. R, and See, R. E. (2011). Enhancement
of cue-induced reinstatement of cocaine-seeking in rats by yohimbine: sex
differences and the role of the estrous cycle. Psychopharmacology 216, 53-62.
doi: 10.1007/s00213-011-2187-6

Feltenstein, M. W., and See, R. E. (2006). Potentiation of cue-induced
reinstatement of cocaine-seeking in rats by the anxiogenic drug yohimbine.
Behav. Brain Res. 174, 1-8. doi: 10.1016/§.bbr.2006.06.039

Goeders, N. E., and Clampitt, D. M. (2002). Potential role for the hypothalamo-
pituitary-adrenal axis in the conditioned reinforcer-induced reinstatement
of extinguished cocaine seeking in rats. Psychopharmacology 161, 222-232.
doi: 10.1007/s00213-002-1007-4

Goeders, N. E., and Guerin, G. F. (2000). Effects of the CRH receptor
antagonist CP-154,526 on intravenous cocaine self-administration in rats.
Neuropsychopharmacology 23, 577-586. doi: 10.1016/s0893-133x(00)00148-2

Grant, B. F., Stinson, F. S., Dawson, D. A., Chou, S. P., Dufour, M. C,
Compton, W., et al. (2004). Prevalence and co-occurrence of substance use
disorders and independent mood and anxiety disorders: results from the
National Epidemiologic Survey on Alcohol and Related Conditions. Arch. Gen.
Psychiatry 61, 807-816. doi: 10.1001/archpsyc.61.8.807

Guan, X, Wan, R, Zhu, C, and Li, S. (2014). Corticotropin-releasing
factor receptor type-2 is involved in the cocaine-primed reinstatement of
cocaine conditioned place preference in rats. Behav. Brain Res. 258, 90-96.
doi: 10.1016/j.bbr.2013.10.019

Gurkovskaya, O., and Goeders, N. E. (2001). Effects of CP-154,526 on responding
during extinction from cocaine self-administration in rats. Eur. J. Pharmacol.
432, 53-56. doi: 10.1016/s0014-2999(01)01465-0

Gurkovskaya, O. V., Palamarchouk, V., Smagin, G., and Goeders, N. E. (2005).
Effects of corticotropin-releasing hormone receptor antagonists on cocaine-
induced dopamine overflow in the medial prefrontal cortex and nucleus
accumbens of rats. Synapse 57, 202-212. doi: 10.1002/syn.20172

Hahn, J., Hopf, F. W., and Bonci, A. (2009). Chronic cocaine enhances
corticotropin-releasing  factor-dependent  potentiation of  excitatory
transmission in ventral tegmental area dopamine neurons. J. Neurosci.
29, 6535-6544. doi: 10.1523/J]NEUROSCI.4773-08.2009

Hansson, A. C., Cippitelli, A., Sommer, W. H., Ciccocioppo, R., and Heilig, M.
(2007). Region-specific down-regulation of Crhrl gene expression in alcohol-
preferring msP rats following ad lib access to alcohol. Addict. Biol. 12, 30-34.
doi: 10.1111/.1369-1600.2007.00050.x

Hansson, A. C,, Cippitelli, A., Sommer, W. H., Fedeli, A., Bjork, K., Soverchia, L.,
et al. (2006a). Variation at the rat Crhrl locus and sensitivity to relapse into
alcohol seeking induced by environmental stress. Proc. Natl. Acad. Sci. U S A
103, 15236-15241. doi: 10.1073/pnas.0604419103

Hansson, A. C., Sommer, W. H., Metsis, M., Stromberg, 1., Agnati, L. F,,
and Fuxe, K. (2006b). Corticosterone actions on the hippocampal
brain-derived neurotrophic factor expression are mediated by exon IV
promoter. J. Neuroendocrinol. 18, 104-114. doi: 10.1111/j.1365-2826.2005.
01390.x

Hansson, A. C., Sommer, W., Rimondini, R., Andbjer, B., Strémberg, I, and
Fuxe, K. (2003). c-fos reduces corticosterone-mediated effects on neurotrophic
factor expression in the rat hippocampal CAl region. J. Neurosci. 23,
6013-6022.

Jaferi, A., and Bhatnagar, S. (2007). Corticotropin-releasing hormone receptors in
the medial prefrontal cortex regulate hypothalamic-pituitary-adrenal activity
and anxiety-related behavior regardless of prior stress experience. Brain Res.
1186, 212-223. doi: 10.1016/j.brainres.2007.07.100

Justice, N. J., Yuan, Z. F., Sawchenko, P. E., and Vale, W. (2008). Type
1 corticotropin-releasing factor receptor expression reported in BAC
transgenic mice: implications for reconciling ligand-receptor mismatch in the
central corticotropin-releasing factor system. J. Comp. Neurol. 511, 479-496.
doi: 10.1002/cne.21848

Kalivas, P. W., and McFarland, K. (2003). Brain circuitry and the
reinstatement of cocaine-seeking behavior. Psychopharmacology 168, 44-56.
doi: 10.1007/s00213-003-1393-2

Kalivas, P. W., and Volkow, N. D. (2005). The neural basis of addiction:
a pathology of motivation and choice. Am. J. Psychiatry 162, 1403-1413.
doi: 10.1176/appi.ajp.162.8.1403

Kash, T. L., Nobis, W. P., Matthews, R. T., and Winder, D. G. (2008).
Dopamine enhances fast excitatory synaptic transmission in the extended

Frontiers in Behavioral Neuroscience | www.frontiersin.org

November 2017 | Volume 11 | Article 221


https://doi.org/10.1016/j.drugalcdep.2015.08.016
https://doi.org/10.1016/j.drugalcdep.2015.08.016
https://doi.org/10.1016/j.drugalcdep.2013.08.024
https://doi.org/10.1523/JNEUROSCI.1393-11.2011
https://doi.org/10.1007/s00213-012-2772-3
https://doi.org/10.1007/s00213-008-1376-4
https://doi.org/10.1016/j.brainresrev.2005.01.007
https://doi.org/10.1007/s00213-002-1283-z
https://doi.org/10.1007/s00213-002-1283-z
https://doi.org/10.1523/JNEUROSCI.4763-12.2014
https://doi.org/10.1523/JNEUROSCI.4763-12.2014
https://doi.org/10.1111/j.1530-0277.2010.01173.x
https://doi.org/10.1073/pnas.98.4.1976
https://doi.org/10.1016/j.neuropharm.2017.01.024
https://doi.org/10.1038/npp.2015.92
https://doi.org/10.1523/JNEUROSCI.2970-15.2015
https://doi.org/10.1523/JNEUROSCI.2970-15.2015
https://doi.org/10.1016/j.neuron.2008.07.010
https://doi.org/10.1016/j.neuron.2008.07.010
https://doi.org/10.1007/s00213-006-0392-5
https://doi.org/10.1111/j.1749-6632.1999.tb09280.x
https://doi.org/10.1007/s00213-011-2187-6
https://doi.org/10.1016/j.bbr.2006.06.039
https://doi.org/10.1007/s00213-002-1007-4
https://doi.org/10.1016/s0893-133x(00)00148-2
https://doi.org/10.1001/archpsyc.61.8.807
https://doi.org/10.1016/j.bbr.2013.10.019
https://doi.org/10.1016/s0014-2999(01)01465-0
https://doi.org/10.1002/syn.20172
https://doi.org/10.1523/JNEUROSCI.4773-08.2009
https://doi.org/10.1111/j.1369-1600.2007.00050.x
https://doi.org/10.1073/pnas.0604419103
https://doi.org/10.1111/j.1365-2826.2005.01390.x
https://doi.org/10.1111/j.1365-2826.2005.01390.x
https://doi.org/10.1016/j.brainres.2007.07.100
https://doi.org/10.1002/cne.21848
https://doi.org/10.1007/s00213-003-1393-2
https://doi.org/10.1176/appi.ajp.162.8.1403
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/behavioral-neuroscience#articles

Bernardi et al.

CRHR1 and Cocaine Reinstatement

amygdala by a CRF-R1-dependent process. J. Neurosci. 28, 13856-13865.
doi: 10.1523/JNEUROSCI.4715-08.2008

Koob, G. F., and Le Moal, M. (2001). Drug addiction, dysregulation of reward,
and allostasis. Neuropsychopharmacology 24, 97-129. doi: 10.1016/s0893-
133x(00)00195-0

Koob, G. F., and Le Moal, M. (2008a). Addiction and the brain antireward system.
Annu. Rev. Psychol. 59, 29-53. doi: 10.1146/annurev.psych.59.103006.093548

Koob, G. F., and Le Moal, M. (2008b). Review. Neurobiological mechanisms for
opponent motivational processes in addiction. Philos. Trans. R. Soc. Lond. B
Biol. Sci. 363, 3113-3123. doi: 10.1098/rstb.2008.0094

Koob, G. F., and Nestler, E. J. (1997). The neurobiology of drug addiction.
J. Neuropsychiatry Clin. Neurosci. 9, 482-497. doi: 10.1176/jnp.9.3.482

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.
Neuropsychopharmacology 34, 2609-2617. doi: 10.1038/npp.2009.91

Krishnan, B., Centeno, M., Pollandt, S., Fu, Y., Genzer, K. Liu, J., et al.
(2010). Dopamine receptor mechanisms mediate corticotropin-releasing
factor-induced long-term potentiation in the rat amygdala following cocaine
withdrawal. Eur. J. Neurosci. 31, 1027-1042. doi: 10.1111/j.1460-9568.2010.
07148.x

Kruzich, P. J., Congleton, K. M., and See, R. E. (2001). Conditioned reinstatement
of drug-seeking behavior with a discrete compound stimulus classically
conditioned with intravenous cocaine. Behav. Neurosci. 115, 1086-1092.
doi: 10.1037//0735-7044.115.5.1086

Kiihne, C., Puk, O., Graw, J., Hrabé de Angelis, M., Schiitz, G., Wurst, W, et al.
(2012). Visualizing corticotropin-releasing hormone receptor type 1 expression
and neuronal connectivities in the mouse using a novel multifunctional allele.
J. Comp. Neurol. 520, 3150-3180. doi: 10.1002/cne.23082

Kupferschmidt, D. A., Klas, P. G., and Erb, S. (2012). Cannabinoid CB1 receptors
mediate the effects of corticotropin-releasing factor on the reinstatement of
cocaine seeking and expression of cocaine-induced behavioural sensitization.
Br. J. Pharmacol. 167, 196-206. doi: 10.1111/j.1476-5381.2012.01983.x

Lemos, J. C., Wanat, M. J, Smith, J. S., Reyes, B. A, Hollon, N. G,
Van Bockstaele, E. J., et al. (2012). Severe stress switches CRF action in
the nucleus accumbens from appetitive to aversive. Nature 490, 402-406.
doi: 10.1038/nature11436

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. doi: 10.1124/jpet.105.084913

Lu, L., Liu, D., and Ceng, X. (2001). Corticotropin-releasing factor receptor type
1 mediates stress-induced relapse to cocaine-conditioned place preference in
rats. Eur. J. Pharmacol. 415, 203-208. doi: 10.1016/s0014-2999(01)00840-8

Mahoney, M. K., Barnes, J. H., Wiercigroch, D., and Olmstead, M. C. (2016).
Pharmacological investigations of a yohimbine-impulsivity interaction in rats.
Behav. Pharmacol. 27, 585-595. doi: 10.1097/FBP.0000000000000251

Mantsch, J. R., Weyer, A., Vranjkovic, O., Beyer, C. E., Baker, D. A., and
Caretta, H. (2010). Involvement of noradrenergic neurotransmission in the
stress- but not cocaine-induced reinstatement of extinguished cocaine-induced
conditioned place preference in mice: role for B-2 adrenergic receptors.
Neuropsychopharmacology 35, 2165-2178. doi: 10.1038/npp.2010.86

Marinelli, P. W., Funk, D., Juzytsch, W., Harding, S., Rice, K. C., Shaham, Y.,
et al. (2007). The CRF1
yohimbine-induced increases in operant alcohol self-administration and
reinstatement of alcohol seeking in rats. Psychopharmacology 195, 345-355.
doi: 10.1007/500213-007-0905-x

McLaughlin, J., and See, R. E. (2003).
dorsomedial prefrontal cortex and the basolateral amygdala attenuates
conditioned-cued reinstatement of extinguished cocaine-seeking behavior in
rats. Psychopharmacology 168, 57-65. doi: 10.1007/s00213-002-1196-x

McReynolds, J. R., Vranjkovic, O., Thao, M., Baker, D. A., Makky, K., Lim, Y.,
et al. (2014). B-2 adrenergic receptors mediate stress-evoked reinstatement of
cocaine-induced conditioned place preference and increases in CRF mRNA
in the bed nucleus of the stria terminalis in mice. Psychopharmacology 231,
3953-3963. doi: 10.1007/500213-014-3535-0

Miguel, T. T., Gomes, K. S., and Nunes-de-Souza, R. L. (2014). Tonic modulation
of anxiety-like behavior by corticotropin-releasing factor (CRF) type 1 receptor
(CRF1) within the medial prefrontal cortex (mPFC) in male mice: role of

receptor antagonist antalarmin attenuates

Selective inactivation of the

protein kinase A (PKA). Horm. Behav. 66, 247-256. doi: 10.1016/j.yhbeh.2014.
05.003

Moffett, M. C., and Goeders, N. E. (2007). CP-154,526, a CRF type-1
receptor antagonist, attenuates the cue-and methamphetamine-induced
reinstatement of extinguished methamphetamine-seeking behavior in rats.
Psychopharmacology 190, 171-180. doi: 10.1007/s00213-006-0625-7

Molander, A., Vengeliene, V., Heilig, M., Wurst, W., Deussing, J. M,
and Spanagel, R. (2012). Brain-specific inactivation of the Crhrl gene
inhibits post-dependent and stress-induced alcohol intake, but does not
affect relapse-like drinking. Neuropsychopharmacology 37, 1047-1056.
doi: 10.1038/npp.2011.297

Muller, M. B., and Wurst, W. (2004). Getting closer to affective disorders: the
role of CRH receptor systems. Trends Mol. Med. 10, 409-415. doi: 10.1016/j.
molmed.2004.06.007

Noori, H. R., Spanagel, R., and Hansson, A. C. (2012). Neurocircuitry for modeling
drug effects. Addict. Biol. 17, 827-864. doi: 10.1111/j.1369-1600.2012.00485.x

Orozco-Cabal, L., Liu, J., Pollandt, S., Schmidt, K., Shinnick-Gallagher, P.,
and Gallagher, J. P. (2008). Dopamine and corticotropin-releasing factor
synergistically alter basolateral amygdala-to-medial prefrontal
synaptic transmission: functional switch after chronic cocaine administration.
J. Neurosci. 28, 529-542. doi: 10.1523/JNEUROSCI.2666-07.2008

Parkitna, J. R, Engblom, D. and Schiitz, G. (2009).
Cre recombinase-expressing transgenic mice using bacterial artificial
chromosomes. Methods Mol. Biol. 530, 325-342. doi: 10.1007/978-1-59745-
471-1_17

Paxinos, G., and Franklin, K. B. J. (2001). The Mouse Brain in Stereotaxic
Coordinates. 2nd Edn. San Diego, CA: Academic Press.

Peters, J., Kalivas, P. W., and Quirk, G. J. (2009). Extinction circuits for
fear and addiction overlap in prefrontal cortex. Learn. Mem. 16, 279-288.
doi: 10.1101/lm.1041309

Pollandt, S., Liu, J., Orozco-Cabal, L., Grigoriadis, D. E., Vale, W. W,
Gallagher, J. P., et al. (2006). Cocaine withdrawal enhances long-term
potentiation induced by corticotropin-releasing factor at central amygdala
glutamatergic synapses via CRF, NMDA receptors and PKA. Eur. J. Neurosci.
24,1733-1743. doi: 10.1111/j.1460-9568.2006.05049.x

Przegalinski, E., Filip, M., Frankowska, M., Zaniewska, M., and Papla, I. (2005).
Effects of CP 154,526, a CRF1 receptor antagonist, on behavioral responses
to cocaine in rats. Neuropeptides 39, 525-533. doi: 10.1016/j.npep.2005.
07.002

Refojo, D., Schweizer, M., Kuehne, C., Ehrenberg, S., Thoeringer, C., Vogl, A. M.,
et al. (2011). Glutamatergic and dopaminergic neurons mediate anxiogenic
and anxiolytic effects of CRHRI. Science 333, 1903-1907. doi: 10.1126/science.
1202107

Sanchis-Segura, C., and Spanagel, R. (2006). Behavioural assessment of drug
reinforcement and addictive features in rodents: an overview. Addict. Biol. 11,
2-38. doi: 10.1111/j.1369-1600.2006.00012.x

Sartor, G. C., Powell, S. K., Wiedner, H. J., Wahlestedt, C., and Brothers, S. P.
(2016). Nociceptin receptor activation does not alter acquisition, expression,
extinction and reinstatement of conditioned cocaine preference in mice. Brain
Res. 1632, 34-41. doi: 10.1016/j.brainres.2015.11.044

Sauvage, M., and Steckler, T. (2001). Detection of corticotropin-releasing
hormone receptor 1 immunoreactivity in cholinergic, dopaminergic and
noradrenergic neurons of the murine basal forebrain and brainstem
nuclei—potential implication for arousal and attention. Neuroscience 104,
643-652. doi: 10.1016/s0306-4522(01)00137-3

See, R. E. (2005). Neural substrates of cocaine-cue associations that trigger relapse.
Eur. ]. Pharmacol. 526, 140-146. doi: 10.1016/j.ejphar.2005.09.034

Self, D. W. (2004). Regulation of drug-taking and -seeking behaviors by
neuroadaptations in the mesolimbic dopamine system. Neuropharmacology 47,
242-255. doi: 10.1016/j.neuropharm.2004.07.005

Shaham, Y., Erb, S., Leung, S., Buczek, Y., and Stewart, J. (1998). CP-154,526, a
selective, non-peptide antagonist of the corticotropin-releasing factorl receptor
attenuates stress-induced relapse to drug seeking in cocaine- and heroin-
trained rats. Psychopharmacology 137, 184-190. doi: 10.1007/s002130050608

Shaham, Y., Shalev, U, Lu, L, De Wit, H, and Stewart, J. (2003).
The reinstatement model of drug relapse: history, methodology and
major findings. Psychopharmacology 168, 3-20. doi: 10.1007/s00213-002
-1224-x

cortex

Generation of

Frontiers in Behavioral Neuroscience | www.frontiersin.org

November 2017 | Volume 11 | Article 221


https://doi.org/10.1523/JNEUROSCI.4715-08.2008
https://doi.org/10.1016/s0893-133x(00)00195-0
https://doi.org/10.1016/s0893-133x(00)00195-0
https://doi.org/10.1146/annurev.psych.59.103006.093548
https://doi.org/10.1098/rstb.2008.0094
https://doi.org/10.1176/jnp.9.3.482
https://doi.org/10.1038/npp.2009.91
https://doi.org/10.1111/j.1460-9568.2010.07148.x
https://doi.org/10.1111/j.1460-9568.2010.07148.x
https://doi.org/10.1037//0735-7044.115.5.1086
https://doi.org/10.1002/cne.23082
https://doi.org/10.1111/j.1476-5381.2012.01983.x
https://doi.org/10.1038/nature11436
https://doi.org/10.1124/jpet.105.084913
https://doi.org/10.1016/s0014-2999(01)00840-8
https://doi.org/10.1097/FBP.0000000000000251
https://doi.org/10.1038/npp.2010.86
https://doi.org/10.1007/s00213-007-0905-x
https://doi.org/10.1007/s00213-002-1196-x
https://doi.org/10.1007/s00213-014-3535-0
https://doi.org/10.1016/j.yhbeh.2014.05.003
https://doi.org/10.1016/j.yhbeh.2014.05.003
https://doi.org/10.1007/s00213-006-0625-7
https://doi.org/10.1038/npp.2011.297
https://doi.org/10.1016/j.molmed.2004.06.007
https://doi.org/10.1016/j.molmed.2004.06.007
https://doi.org/10.1111/j.1369-1600.2012.00485.x
https://doi.org/10.1523/JNEUROSCI.2666-07.2008
https://doi.org/10.1007/978-1-59745-471-1_17
https://doi.org/10.1007/978-1-59745-471-1_17
https://doi.org/10.1101/lm.1041309
https://doi.org/10.1111/j.1460-9568.2006.05049.x
https://doi.org/10.1016/j.npep.2005.07.002
https://doi.org/10.1016/j.npep.2005.07.002
https://doi.org/10.1126/science.1202107
https://doi.org/10.1126/science.1202107
https://doi.org/10.1111/j.1369-1600.2006.00012.x
https://doi.org/10.1016/j.brainres.2015.11.044
https://doi.org/10.1016/s0306-4522(01)00137-3
https://doi.org/10.1016/j.ejphar.2005.09.034
https://doi.org/10.1016/j.neuropharm.2004.07.005
https://doi.org/10.1007/s002130050608
https://doi.org/10.1007/s00213-002-1224-x
https://doi.org/10.1007/s00213-002-1224-x
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/behavioral-neuroscience#articles

Bernardi et al.

CRHR1 and Cocaine Reinstatement

Silberman, Y., and Winder, D. G. (2013). Corticotropin releasing factor
and catecholamines enhance glutamatergic neurotransmission in the lateral
subdivision of the central amygdala. Neuropharmacology 70, 316-323.
doi: 10.1016/j.neuropharm.2013.02.014

Smagin, G. N., and Dunn, A. J. (2000). The role of CRF receptor subtypes
in stress-induced behavioural responses. Eur. J. Pharmacol. 405, 199-206.
doi: 10.1016/s0014-2999(00)00553-7

Smith, R. J., and Aston-Jones, G. (2011). oy Adrenergic and imidazoline receptor
agonists prevent cue-induced cocaine seeking. Biol. Psychiatry 70, 712-719.
doi: 10.1016/j.biopsych.2011.06.010

Sommer, W. H., Rimondini, R., Hansson, A. C., Hipskind, P. A., Gehlert, D. R.,
Barr, C. S., et al. (2008). Upregulation of voluntary alcohol intake, behavioral
sensitivity to stress and amygdala crhrl expression following a history
of dependence. Biol. Psychiatry 63, 139-145. doi: 10.1016/j.biopsych.2007.
01.010

Spanagel, R., Durstewitz, D., Hansson, A., Heinz, A., Kiefer, F., Kohr, G, et al.
(2013). A systems medicine research approach for studying alcohol addiction.
Addict. Biol. 18, 883-896. doi: 10.1111/adb.12109

Specio, S. E., Wee, S, ODell, L. E, Boutrel, B., Zorrilla, E. P., and
Koob, G. F. (2008). CRF; receptor antagonists
cocaine self-administration in rats. Psychopharmacology 196, 473-482.
doi: 10.1007/s00213-007-0983-9

Spierling, S. R., and Zorrilla, E. P. (2017). Don’t stress about CRF: assessing the
translational failures of CRF1lantagonists. Psychopharmacology 234, 1467-1481.
doi: 10.1007/s00213-017-4556-2

Treutlein, J., Kissling, C., Frank, J., Wiemann, S., Dong, L., Depner, M., et al.
(2006). Genetic association of the human corticotropin releasing hormone
receptor 1 (CRHR1) with binge drinking and alcohol intake patterns in
two independent samples. Mol. Psychiatry 11, 594-602. doi: 10.1038/sj.mp.
4001813

Ungless, M. A., Singh, V., Crowder, T. L., Yaka, R, Ron, D., and Bonci, A. (2003).
Corticotropin-releasing factor requires CRF binding protein to potentiate
NMDA receptors via CRF receptor 2 in dopamine neurons. Neuron 39,
401-407. doi: 10.1016/s0896-6273(03)00461-6

Van Pett, K., Viau, V., Bittencourt, J. C., Chan, R. K., Li, H. Y., Arias, C,,
et al. (2000). Distribution of mRNAs encoding CRF receptors in brain and
pituitary of rat and mouse. J. Comp. Neurol. 428, 191-212. doi: 10.1002/1096-
9861(20001211)428:2<191::aid-cnel>3.0.co;2-u

Vranjkovic, O., Gasser, P. J., Gerndt, C. H., Baker, D. A., and Mantsch, J. R. (2014).
Stress-induced cocaine seeking requires a -2 adrenergic receptor-regulated
pathway from the ventral bed nucleus of the stria terminalis that regulates
CRF actions in the ventral tegmental area. J. Neurosci. 34, 12504-12514.
doi: 10.1523/JNEUROSCI.0680-14.2014

attenuate escalated

Wanat, M. J., Hopf, F. W,, Stuber, G. D., Phillips, P. E, and Bonci, A.
(2008). Corticotropin-releasing factor increases mouse ventral tegmental area
dopamine neuron firing through a protein kinase C-dependent enhancement
of Th. J. Physiol. 586, 2157-2170. doi: 10.1113/jphysiol.2007.150078

Wang, J., Fang, Q., Liu, Z., and Lu, L. (2006). Region-specific effects of
brain corticotropin-releasing factor receptor type 1 blockade on footshock-
stress- or drug-priming-induced reinstatement of morphine conditioned place
preference in rats. Psychopharmacology 185, 19-28. doi: 10.1007/s00213-005-
0262-6

Wang, B., Shaham, Y., Zitzman, D., Azari, S., Wise, R. A., and You, Z. B.
(2005). Cocaine experience establishes control of midbrain glutamate and
dopamine by corticotropin-releasing factor: a role in stress-induced relapse
to drug seeking. J. Neurosci. 25, 5389-5396. doi: 10.1523/J]NEUROSCI.0955
-05.2005

Wang, B., You, Z. B., Rice, K. C., and Wise, R. A. (2007). Stress-induced relapse
to cocaine seeking: roles for the CRF; receptor and CRF-binding protein
in the ventral tegmental area of the rat. Psychopharmacology 193, 283-294.
doi: 10.1007/s00213-007-0782-3

Williams, C. L., Buchta, W. C., and Riegel, A. C. (2014). CRF-R2 and
the heterosynaptic regulation of VTA glutamate during reinstatement of
cocaine seeking. J. Neurosci. 34, 10402-10414. doi: 10.1523/JNEUROSCIL.0911
-13.2014

Zislis, G., Desai, T. V., Prado, M., Shah, H. P., and Bruijnzeel, A. W. (2007). Effects
of the CRF receptor antagonist D-Phe CRF(12-41) and the a2-adrenergic
receptor agonist clonidine on stress-induced reinstatement of nicotine-seeking
behavior in rats. Neuropharmacology 53, 958-966. doi: 10.1016/j.neuropharm.
2007.09.007

Zorrilla, E. P., Heilig, M., de Wit, H., and Shaham, Y. (2013). Behavioral, biological,
and chemical perspectives on targeting CRF; receptor antagonists to treat
alcoholism. Drug Alcohol Depend. 128, 175-186. doi: 10.1016/j.drugalcdep.
2012.12.017

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.

Copyright © 2017 Bernardi, Broccoli, Hirth, Justice, Deussing, Hansson and
Spanagel. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) or licensor are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Behavioral Neuroscience | www.frontiersin.org

15

November 2017 | Volume 11 | Article 221


https://doi.org/10.1016/j.neuropharm.2013.02.014
https://doi.org/10.1016/s0014-2999(00)00553-7
https://doi.org/10.1016/j.biopsych.2011.06.010
https://doi.org/10.1016/j.biopsych.2007.01.010
https://doi.org/10.1016/j.biopsych.2007.01.010
https://doi.org/10.1111/adb.12109
https://doi.org/10.1007/s00213-007-0983-9
https://doi.org/10.1007/s00213-017-4556-2
https://doi.org/10.1038/sj.mp.4001813
https://doi.org/10.1038/sj.mp.4001813
https://doi.org/10.1016/s0896-6273(03)00461-6
https://doi.org/10.1002/1096-9861(20001211)428:2<191::aid-cne1>3.0.co;2-u
https://doi.org/10.1002/1096-9861(20001211)428:2<191::aid-cne1>3.0.co;2-u
https://doi.org/10.1523/JNEUROSCI.0680-14.2014
https://doi.org/10.1113/jphysiol.2007.150078
https://doi.org/10.1007/s00213-005-0262-6
https://doi.org/10.1007/s00213-005-0262-6
https://doi.org/10.1523/JNEUROSCI.0955-05.2005
https://doi.org/10.1523/JNEUROSCI.0955-05.2005
https://doi.org/10.1007/s00213-007-0782-3
https://doi.org/10.1523/JNEUROSCI.0911-13.2014
https://doi.org/10.1523/JNEUROSCI.0911-13.2014
https://doi.org/10.1016/j.neuropharm.2007.09.007
https://doi.org/10.1016/j.neuropharm.2007.09.007
https://doi.org/10.1016/j.drugalcdep.2012.12.017
https://doi.org/10.1016/j.drugalcdep.2012.12.017
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/behavioral-neuroscience#articles

	Dissociable Role of Corticotropin Releasing Hormone Receptor Subtype 1 on Dopaminergic and D1 Dopaminoceptive Neurons in Cocaine Seeking Behavior
	INTRODUCTION
	MATERIALS AND METHODS
	Subjects
	Generation of Mice
	Double Fluorescence Immunocytochemistry
	Genotyping and Detection of Conditional Crhr1 Inactivation
	Drugs
	Behavioral Procedures
	Locomotor Activity
	Cocaine Self-Administration

	Statistical Analysis

	RESULTS
	Co-Localization of CRHR1 in Dopaminergic and D1-Expressing Neurons
	Generation of Conditional Knockouts
	Behavior
	Locomotor Activity
	Cocaine Self-Administration


	DISCUSSION
	AUTHOR CONTRIBUTIONS
	FUNDING
	ACKNOWLEDGMENTS
	SUPPLEMENTARY MATERIAL
	REFERENCES


