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Decreased medial prefrontal cortex (mPFC) neuronal activity is associated with social defeat-induced depression- and anxiety-like
behaviors in mice. However, the molecular mechanisms underlying the decreased mPFC activity and its prodepressant role remain
unknown. We show here that induction of the transcription factor �FosB in mPFC, specifically in the prelimbic (PrL) area, mediates
susceptibility to stress. �FosB induction in PrL occurred selectively in susceptible mice after chronic social defeat stress, and overex-
pression of �FosB in this region, but not in the nearby infralimbic (IL) area, enhanced stress susceptibility. �FosB produced these effects
partly through induction of the cholecystokinin (CCK)-B receptor: CCKB blockade in mPFC induces a resilient phenotype, whereas CCK
administration into mPFC mimics the anxiogenic- and depressant-like effects of social stress. We previously found that optogenetic
stimulation of mPFC neurons in susceptible mice reverses several behavioral abnormalities seen after chronic social defeat stress.
Therefore, we hypothesized that optogenetic stimulation of cortical projections would rescue the pathological effects of CCK in mPFC.
After CCK infusion in mPFC, we optogenetically stimulated mPFC projections to basolateral amygdala or nucleus accumbens, two
subcortical structures involved in mood regulation. Stimulation of corticoamygdala projections blocked the anxiogenic effect of CCK,
although no effect was observed on other symptoms of social defeat. Conversely, stimulation of corticoaccumbens projections reversed
CCK-induced social avoidance and sucrose preference deficits but not anxiogenic-like effects. Together, these results indicate that social
stress-induced behavioral deficits are mediated partly by molecular adaptations in mPFC involving �FosB and CCK through cortical
projections to distinct subcortical targets.
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Introduction
Several anatomically and functionally interconnected limbic brain
regions, including medial prefrontal cortex (mPFC), hippocampus,
amygdala, and nucleus accumbens (NAc), are implicated in mediat-
ing key symptoms of depression and anxiety (Bremner, 1999; Dre-

vets, 2001; Keedwell et al., 2005; Mayberg et al., 2005; Bremner, 2006,
2007; Krishnan and Nestler, 2008; Feder et al., 2009). For example,
the absence of cortical feedback to amygdala is correlated with dys-
phoric emotions and reverts to normal levels upon successful treat-
ment. The antidepressant effects of deep brain stimulation of
subgenual cingulate cortex, an area of mPFC, are associated with
restoration of both cortical and subcortical brain activity to normal
levels (Mayberg et al., 2005; Nahas et al., 2010). Similarly, deep brain
stimulation of NAc is antidepressant and anxiolytic and correlates
with altered metabolism in NAc, amygdala, and mPFC (Schlaepfer
et al., 2008; Bewernick et al., 2010; Grubert et al., 2011). These data
support a neural network hypothesis of mood disorders in which
antidepressant treatments, regardless of mechanisms, normalize ac-
tivity in both underactive cortical and overactive subcortical circuits
(Kennedy et al., 2001; Mayberg et al., 2005; Kennedy and Giacobbe,
2007; Fales et al., 2008; Fales et al., 2009; Leistedt and Linkowski,
2013).
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Animal models involving chronic exposure to physical or psy-
chological stress impair the structure and function of neurons in
mPFC (Radley et al., 2006), amygdala (Akirav and Maroun,
2007), hippocampus (Surget et al., 2011), and NAc (Vialou et al.,
2010; Christoffel et al., 2011). Chronic social defeat stress, an
ethologically valid model of depression (Berton et al., 2006), de-
creases mPFC neuronal activity as inferred from reduced expres-
sion of Zif268 and c-Fos (Covington et al., 2005; Covington et al.,
2010). Furthermore, optogenetic stimulation of mPFC reverses
these deficits and exerts antidepressant-like effects (Covington et
al., 2010), confirming the importance of mPFC in mood-related
phenomena. The rodent mPFC, as in primates, controls emo-
tional behavior in part through projections to basolateral
amygdala (BLA) and NAc (Vogt et al., 1992; Barbas and Blatt,
1995; Heidbreder and Groenewegen, 2003). Nevertheless, the
molecular mechanisms that mediate this role of mPFC remain
unknown.

The present study focused initially on �FosB, a stable tran-
scription factor that is induced in NAc by chronic social defeat
stress where it opposes stress susceptibility (Vialou et al., 2010).
We performed brain-wide mapping of �FosB induction after
defeat stress and found, similar to earlier studies (Perrotti et al.,
2004; Nikulina et al., 2008; Lehmann and Herkenham, 2011),
robust induction in mPFC. Surprisingly, we found that such
�FosB induction in mPFC promotes stress susceptibility. We
identified the cholecystokinin (CCK)-B receptor as a molecular
target of �FosB in mPFC, where CCKergic neurotransmission
has been implicated in both anxiogenic and depressogenic effects
of social stress (Becker et al., 2001, 2008). We found that CCK
activity in mPFC is both necessary and sufficient for the anxiety-
and depression-like effects of social stress. Moreover, by use of
optogenetic approaches, we demonstrate specific actions of CCK
in mPFC subcircuits: CCK in mPFC-BLA projections mediates
anxiety symptoms, whereas CCK in mPFC-NAc projections me-
diates depression symptoms.

Materials and Methods
Experiment 1: brain-wide mapping of �FosB induction by chronic social
defeat stress. Eight-week-old C57BL/6J male mice were subjected to
chronic social defeat stress for 10 consecutive days as described previ-
ously (Berton et al., 2006; Krishnan et al., 2007; Vialou et al., 2010) (see
Table 1; Fig. 1A). Briefly, each mouse was exposed to an unfamiliar,
aggressive male CD1 retired breeder mouse for 5 min per day. After direct
interaction with the CD1 aggressor (5 min), animals were placed in an
adjacent compartment of the same cage for the next 24 h with sensory,
but not physical, contact. Control animals were housed in equivalent
cages but with members of the same strain. Social interaction tests were
performed 24 h after the final day of defeat. Social avoidance to an unfa-
miliar CD1 male mouse was assessed according to published protocols.
The time spent in the “interaction zone” (an 8-cm-wide corridor sur-
rounding the cage) was measured. Segregation of defeated mice into
susceptible and resilient subpopulations was performed as described pre-
viously (Krishnan et al., 2007; Vialou et al., 2010). Because the majority of
control mice spend more time interacting with a social target than with
an empty target enclosure, an interaction ratio of 100 (equal time spent in
the interaction zone in the presence vs absence of a social target) is used
as a cutoff: mice with scores �100 are labeled as “susceptible,” and those
with scores �100 as “resilient.” Extensive behavioral, biochemical, and
electrophysiological analyses support the validity of these distinct suscep-
tible and resilient subpopulations (Krishnan et al., 2007; Wilkinson et al.,
2009; Vialou et al., 2010).

Right after the social interaction test, mice were anesthetized and per-
fused intracardially with 4% paraformaldehyde/PBS. Cell counts for
�FosB � neurons in NAc were performed as described previously (Via-
lou et al., 2010). Brains were cryoprotected with 30% sucrose and coronal

sections (30 �m) were cut on a freezing microtome and processed for
immunohistochemistry. Free-floating sections were preincubated in a
blocking buffer containing 0.3% Triton and 3% normal goat serum.
�FosB was detected using rabbit polyclonal antibodies raised against the
N-terminal portion of the protein (1/1000 Santa Cruz Biotechnology,
catalog #sc-48) in the same buffer, then processed with biotinylated goat
anti-rabbit IgG antibodies and avidin– biotin peroxidase complex
method with DAB as a substrate (Vector Laboratories). Diaminobenzi-
dine incubation times were kept constant for all conditions (100 s). Slices
were mounted, dehydrated, and coverslipped. �FosB-immunopositive
cells showed a specific brown staining in the nucleus and were quantified
by an observer blind to the treatment conditions using a microscope
(20� magnification). Three selected brain sections spanning each brain
area were chosen per mouse for quantification. Anatomical segregation
of each brain region was performed by comparing the section with the
Paxinos mouse brain atlas. Conditions for immunohistochemistry were
optimized to reduce background levels to the minimum allowing the
correct identification of �FosB-positive cells. Mean values were calcu-
lated for each animal and considered as an individual observation for
statistical analysis. Although the antibody used recognizes both �FosB
and full-length FosB, we know by Western blotting that only �FosB is
detectable under the conditions studied (Perrotti et al., 2004; Vialou et
al., 2010).

Experiment 2: identification of social stress-induced �FosB neuronal
phenotype in mPFC. To examine expression of �FosB in cortical
GABAergic neurons, we used tissues from GAD2-tdTomato mice ex-
posed to chronic social defeat stress and stained for �FosB as de-
scribed above (see Fig. 1B). Mice were generated by breeding knockin
GAD2-Cre mice (Gad2tm2(cre)Zjh/J; JAX stock number 010802)
(Taniguchi et al., 2011) with (B6.Cg-Gt(ROSA)26Sortm9(CAG-td-
Tomato)Hze/J; JAX stock number 007908) that carry floxed-stop
controlled tdTomato (RFP variant).

Experiment 3: behavioral effects of �FosB overexpression in the prelimbic
(PrL) and infralimbic (IL) cortex. Stereotaxic surgery was performed on
adult male mice (8 weeks) to inject HSV-�FosB-GFP or HSV-GFP into
the PrL or IL regions of mPFC. Briefly, mice were anesthetized using a
mixture of ketamine (10 mg/kg) and xylazine (1 mg/kg), and the follow-
ing stereotaxic coordinates were used for viral delivery for PrL: 1.8 mm
(anterior/posterior), 0.65 mm (lateral), �2.2 mm (dorsal/ventral); and
for IL: 1.9 mm (anterior/posterior), 0.75 mm (lateral), �2.8 mm (dorsal/
ventral) at an angle of 10° from the midline (relative to bregma). A total
of 0.5 �l of purified virus was delivered bilaterally over a 5 min period
(0.1 �l/min) followed by 5 min of rest. Viral injection sites were con-
firmed using standard histological methods (see Fig. 1C). Although it is
not possible to selectively target PrL versus IL in mice with perfect accu-
racy, the data in Figure 1C illustrate that it is very feasible to predomi-
nantly target one region or the other. Indeed, the distinct behavioral
effects obtained from targeting the two regions (see Results) substantiate
this approach. The first batch of mice was used exclusively in a submaxi-
mal social defeat experiment (see Fig. 1D). Three days after surgery, mice
were subjected to two consecutive defeats on the same day and then
tested for social interaction 24 h later. This submaximal defeat procedure
has been validated previously to reveal prosusceptibility phenotypes fol-
lowing genetic manipulations (Krishnan et al., 2007; Vialou et al., 2010).

A second batch of mice was used to test for basal anxiety- and
depressive-like behaviors (see Fig. 1E–J ). A day after the surgery, mice
were habituated with a 1% (w/v) sucrose solution. The following day,
mice could choose between a water bottle and a 1% sucrose solution
bottle, switched daily. Sucrose solution intake for 24 h was measured
during the fourth and fifth day after surgery and expressed as a percent-
age of the total amount of liquid ingested. Mice were tested in the open-
field (day 3), elevated plus maze (day 4), social interaction (day 5
morning), and forced swim (day 5 afternoon) tests based on published
protocols (Vialou et al., 2010). We have found that, with this order of
testing, results on subsequent tests are not affected by previous ones
(Krishnan et al., 2007). The activity of mice in the open field was recorded
for 5 min using a videotracking system (Ethovision) under red light
conditions. The elevated plus maze consisted of two straight intersecting
runways positioned 60 cm above the floor and divided into two open and
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two enclosed arms. Mice were individually placed at the center of the
maze and allowed to freely explore each arm for a period of 5 min. In the
open-field and elevated plus maze tests, time spent in the center and open
arms, respectively, was used as an inverse index of anxiety-related re-
sponses. A one day forced swim test was conducted for a period of 5 min.
Increased time of immobility during the forced swim test was interpreted
as a prodepression-like behavior. This 1 day test has been used exten-
sively in mice and validated as a measure of predictive validity, in that
antidepressant drugs reduce immobility times.

Finally, a separate group of mice were injected intra-mOFC with HSV-
�FosB and tested for social interaction after a submaximal defeat (see
Fig. 1K ).

HSV vectors were obtained from Rachael Neve (Massachusetts Insti-
tute of Technology). The genes of interest (�FosB and GFP) are under a
CMV promoter. These vectors have been extensively validated in prior
publications (e.g., Maze et al., 2010).

Experiment 4: effects of chronic social stress on CCKB receptor levels in
mPFC. At 24 h after the social interaction test, brains were quickly re-
moved and serially sliced, and mPFC was rapidly dissected and frozen on
dry ice (see Fig. 2 A, B). RNA isolation, qPCR, and data analysis were
performed as described previously (Maze et al., 2010; Vialou et al., 2010).
RNA was isolated with TriZol reagent (Invitrogen) and was further pu-
rified with RNAeasy micro kits from QIAGEN. All RNA samples were
determined to have 260/280 and 260/230 values �1.8. Reverse transcrip-
tion was performed using iScript (Bio-Rad). qPCR using SYBR Green
(Quanta) was performed with an Applied Biosystems 7900HT RT PCR
system with the following cycle parameters: 2 min at 95°C; 40 cycles of
95°C for 15 s, 59°C for 30 s, and 72°C for 33 s; and graded heating to 95°C
to generate dissociation curves for confirmation of single PCR products.
Data were analyzed by comparing Ct values of the treatment condition
(susceptible or resilient vs control mice, or HSV-�FosB vs HSV-GFP)
with the ��Ct method (Tsankova et al., 2006). qPCR primers are as
follows: �FosB, forward, AGGCAGAGCTGGAGTCGGAGAT and re-
verse, GCCGAGGACTTGAACTTCACTCG; CCKB, forward, AC-
CCTTTATGCGGTGATCTTTC and reverse, ATGAGCACGTTTCC
GCCAA; CCK, forward, AGCGCGATACATCCAGCAG and reverse,
ACGATGGGTATTCGTAGTCCTC; GAPDH, forward, AGGTCGGTGT-
GAACGGATTTG and reverse, TGTAGACCATGTAGTTGAGGTCA.

Experiment 5: effects of �FosB on CCKB receptor and cFos levels. Mice
were injected intra-PrL with HSV-�FosB. At 72 h after surgery, at the
peak of viral overexpression, injection sites were dissected under a fluo-
rescent microscope (see Fig. 2C). RNA isolation, qPCR, and data analysis
were performed as described above. qPCR primers are as follows: c-fos,
forward, AATCCGAAGGGAACGGAATAAGA and reverse, TGCAA
CGCAGACTTCTCATCT.

Experiment 6: effects of �FosB blockade on stress-induced CCKB receptor
levels and resilience. Adult mice were injected bilaterally with HSV-GFP
or HSV-�JunD into PrL (see Fig. 2D–F ). �JunD is an N-terminal trun-
cated mutant of JunD that acts as a dominant-negative antagonist of
�FosB. Mice were subjected to social defeat twice daily for 5 d. This
accelerated social defeat protocol, shortened to coincide with the period
of maximal HSV transgene expression, has been used previously and
shown to induce maximal levels of social avoidance (Covington et al.,
2011). At 24 h after the last stress episode, mice were decapitated without
anesthesia to avoid effects of anesthetics on neuronal protein levels. In-
fected tissue was removed in PBS-containing protease (Roche) and phos-
phatase (Sigma-Aldrich) inhibitors using a 15 gauge punch and
immediately frozen on dry ice. Samples were homogenized by light son-
ication in modified RIPA buffer: 10 mM Tris base, 150 mM sodium
chloride, 1 mM EDTA, 0.1% SDS, 1% Triton X-100, 1% sodium deoxy-
cholate, pH 7.4, and protease and phosphatase inhibitors as above. After
addition of Laemmli’s buffer, proteins were separated on 4 –15% poly-
acrylamaide gradient gels (Criterion System; Bio-Rad), and Western
blotting was performed using the Odyssey system (Li-Cor) according to
the protocols of the manufacturer. Membranes were blotted with CCKB
receptor antibody (1/1000, Acris, catalog #AP01421PU-N). Another
group of mice were injected with AAV-�JunD or AAV-GFP in PrL and
then, 5 weeks after surgery to allow maximal transgene expression, the

mice were submitted to the submaximal defeat protocol. They were
tested for social interaction 24 h after the last defeat.

Experiment 7: effects of intra-mPFC CI-988, a CCKB antagonist, on
social stress-induced social avoidance and anhedonia. Bilateral cannula
(1.0 mm cannula to cannula distance, 1.8 mm anterior, injector �2.2
mm dorsal/ventral) targeting mPFC were implanted in susceptible mice
(see Fig. 2G,H ). A week after surgery, 10 ng of CI-988 was infused directly
into mPFC, targeting primarily PrL. Mice were then tested for their social
interaction behavior. Sucrose preference was measured for the remaining
24 h. CI-988 (Tocris Bioscience) was dissolved in saline, aliquoted, and
frozen. Final dilution was prepared on the day of the experiment. An
additional experiment was performed in susceptible mice with CI-988
administered intraperitoneally (2 mg/kg) 30 min before the social inter-
action test.

Experiment 8: effects of CCKB agonist on susceptibility to social stress and
reversal by optogenetic stimulation of mPFC projections to BLA or NAc.
AAV-CaMKII-ChR2-EYFP or AAV-CaMKII-EYFP was injected into the
right mPFC, again targeting primarily PrL (see Fig. 3A–G). Five weeks
later, optic fibers were implanted in right NAc (1.4 anterior/posterior, 2.6
lateral, �4.7 dorsal/ventral at an angle of 25° from the midline) or BLA
(�1.6 anterior/posterior, 3.1 lateral, �4.7 dorsal/ventral with no angle
from the midline). During the same surgical procedure bilateral cannula
were implanted into mPFC (see above). Cannulae and fibers were se-
cured to the skull with dental cement. Mice were then allowed 1 week to
recover before the start of the behavioral experiments. Mice were sub-
jected to submaximal defeat, then tested 24 h later for social interaction,
directly followed by elevated plus maze and for sucrose preference for the
remaining 24 h. At 30 min before the social interaction test, half the mice
were infused with CCK-8 (10 ng) into mPFC while the other half received
vehicle (saline). Mice were tested in pairs (a vehicle- and a CCK-8-treated
mouse, with AAV-GFP or AAV-ChR2). CCK-8 (Sigma) was dissolved in
saline, aliquoted, and frozen. Final dilution was prepared the day of the
experiment.

Optical stimulations were performed according to published proto-
cols (Covington et al., 2010). Optical fibers (Thor Laboratories) were
chronically implanted and connected via a FC/PC adaptor to a 473 nm
blue laser diode (Crystal Lasers, BCL-473– 050-M). A stimulator (Agi-
lent, #33220A) was used to generate blue light pulses. During all stimu-
lations, 40 ms bursts of 100 Hz (9.9 ms spike width) blue light pulses were
delivered every 3 s to terminal regions in BLA or NAc over the duration of
the social interaction test only, to mimic a burst-like pattern of cortical
activity. The intensity of the optic fiber light was verified before each use,
using a light sensor (Thor Laboratories, S130A), and light intensity was
�15 mW. This stimulation protocol, which was validated electrophysi-
ologically previously (Covington et al., 2010), did not induce seizures
based on behavioral observations and the absence of c-Fos expression
outside of optogenetically stimulated regions (Covington et al., 2010).

Experiment 9: effects of CCKB agonist on mPFC neuronal activity as
measured by c-Fos mRNA levels. Bilateral cannulae were implanted on
adult mice targeting the mPFC (see Fig. 3H ). After a week of rest, mice
were subjected to submaximal defeat and infused with CCK-8 24 h later.
mPFC punches were taken 30 min after the drug infusion, and samples
prepared for mRNA analysis as described above.

Animal housing. Eight-week-old C57BL/6J male mice (The Jackson
Laboratory) were used. All mice were habituated to the animal facility for
at least 1 week before experimental manipulations and were maintained
at 23°C–25°C on a 12 h light/dark cycle (lights on at 7:00 A.M.) with ad
libitum access to food and water. Experiments were conducted in accor-
dance with guidelines of the Society for Neuroscience and the Institu-
tional Animal Care and Use Committee at Icahn School of Medicine at
Mount Sinai.

Statistical analyses. Data displayed are expressed as mean � SEM (rep-
resented as error bars). One-way ANOVAs were used to compare means
between control, susceptible, and resilient mice in immunohistochemi-
cal, biochemical, and behavioral analyses. One-way ANOVAs were used
to compare means between GFP-controls and �FosB overexpression in
PrL or IL in the open-field, elevated plus maze, forced swim, and sucrose
preference tests. Two-way ANOVAs were used to compare means be-
tween GFP-controls, �FosB-PrL, and �FosB-IL in the social interaction
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test. Two-way ANOVAs were used to compare CCK-8 effects with or
without optogenetic stimulation in all behavioral experiments, as well as
the effect of �FosB overexpression or CI-988 infusion on social avoid-
ance. When appropriate, post hoc analyses were conducted using a Bon-
ferroni post hoc test. Student’s t tests were used to compare means for the
effect of CI-988 infusion on sucrose preference and forced swim tests,
and of CCK-8 on c-Fos mRNA levels. Differences between experimental
conditions were considered statistically significant when p � 0.05.

Results
Brain-wide mapping of �FosB induction by chronic social
defeat stress
We first investigated �FosB induction by immunohistochemis-
try in control, susceptible, and resilient mice, after a course of
chronic (10 d) social defeat stress, with a focus on forebrain and
midbrain regions implicated previously in stress responses. Ani-
mals were analyzed 24 h after the last defeat episode. Chronic
social stress induces �FosB in numerous brain areas with distinct
patterns observed between resilient and susceptible mice. As
shown in Table 1 and Figure 1A, IL, BLA, dentate gyrus of hip-
pocampus, dorsal striatum, and NAc core showed preferential
activation in resilient mice; such results in NAc are consistent
with published findings (Vialou et al., 2010). In striking contrast,
susceptible mice showed greater induction in PrL, lateral septum,
and bed nucleus of stria terminalis. Several brain regions showed
comparable �FosB induction in susceptible and resilient mice;
these included orbitofrontal cortex (OFC, another area of PFC),
NAc shell, dorsal raphé, and periaqueducal gray (PAG).

To identify the neuronal subtype displaying �FosB induction in
cortical regions, GAD2-tdTomato mice were subjected to chronic
social defeat stress. �FosB immunoreactivity in susceptible mice was
undetectable in GABAergic neurons (Fig. 1B), which confirms ear-
lier findings of specific induction of �FosB in cortical pyramidal

neurons after other forms of chronic stress (Perrotti et al., 2004). In
nondefeated control mice, baseline �FosB levels across brain regions
were similar to those reported in previous studies (Perrotti et al.,
2004, 2008) with much higher basal levels in the NAc and dorsal
striatum compared with any other region, with the one exception of
dentate gyrus, which displayed levels comparable with those in stri-
atal regions (Table 1).

�FosB in mPFC promotes susceptibility to stress
To follow-up these findings, we focused on PrL because we had
shown previously that optogenetic activation of this region ex-
erted antidepressant-like effects in the social defeat paradigm
(Covington et al., 2010). To test the functional consequences of
�FosB induction in this brain region, we virally overexpressed
�FosB in PrL of control mice (Fig. 1C) and subjected them to a
submaximal course of social defeat stress, which does not induce
social avoidance in normal animals. Mice overexpressing �FosB
in PrL were more susceptible to social defeat than GFP-injected
control mice in that they showed social avoidance behavior after
submaximal social defeat (interaction, F(2,38) 	 2.847, p 
 0.05,
main effect of virus, F(2,38) 	 6.013, p � 0.05; Bonferroni post test
t 	 2.447, p � 0.05) (Fig. 1D). These mice also showed increased
immobility in a 1 day forced swim test (F(2,31) 	 6.448, p � 0.05;
Bonferroni post test t 	 3.518, p � 0.05) (Fig. 1E), an effect
opposite to that produced by antidepressant drugs. In contrast,
�FosB overexpression in PrL did not alter several baseline mea-
sures of anxiety-like behavior, sucrose preference, social interac-
tion, or locomotor activity (Fig. 1F–J). Together, these findings
support the hypothesis that the selective induction of �FosB in
PrL of susceptible mice contributes to vulnerability to stress and
its deleterious consequences. In contrast, �FosB overexpression
in another region of mPFC, IL, had no effect on baseline emo-
tional behaviors or on responses to social defeat stress (Fig. 1D–
J), whereas �FosB overexpression in medial OFC trended toward
promoting resilience to chronic social defeat, although this effect
did not reach statistical significance (interaction, F(1,31) 	 1.741,
p 
 0.05, main effect of interaction time, F(1,31) 	 14.170, p �
0.05; Bonferroni post test t 	 3.860, p � 0.05 within GFP group;
t 	 1.960, p � 0.05 within �FosB group; effect of virus, t 	 2.447,
p � 0.05) (Fig. 1K).

�FosB promotes CCKB induction in mPFC
A large body of evidence supports the notion that CCK, an abun-
dant neuropeptide in brain, plays an essential role in neurobio-
logical mechanisms of stress and anxiety (Rotzinger and
Vaccarino, 2003). In particular, release of CCK in mPFC during
social stress in rats is associated with anxiety-related behaviors
(Becker et al., 2001). Although the involvement of CCK in human
depression remains unclear, recent evidence points to its role in
social defeat-induced depression-like behavior in rats (Becker et
al., 2008). We thus hypothesized that alterations in levels of CCK
or its CCKB (also known as CCK2) receptor in mPFC might
contribute to differences between susceptible and resilient mice.
At 48 h after the final defeat episode, CCKB mRNA levels were
decreased in mPFC of resilient mice only (F(2,18) 	 8.084, p �
0.01; Bonferroni post test, t 	 3.104, p � 0.05 vs control; t 	
5.113, p � 0.01 vs susceptible) (Fig. 2A). No difference was ob-
served in CCK mRNA levels in either susceptible or resilient mice
(data not shown). We observed an increase in �FosB mRNA
levels only in susceptible mice consistent with the protein data
reported above (F(2,18) 	 5.246, p � 0.01; Bonferroni post test t 	
3.336, p � 0.05 vs susceptible; t test t(12) 	 2.138, p � 0.05 vs
control) (Fig. 2B). Because �FosB regulates the transcription of

Table 1. Mean number (� SEM) of FosB-immunoreactive nuclei per mm 2 in brain
areas of control, susceptible, and resilient mice 24 h after chronic (10 d) social
defeat stress

Structure Control Susceptible Resilient

OFC 37.5 � 1.1 94.4 � 17.1** 114.5 � 5.7**
PrL 38.1 � 7.9 72.9 � 3.4** 59.7 � 8.3
IL 33.4 � 8.4 56.4 � 7.6 72.1 � 6.7**
NAc shell 256.1 � 35.3 459.6 � 15.1*** 581.5 � 23.7***,#

NAc core 281.7 � 45.0 386.7 � 14.3 592.2 � 47.1***,#

CPu 99.0 � 22.5 127.5 � 18.9 176.0 � 10.3*
LSd 34.0 � 8.1 64.5 � 18.2 84.0 � 15.2
LSv 89.0 � 16.8 268.0 � 37.7* 196.8 � 43.8
BNSTd 20.0 � 3.0 64.5 � 9.3** 46.5 � 7.4
BNSTv 28.5 � 5.1 59.3 � 6.4 77.0 � 26.4
DG 315.1 � 41.0 306.4 � 66.6 538.9 � 63.8 #

CA1 10.9 � 4.7 2.9 � 1.9 6.1 � 3.7
CA3 59.2 � 14.4 51.0 � 7.9 113.9 � 26.1
BLA 55.6 � 5.9 71.0 � 15.2 108.7 � 7.3*
BMA 79.8 � 11.6 90.4 � 22.8 137.3 � 36.5
CeA 61.2 � 16.7 45.7 � 9.9 50.1 � 12.2
SNc 8.0 � 2.9 9.8 � 5.4 5.5 � 1.4
VTA 11.0 � 3.9 23.3 � 6.5 18.5 � 4.2
PAG 18.7 � 2.2 33.6 � 3.7* 38.1 � 4.8*
DR 8.0 � 2.2 30.3 � 3.7** 25.8 � 3.9*
LC 26.7 � 7.4 88.6 � 24.7 92.2 � 23.2

CPu, Caudate-putamen; LSd/v, lateral septum dorsal/ventral; BNST, bed nucleus of stria terminalis; DG, dentate
gyrus; CA1/3, cornu ammonis area 1/3; BMA, basomedial amygdala; CeA, central nucleus of the amygdala; SNc,
subtantia nigra pars compacta; VTA, ventral tegmental area; DR, dorsal raphe; LC, locus ceruleus.

*p � 0.05, compared with controls.

**p � 0.01, compared with controls.

***p � 0.001, compared with controls.
#p � 0.05, compared with susceptible mice.
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numerous genes (McClung and Nestler, 2003; Winstanley et al.,
2007), we considered the possibility that it might regulate CCKB
mRNA expression. To address this question, we first overex-
pressed �FosB in PrL and found that this manipulation upregu-
lates CCKB mRNA levels in this region (t(12) 	 2.012, p � 0.05 vs
GFP) (Fig. 2C). Interestingly, we also found a decrease in c-Fos

mRNA levels after �FosB overexpression (t(11) 	 3.382, p � 0.01)
(Fig. 2C). These findings further suggest that �FosB induction in
PrL of susceptible mice is an active mechanism of susceptibility
by preventing the suppression of CCKB seen in resilient mice.

To further strengthen these observations, we overexpressed
�JunD, a �FosB binding partner that lacks its transactivation

Figure 1. �FosB induction in mPFC promotes susceptibility to stress. A, Representative photomicrographs of �FosB immunohistochemistry in mPFC 24 h after the last of 10 social defeat
episodes. B, Induction of �FosB does not occur in GABAergic interneurons in PrL. C, Representative photomicrograph of HSV-�FosB injection into PrL (left) and IL (right). D, Overexpression of �FosB
in PrL promotes social avoidance to submaximal defeat stress (n 	 7–11; *p � 0.05, two-way ANOVA, compared with “no target”), and immobility in the forced swim test (E) (n 	 8 –10; *p �
0.05, one-way ANOVA, compared with “GFP”) but does not affect basal measures of anxiety (F, G), anhedonia (H ), social interaction with no stress (I ), or locomotor activity (J ) (n 	 7–11).
Overexpression of�FosB in IL had no discernible effects in these assays (D–J ) (n	7–11). K, Overexpression of�FosB in mOFC did not significantly reverse social avoidance induced by chronic social
defeat stress (n 	 8 –10; *p � 0.05, two-way ANOVA, compared with “no target,” #p � 0.05, t test vs GFP).

Figure 2. Blockade of the CCKB receptor has a proresilience, antidepressant-like effect. A, Social defeat decreases CCKB receptor levels in mPFC only in resilient mice (n 	 8 –10). *p � 0.05,
compared with control (one-way ANOVA). **p � 0.05 (t test). B, �FosB mRNA was only induced in susceptible mice (n 	 8 –10). *p � 0.05 (one-way ANOVA). #p � 0.05 (t test). C, Overexpression
of �FosB in PrL of susceptible mice upregulates CCKB levels and downregulates c-Fos levels in this brain region (n 	 7–11). *p � 0.05 (t test vs GFP). **p � 0.01 (t test vs GFP). D, HSV-mediated
expression of �JunD in PrL blocked social defeat-induced CCKB protein levels in this region (n 	 7). **p � 0.05 (one-way ANOVA). #p � 0.05 (t test vs control). E, Western blots of virus-injected
PrL shown in D. F, �JunD promoted resilience to social defeat-induced avoidance (n 	 9). #p 	 0.05 (t test vs GFP). G, H, Infusion of the CCKB receptor antagonist CI-988 (10 ng) into PrL of
susceptible mice reverses the social avoidance (n 	 6; *p � 0.05, two-way ANOVA) and sucrose preference deficit induced by social defeat (n 	 6; *p � 0.05, t test vs vehicle).
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domain and thereby acts as a dominant negative antagonist, and
determined its effect on stress-induced CCKB expression. We
confirmed that chronic social defeat stress increased CCKB pro-
tein levels in PrL of susceptible mice (t test t(12) 	 2.289, p � 0.05
vs control) (Fig. 2D,E). Moreover, such induction was com-
pletely blocked by �JunD overexpression in this region (F(2,20) 	
6.306, p � 0.01, Bonferroni post test t 	 3.615, p � 0.01) (Fig.
2D,E), supporting the hypothesis that �FosB mediates stress-
induced CCKB expression. Furthermore, blockade of �FosB ac-
tivity in PrL, via local �JunD expression, also promoted resilience
to defeat stress (t test t(16) 	 2.114, p 	 0.05 vs control) (Fig. 2F).
The mechanism underlying the downregulation of CCKB in re-
silient mice remains to be elucidated.

Role of CCKB in resilience and susceptibility to stress
To directly test the role of CCKB regulation in PrL in mediating
susceptibility versus resilience, we infused the selective CCKB
receptor antagonist CI-988 (10 ng) directly into this brain region
of susceptible mice. CI-988 effectively antagonizes CCKB recep-
tors in vivo because it exhibits nanomolar affinity and high selec-
tivity for the CCKB receptor subtype (Noble et al., 1999).
Blockade of CCKB activity strongly increased social interaction
(Fig. 2G) (interaction, F(1,20) 	 7.795, p � 0.05; drug F(1,20) 	
5.38, p � 0.05, Bonferroni post test t 	 3.615, p � 0.01). CI-988
infusion also reversed the deficit in sucrose preference observed
in susceptible mice (t(8) 	 2.681, p � 0.05) (Fig. 2H). Both be-
havioral results indicate that blockade of CCK action in PrL
exerts potent antidepressant-like effects. Interestingly, when ad-
ministered intraperitoneally, CI-988 was ineffective in reversing
social avoidance (data not shown).

To test the converse, that activation of CCKB in PrL could
mediate the social avoidance and decreased sucrose preference
induced by chronic social defeat stress, we examined the effect
of local infusion of CCK-8 (10 ng), the predominant form of
CCK in brain, on depression- and anxiety-related behaviors.
The dose of the drug was chosen based on previous results in
the literature (De Witte et al., 1987; Rotzinger and Vaccarino,
2003; Zanoveli et al., 2004). Mice were exposed to submaximal
social defeat stress 24 h before behavioral testing (Fig. 3A).
CCK-8, infused 30 min before testing, was sufficient to induce
social avoidance in the social interaction test as well as a de-
crease in time spent in the open arms in the elevated plus maze
(SI: BLA, interaction, F(1,22) 	 0.79, p 
 0.05; main effect of
drug, F(1,22) 	 11.75, p � 0.05; Bonferroni post test t 	 2.957,

p � 0.05; NAc: interaction, F(1,26) 	 6.688, p � 0.05, Bonfer-
roni post test t 	 2.816, p � 0.05; EPM: BLA, interaction,
F(1,22) 	 8.0, p � 0.01; Bonferroni post test t 	 2.509, p � 0.05
drug effect; t 	 2.528, p � 0.05 virus effect; NAc, t test t(17) 	
1.961; p � 0.05 drug effect within eYFP group) (Fig. 3B–E,
left). No differences were observed in sucrose preference (Fig.
3 F, G, left). Finally, CCK-8 infusion had no effect on the be-
havior (social interaction and elevated plus maze) of naive
nondefeated mice in these assays (data not shown). These
results demonstrate that the �FosB-mediated increase in
CCKB activity in PrL of susceptible mice, compared with re-
silient mice, contributes to some of the stress-induced behav-
ioral deficits exhibited by these animals.

Blockade of CCK-induced susceptibility to stress by
activation of cortical projections to BLA versus NAc
Decreased mPFC neural activity correlates with depression-like
behaviors in mice, with optogenetic stimulation of mPFC neu-
rons of susceptible mice producing antidepressant-like effects

(Covington et al., 2010). We thus hypothesized that CCK might
act in PrL by inhibiting neuronal activity and thereby causing
depression-like behavior. Consistent with this hypothesis, we ob-
served a decrease in c-Fos mRNA levels in PrL in response to CCK
infusion into this brain region (t(13) 	 2.235, p � 0.05) (Fig. 3H).

We next hypothesized that optogenetic stimulation of mPFC
exerts its antidepressant actions by opposing the effects of CCK
on neuronal activity. In testing this hypothesis, we investigated
the subcortical structures mediating the anxiogenic- and
prodepression-like effects of CCK. Pyramidal neurons of the
mPFC project heavily to the NAc and BLA, two limbic structures
implicated in behavioral responses to stress. Altered activity of
both brain regions has been shown to play an essential role in the
expression of anxiety- and depression-like behaviors (Vialou et
al., 2010; Tye et al., 2011). We therefore tested whether stimula-
tion of glutamatergic projections from PrL to NAc or to BLA
would oppose the deleterious effects of CCK microinfusion into
PrL (Fig. 3A). We injected AAV-CaMKII-ChR2-EYFP, or AAV-
CaMKII-EYFP as a control, into PrL. The CaMKII promoter is
known to target viral expression to glutamatergic pyramidal neu-
rons in cortical regions. We then allowed sufficient time (6
weeks) for the transgenes to be transported to the nerve terminals
of these pyramidal neurons in NAc and BLA (Fig. 3I). Mice re-
ceived submaximal social defeat; 24 h later, we infused CCK-8
into PrL and, 30 min after that, social interaction was measured
during optogenetic stimulation of glutamatergic terminals in
NAc or BLA. Immediately after the social interaction test, mice
were evaluated in the elevated plus maze to assess anxiety-related
behavior and then for sucrose preference to assess anhedonia.

Optogenetic stimulation of PrL glutamatergic projections
to NAc fully reversed the social avoidance induced by intra-
PrL CCK-8 (interaction, F(1,26) 	 6.688, p � 0.05, no drug
effect in ChR2 group) (Fig. 3C). In contrast, such PrL to NAc
stimulation had no effect on anxiety-like behavior as mea-
sured in the elevated plus maze (Fig. 3E); however, such stim-
ulation increased sucrose preference compared with
unstimulated mice (interaction, F(1,20) 	 5.77, p � 0.05; Bon-
ferroni post test t 	 2.998, p � 0.05 stimulation effect within
CCK-8 treated animals) (Fig. 3G).

A very different behavioral pattern was seen with optogenetic
stimulation of PrL glutamatergic projections to BLA. Such stim-
ulation did not prevent the social avoidance induced by intra-PrL
CCK-8 infusion (interaction, F(1,22) 	 0.79, p 
 0.05; main effect
of drug, F(1,22) 	 11.75, p � 0.05; no effect in stimulated group, t
test t(12) 	 2.054, p � 0.05) (Fig. 3B). However, stimulation of
BLA afferents exerted an anxiolytic-like effect as indicated by
increased time spent in the open arms of the elevated plus maze
(interaction, F(1,22) 	 8.0, p � 0.01; Bonferroni post test t 	
2.528, p � 0.05 virus effect within CCK-8 treated groups) (Fig.
3D). Stimulation of glutamatergic projections to BLA had no
significant effect on sucrose preference (interaction, F(1,22) 	
2.08, p 
 0.05) (Fig. 3F).

Discussion
Results of the present study provide evidence of molecular adap-
tations occurring in PrL that underlie susceptibility to social
stress. We show induction of �FosB in this mPFC subregion after
chronic social defeat stress, where �FosB overexpression pro-
motes stress susceptibility. We identified the CCKB receptor as
one target gene regulated by �FosB in PrL, apparently inducing
CCKB protein in susceptible mice and preventing the downregu-
lation of CCKB expression that occurs selectively in resilient
mice. We showed further that infusion of a CCK agonist into PrL
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Figure 3. CCK-8-induced stress susceptibility depends on specific cortical projections. A, At 24 h after submaximal social defeat and 30 min after CCK-8 infusion, mPFC projection regions were
laser-stimulated during a test for social interaction. CCK-8 infusion into the PrL induced social avoidance (B, C), reduced exploratory behaviors (D, E), and decreased sucrose preference (F, G) (n 	
6 – 8). *p � 0.05 (two-way ANOVA). #p � 0.05, compared with vehicle (t test). H, CCK-8 infusion decreased c-Fos mRNA levels in mPFC, suggesting decreased neuronal activity (n 	 7 or 8). *p �
0.05, compared with vehicle (t test). I, Representative photomicrograph of ChR2-GFP expression in two mPFC projections areas, NAc (left) and BLA (right), 6 weeks after injection into PrL.
Optogenetic stimulation of cortical projections to BLA (B–F) or NAc (C–G) had opposite effect on measures of social avoidance, sucrose preference, and anxiety-like behavior (n 	 6 – 8). *p � 0.05
(two-way ANOVA).
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promotes depression- and anxiety-like behavioral abnormalities
in response to social stress, whereas blockade of CCKB receptor
activity in this region of susceptible mice blocks these effects. We
next used optogenetic tools to identify the microcircuitry in-
volved in the proanxiety- vs prodepression-like actions of CCK in
PrL. Although cortico-NAc glutamatergic projections mediate
reward deficits evidenced by social avoidance and reduced sucrose
preference, this microcircuit does not influence the anxiogenic ef-
fects of CCK infused into PrL. Conversely, cortical projections to
BLA mediate the manifestation of anxiety-related behaviors but
have no effect on social stress-induced social avoidance or sucrose
preference deficits. Together, these data show that alterations in PrL
function after chronic social defeat stress mediate numerous behav-
ioral deficits via specific subcortical projections.

�FosB: mapping a limbic stress network and role in mPFC
�FosB immunohistochemistry identifies neurons affected by
chronic stress with single-cell resolution and has been used for
mapping stress-regulated neuronal circuitry (Perrotti et al., 2004;
Nikulina et al., 2008; Lehmann and Herkenham, 2011). We used
this methodology to show that chronic social defeat stress in-
duces �FosB in several brain areas with distinct patterns between
resilient and susceptible groups, with some regions showing in-
duction in resilient mice only, others in susceptible mice only,
and still others under both conditions (Table 1). Previous work
demonstrated that �FosB induction in NAc or ventral PAG pro-
motes resilience to chronic stress and contributes to antidepres-
sant responses (Berton et al., 2007; Vialou et al., 2010).

Induction of �FosB in PrL of susceptible mice, coupled with
previous findings that optogenetic stimulation of this region ex-
erts antidepressant effects (Covington et al., 2010), prompted us
to study the influence of �FosB in this cortical region. Opposite
to findings in NAc and ventral PAG, we found that �FosB in PrL
promotes susceptibility to chronic social defeat stress and pro-
duces a prodepression-like effect in the forced swim test, without
affecting anxiety-like behavior or sucrose preference. In contrast
to PrL, we found no effect of �FosB overexpression in the nearby
IL. A recent study found elevated levels of �FosB in IL in resilient
mice and implicated this subregion in resilience to social stress
(Lehmann and Herkenham, 2011). Further studies are thus
needed to address differential roles for these two mPFC subre-
gions, which have been shown to produce opposite effects in
other behavioral domains (Sierra-Mercado et al., 2011; Burgos-
Robles et al., 2013; Richard and Berridge, 2013). We previously
reported that depressed humans display lower levels of �FosB in
NAc examined postmortem (Vialou et al., 2010), whereas higher
levels of �FosB have been shown in dorsolateral PFC (Brodmann
area 46) of depressed humans (Teyssier et al., 2011). Other cor-
tical regions were not examined in the latter study. In any event,
these findings together support region-specific abnormalities in
�FosB expression in human depression, where the transcription
factor exerts very different effects on stress vulnerability. It would
be interesting in future studies to examine the influence of �FosB
in numerous other brain regions where it is induced (Table 1) on
stress responses.

One mechanism by which �FosB induction in PrL might con-
tribute to depression-like behavior is via suppression of PrL ac-
tivity. �FosB has been shown to suppress AMPA glutamate
responses, and c-Fos expression, in NAc medium spiny neurons
(Renthal et al., 2008; Vialou et al., 2010; Grueter et al., 2013).
Likewise, we found a decrease in c-Fos expression after �FosB
overexpression in PrL. Thus, �FosB induction in PrL could be
responsible for reduced neuronal activity seen in this region after

chronic social defeat stress. Such decreased tone of PrL over its
subcortical targets, such as BLA and NAc, would be expected to
enhance fear expression and the inability to extinguish emotional
responses to stress (Fales et al., 2008, 2009). Moreover, mPFC
lesions induce sensitized stress responses and deficits in fear ex-
tinction (Holson, 1986; Silva et al., 1986; Diorio et al., 1993;
Milad and Quirk, 2002), suggesting that stress-induced impair-
ment of mPFC, mediated partly via �FosB induction, could con-
tribute to depression and other stress-related disorders (Choi et
al., 2012).

Role of CCK in stress vulnerability
We provide evidence that the CCKB receptor is a target of �FosB,
such that �FosB induction in PrL of susceptible mice only is one
mechanism through which �FosB exerts its prodepression-like
effects in this region. Although the specific actions of CCK in
mPFC circuitry remain unclear, in rodents CCK is localized
within GABAergic interneurons (Somogyi et al., 1984). It is
thought to suppress the activity of cortical pyramidal neurons by
enhancing local GABA release and acting directly on CCKB re-
ceptors expressed by pyramidal neurons (Yaksh et al., 1987;
Benoliel et al., 1992; Pérez de la Mora et al., 1993; Gallopin et al.,
2006). Thus, CCKergic neurotransmission could contribute to
the reduced PrL activity noted above.

CCK is an anxiogenic agent, with systemic administration of
CCKB agonists inducing panic attacks in healthy volunteers. Pa-
tients predisposed to panic attacks become hypersensitized after
CCK exposure (de Montigny, 1989; Bradwejn et al., 1991). Several
studies have confirmed CCK’s anxiogenic effects in rodents (Rotz-
inger and Vaccarino, 2003). CCK release in mPFC during defeat
stress in rats is associated with anxiety-related behaviors (Becker et
al., 2001); PrL and IL subregions were not differentiated in this study.
More recently, systemic, chronic blockade of CCKB with CI-988
exerted antidepressant-like effects in rats (Becker et al., 2008). CI-
988 normalized immobility time in the forced swim test. It also pre-
vented hypothalamic-pituitary-adrenal axis hyperactivity, reduced
hippocampal volume and cell proliferation, and reduced sucrose
preference normally evoked by social defeat. Here, we confirm these
results by showing an antidepressant-like effect of CI-988 infused
into PrL of susceptible mice, although a single systemic injection did
not mimic this effect.

In addition to the acute actions of CCK in PrL, we identified
decreased levels of CCKB mRNA in resilient mice, which could be
a molecular adaptation underlying resilience. Indeed, alterations
in CCKergic tone, specifically CCKB levels, constitute an impor-
tant mechanism for the expression of anxiety. Transgenic mice
overexpressing CCKB in forebrain show heightened anxiety and
fear responses (Chen et al., 2006). Our finding of altered CCKB
levels between resilient and susceptible mice might contribute to
the phenotypic differences in anxiety and depressive-like behav-
ior. Here, we demonstrate the PrL as a critical anatomical sub-
strate for the anxiogenic and prodepressant effects of CCK in the
context of social stress. Nevertheless, several other brain regions
are involved in CCK’s behavioral actions, including BLA, hip-
pocampus, NAc, and PAG (De Witte et al., 1987; Belcheva et al.,
1994; Noble and Roques, 1999; Zanoveli et al., 2004; Rezayat et
al., 2005). Also, we found an increase in CCKB protein levels, but
not mRNA levels, in mPFC of susceptible animals. These findings
underscore that, although mRNA levels often correlate with pro-
tein levels, this is not necessarily the case (Gygi et al., 1999).

Our optogenetic experiments demonstrate that increasing ac-
tivity of glutamatergic projections from PrL to NAc or to BLA
antagonizes the effects of CCK in PrL. Further studies are needed
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to establish that this effect of optogenetic stimulation is mediated
by the same PrL neurons that are controlled by CCK. Interest-
ingly, our data reveal distinct roles of these two microcircuits in
mediating different domains of behavioral abnormalities. The
cortico-NAc projection controls anhedonia and reward; the fact
that it regulates social avoidance confirms that this symptom is
more a reflection of decreased motivation and reward for social
behavior and not of increased social anxiety. This conclusion is
consistent with the inability of benzodiazepines to correct this
abnormality (Berton et al., 2006), and with the recent demonstra-
tion that mPFC stimulation of NAc increases reward and moti-
vation for drugs of abuse (Britt et al., 2012). In contrast, the
cortico-BLA projection controls anxiety-related symptoms, con-
sistent with a large literature in rodents and humans (see above).

In conclusion, results of the present study identify a pattern of
limbic brain regions implicated in susceptible and resilient animals,
and demonstrate alterations in PrL that promote susceptibility.
These alterations involve induction of�FosB and its induction of the
CCKB receptor. In contrast, blockade of CCK actions in PrL pro-
motes antidepressant- and anxiolytic-like effects. We also establish
the subcortical targets of these cortical pyramidal neurons that
mediate these actions, with a cortico-NAc circuit essential for
depression-related behaviors, and a cortico-BLA circuit essential for
anxiety-related behaviors. Whereas clinical studies of CCKB antag-
onists in depressed patients in the 1990s did not yield promising
results, the present findings suggest the value of revisiting the thera-
peutic potential of such agents in subsets of patients exposed to high
levels of stress.
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