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Abstract

Antagonists of the NOP receptor have antidepressant effects in rodent models, suggesting that the
N/OFQ-NOP system may play an important role in affective disorders. Furthermore, multiple
lines of experimental evidence link N/OFQ neurotransmission with physiological and behavioral
responses to stress. One possibility is that disregulated expression of the N/OFQ peptide
neurotransmitter and/or the NOP receptor may participate in the etiology of stress-induced
psychopathology. In the present set of experiments, we compared gene expression for prepro-N/
OFQ and NOP receptor in groups of rats that were exposed to differing regimens of social defeat
stress. Male Long-Evans rats were exposed to no social defeat, a single, acute social defeat or to
repeated social defeats with or without an acute defeat on the final day. In situ hybridization was
conducted with 3°S-labelled riboprobes aimed at prepro-N/OFQ mRNA or NOP receptor mRNA.
Expression was analyzed by quantification of optical density in limbic and extra-limbic forebrain
regions. There were no statistically significant changes in prepro-N/OFQ mRNA expression after
stress exposure in any of the brain regions analyzed. However, the rats that were exposed to acute
social defeat displayed elevations in NOP receptor mRNA expression in the central and
basomedial nuclei of the amygdala and in the paraventricular nucleus of the hypothalamus.
Additionally, the rats that were acutely stressed after a history of repeated social defeat also
displayed elevated levels of NOP receptor mMRNA expression in the paraventricular nucleus of the
hypothalamus. These results suggest that the N/OFQ-NOP receptor system is affected by acute
stress exposure, particularly in limbic regions. This stress-induced upregulation of NOP receptor
gene expression further supports the possibility that disregulation of the N/OFQ-NOP system may
contribute to behavioral and hormonal disregulation following stress.
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1. Introduction

There is extensive evidence that the peptide neurotransmitter, nociceptin/orphanin FQ (N/
OFQ) and its cognate receptor, NOP, play important roles in expression of emotionally-
relevant behaviors and in activation of the hypothalamic-pituitary-adrenal (HPA) axis. Many
studies report that intracerebroventricular (icv) injections of N/OFQ (Jenck et al., 1997,
Gavioli et al., 2002; Vitale et al., 2006) or systemic injections of the synthetic agonist Ro
64-6198 (Jenck et al., 2000; Dautzenberg et al., 2001; Varty et al., 2005) produce decreases
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in expression of anxiety-related behaviors of rodents. However, we found increases in
anxiety-related behaviors after icv or intra-limbic injections of N/OFQ in rats (Fernandez et
al., 2004; Green et al., 2007), and Kamei and colleagues (2004) reported both anxiolytic and
anxiogenic-like effects after icv injections in mice. Griebel and colleagues (1999) found that
N/OFQ decreases anxiety-related behaviors only in conditions where the mice are exposed
to unavoidable severe stress (forced contact with a threatening stimulus). Furthermore,
Gavioli and colleagues (2007) found both heightened and suppressed expression of anxiety-
related behaviors in NOP receptor knockout mice, depending upon the type of test used.
Thus, it appears that N/OFQ neurotransmission is implicated in regulation of anxiety states,
but the specific effect may depend upon currently unidentified characteristics of the test.

More consistent results have been obtained in tests of the antidepressant-like effects of NOP
receptor antagonists. Although N/OFQ did not alter immobility measures in forced swim
and tail suspension tests after icv administration, the NOP receptor antagonists [Nphel]-
nociceptin (1-13)-NH, (Redrobe et al., 2002), UFP-101 (Gavioli et al., 2003, 2004),
J-113397 (Redrobe et al., 2002), and SB-612111 (Rizzi et al., 2007) each exerted
antidepressant-like effects in these tests.

Studies of the effects of N/OFQ on activity of the HPA axis have uniformly revealed that N/
OFQ elevates circulating adrenocorticotropic hormone (ACTH) and corticosterone (CORT)
concentrations after injection into the lateral ventricles (Devine et al., 2001; Nicholson et al.,
2002; Fernandez et al., 2004; Leggett et al., 2006) and limbic structures (Green et al., 2007)
in unstressed and mildly stressed rats. Furthermore, the N/OFQ-induced activation of the
HPA axis is accompanied by increased expression of corticotrophin releasing hormone
(CRH) mRNA in the paraventricular hypothalamus (PVN) and by increased
proopiomelanocortin (POMC) mRNA expression in the pituitary (Leggett et al., 2006).
These effects of N/OFQ administration resemble the effects of acute stress exposure (see
Harbuz and Lightman, 1989) and are blocked by concurrent icv administration of the NOP
receptor antagonist UFP-101 (Leggett et al., 2006).

Interestingly, N/OFQ content of the basal forebrain is reduced by acute restraint stress, and
these neuronal stores are replenished within 24 h (Devine et al., 2003). This suggests that
stress causes release of endogenous N/OFQ, and that biosynthetic activity returns N/OFQ
stores to normal levels after release.

Since N/OFQ and the NOP receptor are implicated in regulation of affect and in HPA axis
responses, we investigated the possibility that exposure to emotional stress may alter gene
expression in this peptide neurotransmitter system. In these experiments, we used the social
defeat model of emotional stress. In this widely used model, a young naive male rat (the
“intruder™) is placed into the cage of an experienced and larger male rat (the “resident”). The
resident male rat characteristically exerts dominance by pinning the intruder, and the
intruder characteristically submits, by displaying a supine posture in response (see Miczek et
al., 2004). Accordingly, the social defeat procedure emulates natural social hierarchies and
takes advantage of social stressors that rats may experience in their natural habitats.

Social defeat exposure activates cortical and limbic circuits (Matsuda et al., 1996; Martinez
etal., 1998; Chung et al., 1999; Nikulina et al., 2004) that are thought to be important in
processing of emotional stressors (Herman and Cullinan, 1997). Furthermore, regional
forebrain expression of c-fos is modified by repeated exposure to social defeat. Some limbic
areas (e.g. bed nucleus of stria terminalis, medial amygdala) continue to have elevated c-fos
expression, whereas other areas (e.g. septum, central amygdala) no longer express elevated
c-fos after repeated defeat (Martinez et al., 1998). In addition, repeated defeat produces
substantial increases in the duration of limbic c-fos activation (Matsuda et al., 1996). Thus,
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alterations in responding during repeated exposure to social defeat may reveal interesting
stress-induced plasticity in neural circuits that process emotional regulation (Koolhaas et al.,
1997; Miczek et al., 2004; Buwalda et al., 2005). Accordingly, we examined prepro-N/OFQ
and NOP receptor mRNA after acute and repeated social defeat using in situ hybridization
histochemistry.

2. Methods

2.1 Animals

All experiments were carried out in accordance with the Guide for the Care and Use of
Laboratory Animals and were pre-approved by the Institutional Animal Care and Use
Committee (IACUC) at the University of Florida.

Thirty male and 14 female Long-Evans rats (Harlan, Indianapolis) were housed in 43 x 21.5
x 25.5 cm polycarbonate cages on a 12-12 h light-dark cycle (lights on at 7:00 am) in a
climate-controlled vivarium (temperature 21-23 °C, humidity 55-60%). Standard laboratory
chow and tap water were available ad libitum.

Fourteen of the male rats (weighing 600-700 g at the time of the experiment) were
vasectomized and pair-housed with the 14 female rats (200-225 g at arrival). These male
rats were trained to exhibit dominant behaviors in the home cage (by repeated exposure to
naive smaller “intruder” males), and were used as “residents” in the social defeat procedure
(see below). The remaining 16 males, weighing approximately 300 g each, were used as
experimental intruder rats. The intruder rats were pair-housed throughout the course of the
experiment.

2.2 Social Defeat Procedure

The experimental rats were randomly assigned to 4 treatment groups. The rats of Group 1
were not exposed to social defeat (no stress controls). Group 2 rats were exposed to a social
defeat session on the 6th day of the experiment only (no repeated stress, acute stress). Group
3 was exposed to a social defeat session on each of the first 5 days, but did not experience a
defeat session on the 6th day (repeated stress, no acute stress), and Group 4 rats were
defeated on each of the 6 experimental days (repeated stress, acute stress). This experimental
design allowed us to examine the effects of acute defeat on the N/OFQ-NOP system (in
comparison with unstressed controls), to evaluate whether the tone of the system changed
over repeated exposures (i.e. habituation or sensitization), and to assess whether the
response to an acute defeat changed with repeated stress experience. The group assignments
and stress exposures of the rats are summarized in Table 1. In all cases of repeated social
defeat sessions, the intruder rat was exposed to a new resident for each encounter, in order to
prevent habituation in the interactions between the resident and intruder rats.

The social defeat procedure was conducted in 2 stages. During the first stage, the resident
female was removed from the home cage, and 10 min later, the intruder was placed directly
into the cage with the male resident. The encounter continued for 5 min or until the intruder
was defeated 3 times (whichever occurred first). Each defeat was counted when the intruder
displayed submissive behavior (supine posture for at least 2 s) with the resident standing
over the intruder, maintaining physical contact. This first stage was also terminated if the
intruder exhibited freezing behavior for 90 s. Immediately after stage 1, each intruder rat
was removed from the residents cage and placed individually into a 10 x 10 x 15 cm (inner
dimensions) double-walled wire mesh cage. The intruder within the wire cage was then
placed back into the resident’s cage until 10 min had passed from the start of stage 1. This
allowed for equalization of the duration of stress exposure of the intruder rats, and limited
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the number of defeats per session to a maximum of three. Following the 10-min session, the
intruder rat was returned to its home cage and the female was returned to the resident’s cage.
All social defeat sessions were videotaped and the frequency and duration of defeats were
scored. On the 6th day, all of the intruder and control rats were rapidly decapitated at 3 h
after the start of the defeat session, or at the equivalent time in the groups that were not
acutely defeated before termination. Immediately after termination of the rats, each brain
was removed, frozen in 2-methylbutane at —40 °C, and stored at —80 °C until use.

2.3 In situ Hybridization

Each brain was sectioned into 15 pum slices in the coronal plane, mounted onto polylysine-
subbed slides, and hybridized with riboprobes directed at prepro-N/OFQ or NOP receptor
mRNA. The 504 base cDNA fragment corresponding to the 5’ end of the coding region of
the rat prepro-N/OFQ was cloned into plasmid pAMP (provided by Dr. Olivier Civelli). The
529 base cDNA fragment corresponding to 102 bases in the 3’ untranslated region through
427 bases of the open reading frame of the NOP receptor was cloned into BSSK (provided
by Dr. Huda AKkil). Antisense and sense riboprobes were generated and labeled with 35S-
UTP (>1000 Ci/nmole; GE Healthcare). The pAMP plasmid was linearized with EcoR1 and
transcribed with SP6 polymerase to generate the antisense prepro-N/OFQ riboprobe. This
plasmid was also linearized with HindlIl and transcribed with T7 to yield the sense probe.
The BSSK plasmid was linearized with EcoR1 and transcribed with T7 to generate the
antisense riboprobe for NOP receptor mRNA, and this plasmid was also linearized with
Xho1l and transcribed with T3 to yield the sense probe for the NOP receptor. The brain
sections were processed for hybridization according to methods described by Kabbaj et al.
(2000). Briefly, the sections were fixed in 4% formaldehyde for 1 h, then rinsed in 3 washes
of 2x SSC and one wash of ddH,0 all at room temperature (RT). The sections were then
immersed in 0.1 M Triethanolamine plus 0.25% vol/vol acetic anhydride for 10 min., rinsed
in ddH,0, and dried. The 3°S-labelled riboprobes were prepared in 50% hybridization buffer
and were hybridized to the mounted sections overnight at 55 °C. Then, the sections were
treated with RNAse A, washed in 2x SSC (RT), 1x SSC (RT), and 0.1x SSC (60 min, 67 °C)
to remove excess label. The sections were then dried and apposed to Kodak X-OMAT film
in X-ray cassettes (RT) for 1 week (NOP receptor) or 2 weeks (N/OFQ). The films were
developed, then photographed and digitized with an MCID camera and MCID Basic Image
Analysis software system (Imaging Research Inc., St. Catharines, Canada).

Optical densities were measured in selected limbic and extra-limbic forebrain regions that
are known to participate in physiological stress responses and/or emotional regulation. The
forebrain sections included cingulate cortex and subnuclei of the septum, bed nucleus of
stria terminalis (BNST), amygdala, and hypothalamus.

2.4 Densitometry

Densitometric analysis of the radioactive signal was performed using the MCID Basic
software. A standard outline was determined for each region of interest using the Paxinos
and Watson Rat Brain Atlas (1998). Bilateral optical density measures were then sampled
from each region. If multiple sections were used per region, the optical densities for these
sections were integrated to create one data point per rat per region per probe. External
background measures were taken from outside the section, and sense background measures
were taken from the respective forebrain structures in the sense sections. Final optical
density values were calculated as a function of specific signal relative to external
background minus nonspecific signal relative to external background. The calculations were
performed with the following formula:

[log (antisense OD /External OD)—log (sense OD /External OD)] x 10°
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2.5 Statistics

Potential differences in the number of daily defeats between Group 3 (repeated stress) and
Group 4 (repeated plus acute stress) were analyzed over the 5 repeated stress days with a 2 x
5 repeated measures analysis of variance (RM-ANOVA). Similarly, differences in the total
daily duration of the defeats were analyzed with a 2 x 5 RM-ANOVA for these groups. In
addition, potential differences in the number of defeats and in the total duration of defeats on
the 6th day were analyzed using T-tests comparing scores for Group 2 (acute stress) and
Group 4 (repeated plus acute stress).

Potential between-groups differences in expression of prepro-N/OFQ mRNA were analyzed
with one-way ANOVAs for each region comparing optical density scores across all groups.
Similarly, differences in NOP receptor mRNA expression were analyzed with one-way
ANOVA:s. All significant effects (p < 0.05) were further analyzed using Dunnet’s post-tests.

3. Results

3. 1 Social defeats

The groups that were exposed to 5 repeated social defeat sessions (Groups 3 and 4)
experienced equivalent amounts of defeat. There were no significant differences in the total
number (F (1 24) = 1.385, p > 0.05) or duration (F(1 24y = 2.796, p > 0.05) of daily defeats
between these groups . Additionally, there were no significant changes in the number of
defeats across days 1 through 5 in these groups (F(s,24) = 1.068, p > 0.05) or in the
interaction between stress group and day (F4, 24) = 1.748, p > 0.05). There were also no
significant changes in the durations of defeats across days 1 through 5 (F4 24y = 1.286, p >
0.05) or in the interaction between stress group and day (F4,24) = 1.016, p > 0.05) in Groups
3 and 4. Furthermore, there were no significant differences in the numbers of defeats (t) =
1.849, p>0.05) or in the duration of the defeats (t(s) = 0.756, p > 0.05) between the two
groups (Groups 2 and 4) that were defeated on the 6th day (Fig. 1).

3. 2 In situ Hybridization

There was no specific signal detected in the control sections that were treated with sense
riboprobes for prepro-N/OFQ and for NOP receptor mRNAS. In these sections, the optical
densities of the limbic and extra-limbic regions did not differ from the optical densities of
the external backgrounds (Fig. 2).

3.2.1 Prepro-N/OFQ—There were no statistically significant between-groups differences
in prepro-N/OFQ mRNA expression in any of the regions examined (Table 2). Darkfield
images are presented for representative sections hybridized with antisense probes for prepro-
N/OFQ mRNA in Fig 3.

3.2.2 NOP receptor—There were significant stress-induced increases in NOP receptor
mMRNA expression in several important limbic regions. In the amygdala, NOP receptor
MRNA expression was elevated in the central (CeA; F(3, 15) = 5.376, p < 0.05) and the
basomedial nuclei (BMA; F(3, 15) = 5.391, p < 0.05) after exposure to acute social defeat
exposure (i.e. Group 2). NOP receptor mRNA expression did not differ between groups for
any of the other regions (medial, lateral and basolateral) of the amygdala, although there was
a trend toward elevated expression in the acutely stressed rats of Group 2 for all three
regions (Fig. 4). In the PVN, there were significant elevations in NOP receptor mRNA in
both acutely stressed groups (Groups 2 and 4; F3, 15) = 6.683, p < 0.01; Fig. 4). There were
no significant between-groups differences in NOP receptor mMRNA expression in any of the
other regions sampled (Table 3). Darkfield images are presented for representative sections
hybridized with antisense probes for NOP receptor mRNA in Fig 5.
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4. Discussion

Social defeat is a potent stressor that produces substantial physiological changes in intruder
rats. The HPA axis is activated in intruder rats following single social defeat exposures, as
evidenced by transient increases in circulating ACTH (Heinrichs et al., 1992; Ebner et al.,
2005) and CORT (Heinrichs et al., 1992; Covington, I1l and Miczek, 2001; Ebner et al.,
2005). After exposure to repeated social defeat, there are enduring physiological changes,
such as increases in basal CORT (de Goeij et al., 1992), decreases in thymus and seminal
vesicle masses (Buwalda et al., 2001), and decreases in the amplitude of circadian cardiac
and thermoregulatory rhythms (Tornatzky and Miczek, 1993).

Repeated social defeat also induces long-term behavioral changes. This includes increased
anxiety-related behaviors in the elevated plus maze (Heinrichs et al., 1992; Calfa et al.,
2006) and increased behavioral despair in the Porsolt test (Rygula et al., 2005). All of these
results suggest that repeated social defeat may be a valuable tool for studying potential long-
term effects of chronic stress exposure.

Using the social defeat procedure, we compared prepro-N/OFQ and NOP receptor gene
expression between rats in basal conditions, and rats that were exposed to acute and/or
repeated stress. In general, basal expression of prepro-N/OFQ and NOP receptor mRNA (i.e.
from Group 1) agreed with previous anatomical examinations, with more abundant
expression in a variety of limbic and limbic-associated forebrain regions than in surrounding
regions. Those regions included cortex, septum, BNST, and subnuclei of the hypothalamus
and amygdala (Neal et al., 1999a, b).

4.1 Prepro-N/OFQ mRNA

Devine and colleagues (2003) previously found decreased neuronal content of N/OFQ from
dissected forebrain following acute stress exposure, and the N/OFQ content was replenished
within 24 h. In order for the peptide content to be replenished, it is reasonable to presume
that elevated transcription and protein synthesis may occur. If so, then acute exposure to
social defeat (i.e. Group 2) should produce increases in prepro-N/OFQ mRNA. However,
we did not observe such an increase in the present experiment. It is possible that in the
present study the time-point selected was not during the peak of the mRNA upregulation. It
is also possible that there is a relatively small upregulation of MRNA in selected brain
regions, (e.g. subnuclei of septum and BNST) and that N/OFQ peptide stores are slowly
replenished over an extended portion of that 24-h period in these areas.

4.2 NOP receptor mRNA

The finding that NOP mRNA is increased in central and basomedial amygdaloid subnuclei
after acute social defeat stress (Group 2) complements the findings from other studies in
which N/OFQ neurotransmission has been implicated in anxiety-related behaviors. In fact,
although conflicting anxiogenic and anxiolytic actions have been observed after icv
injections of N/OFQ (Jenck et al., 1997; Gavioli et al., 2002; Fernandez et al., 2004; Kamei
et al., 2004; Vitale et al., 2006; Green et al., 2007), we consistently find increases in anxiety-
related behaviors when rats are tested for neophobia in an open field after acute
intraparenchymal injections directly into the amygdala (Green et al., 2007).

The lack of elevation in amygdaloid NOP receptor mRNA after the last social defeat session
in those rats that were exposed to repeated social defeat (Group 4), suggests that the rats
developed tolerance in this biochemical response to the stressor. This is somewhat
surprising, since efforts were made to assure that the rats were exposed to a different
resident on each day of the stress regimen, including the final day. However, the data
suggest that social stress-induced changes in expression of amygdaloid NOP receptor
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MRNA are a transient response that undergoes habituation during repeated exposure to the
stressor. This finding is redolent of the fact that c-fos expression is activated in amygdaloid
nuclei after acute social defeat and in some of those nuclei (e.g. central amygdala), it is no

longer activated by stress exposure after repeated defeat (Martinez et al., 1998).

The finding that NOP receptor mRNA expression was elevated in the PVN following acute
social defeat, both in rats that were previously not exposed to stress (Group 2) and in rats
that had a previous history of stress (Group 4), complements previous reports that icv N/
OFQ administration activates the HPA axis in rats (Devine et al., 2001; Fernandez et al.,
2004; Green et al., 2007) and produces increases in CRH mRNA in the PVN (Leggett et al.,
2006). Furthermore, the persistent elevations in PVN NOP receptor mMRNA even after
repeated defeat is reminiscent of the fact that PVVN c-fos expression is elevated by social
defeat in both naive and repeatedly defeated rats (Martinez et al., 1998). The findings raise
the interesting possibility that stress-induced plasticity in PVN NOP receptor expression
could result in increased sensitivity of the HPA axis to N/OFQ. This potential will need to
be investigated further with studies of HPA axis function in repeatedly stressed rats.

4.3 Conclusions

We have presented evidence of plasticity in expression of NOP receptor mRNA in response
to acute stress, particularly in the amygdala and the PVN, two regions that are important in
behavioral and physiological responses to stress. It remains evident that N/OFQ
neurotransmission is an important modulator of normal responses to emotional stressors
(Jenck et al., 1997; Devine et al., 2001; Gavioli et al., 2002; Nicholson et al., 2002;
Fernandez et al., 2004; Kamei et al., 2004; Leggett et al., 2006; Vitale et al., 2006; Green et
al., 2007), and it may be implicated in the pathophysiology of depression (Redrobe et al.,
2002; Gavioli et al., 2003, 2004; Rizzi et al., 2007). The potential involvement of this
system in stress-induced psychopathology is further suggested by stress-induced changes in
NOP receptor mMRNA expression.
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Figure 1.
(A) Number of social defeats per group per day and (B) total amount of time the rats were

defeated per day. Values shown are group means = SEM (n = 4 rats per group). NR/A = no
repeated, acute stress group, R/NA = repeated, no acute stress group, R/A = repeated plus
acute stress group.
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Figure 2.
Representative x-ray images of brain sections treated with sense riboprobes. Sections treated

with (A) N/OFQ sense strands and (B) NOP receptor sense strands did not display specific
signal, and background levels were comparable to those of antisense-treated sections.
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Figure 3.

Representative x-ray images of brain sections showing prepro-N/OFQ mRNA expression in
the amygdala. Sections were exposed to 35S-labelled riboprobes complimentary to segments
of prepro-N/OFQ mRNA. There were no significant differences in expression between (A)
no stress control rats, (B) rats exposed to acute social defeat, (C) rats exposed to repeated, no
acute social defeat, and (D) rats exposed to repeated plus acute social defeat for any of the
regions sampled.
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NOP receptor mRNA expression in the amygdala and PVN. mRNA expression was
significantly greater in (A) the central amygdala and (C) the basomedial amygdala after
exposure to acute social defeat. Similar patterns were seen in (B) the medial amygdala, (D)
the lateral amygdala, and (E) the basolateral amygdala, although these were not statistically
significant. NOP mRNA expression was also elevated in (F) the PVN after acute and
repeated plus acute social defeat. VValues expressed are group means in optical density +
SEM (n = 4 rats per group). Significant differences between the stress-exposed rats and the
no stress controls are expressed as * p < 0.05 and ** p < 0.01. NR/NA= no repeated, no
acute social defeat; NR/A = no repeated, acute social defeat; R/NA = repeated, no acute

social defeat; R/A = repeated plus acute social defeat.
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Figureb5.

Representative x-ray images of brain sections showing NOP receptor mRNA expression in
the amygdala and paraventricular nucleus of the hypothalamus. Sections were exposed

to 3°S-labelled riboprobes complimentary to segments of NOP receptor mRNA. (A) No
stress control rats display moderate signal in the PVN and in the subnuclei of the amygdala.
Rats exposed to (B) acute social defeat displayed elevated expression in the PVN, CeA, and
BMA. In addition, the rats exposed to (D) repeated plus acute social defeat displayed
elevated mRNA expression in the PVN. The rats exposed to (C) repeated, no acute social
defeat did not display any differences in NOP mRNA expression as compared to the
expression in unstressed control rats.
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