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Abstract
Intermittent social defeat stress exposure augments behavioral response to psychostimulants in a
process termed cross-sensitization. Brain-derived neurotrophic factor (BDNF) mediates synaptic
plasticity and cellular responses to stress and drugs of abuse. We previously showed that repeated
social defeat stress persistently alters BDNF and activates ΔFosB expression in mesocorticolimbic
regions. Here, we hypothesized that social defeat stress would increase ΔFosB expression in
BDNF-containing mesocorticolimbic neurons at a time when cross-sensitization is evident.
Because the ventral tegmental area (VTA) is critical for cross-sensitization, we similarly
hypothesized that repeated social defeat stress would induce ΔFosB in neurons of
mesocorticolimbic terminal regions that innervate the VTA. We induced social defeat stress in rats
by short confrontations with an aggressive resident rat every third day for 10 days. Control rats
were handled according to the same schedule. Defeated rats exhibited sensitized locomotor
response to amphetamine (1.0 mg/kg, i.p.) 10 days after termination of stress exposure. Separate
rats, which underwent stress procedures without amphetamine challenge, were used for
histological assessments. Rats received intra-VTA infusion of the retrograde tracer, Fluorogold,
and brain tissue was collected 10 days after stress or handling for immunhistochemistry. Stress
exposure increased BDNF immunoreactivity in anterior cingulate, prelimbic and infralimbic
regions of the prefrontal cortex, medial amygdala, nucleus accumbens and VTA; ΔFosB labeling
in anterior cingulate cortex and nucleus accumbens; and ΔFosB/BDNF co-expression in prelimbic
cortex, nucleus accumbens and medial amygdala. Infralimbic ΔFosB-labeling was enhanced by
stress in neurons innervating the VTA. Increased ΔFosB/BDNF co-expression and persistent
functional activation of corticolimbic neurons after stress may contribute to mechanisms
underlying cross-sensitization to psychostimulants.
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Pre-clinical and clinical data point to stress exposure as a risk factor for addictive behavior
(Sinha, 2007). Social stress resulting from defeat after aggressive confrontations with
conspecific counterparts is a powerful stressor for both humans and animals (Koolhaas et al.,
1999, Björkqvist, 2001). In rodent models, social defeat stress induces profound and long-
lasting alterations of function in mesocorticolimbic circuits accompanied by persisting
enhancement of drug-related behaviors. This includes augmented behavioral responses to
low doses of psychostimulants, a process termed cross-sensitization, and enhanced
psychostimulant self-administration (Covington and Miczek, 2001, Nikulina et al., 2004,
Covington et al., 2005).

Behavioral sensitization is a consequence of drug-induced neuroadaptive changes and is
thought to underlie certain aspects of drug addiction, such as craving and relapse (Robinson
and Berridge, 2001). A neural circuit involving dopaminergic and glutamatergic
interconnections between the ventral tegmental area (VTA), nucleus accumbens (NAc), and
prefrontal cortex (PFC) is essential for the induction and expression of behavioral
sensitization (Vanderschuren and Kalivas, 2000). Brain-derived neurotrophic factor (BDNF)
is a neurotrophin important for synaptic plasticity (Kang and Schuman, 1995, Horch et al.,
1999) that is expressed within these regions (Seroogy et al., 1994, Conner et al., 1997) and
may represent a critical molecular stimulus for persisting psychomotor cross-sensitization.

Social defeat stress induces activation of the mesocorticolimbic dopamine system (Tidey
and Miczek, 1996), and stimulation of dopamine synthesis promotes the expression of
BDNF (Okazawa et al., 1992). Recently we observed that repeated social defeat stress
increases short-term BDNF expression in prefrontal cortical regions and delayed, prolonged
BDNF expression in medial amygdala (AMY) and VTA (Fanous et al., 2010). Similarly,
repeated exposure to psychostimulants both produces behavioral sensitization and increases
BDNF in the PFC, NAc, and AMY (Meredith et al., 2002, Le Foll et al., 2005, Fumagalli et
al., 2007, Fanous et al., 2011). These lines of evidence suggest that stress-induced alteration
of BDNF signaling in the these brain regions could regulate the function of this reward
circuit (Ghitza et al., 2010).

Additionally, inducible transcription factors of the Fos family are involved in
neuroadaptations resulting from stress or psychostimulant administration (Hope et al., 1994,
Vanderschuren et al., 2002, Perrotti et al., 2004, Hope et al., 2006, Perrotti et al., 2008).
ΔFosB, a stable protein of the Fos family induced by chronic drug treatments, has been
proposed as an important mediator of long-term plasticity in the brain (Nestler et al., 1999,
McClung et al., 2004, Nestler, 2008). We previously observed that repeated social defeat
stress increases ΔFosB expression in mesocorticolimbic terminal regions such as the PFC,
NAc, and AMY, which persists up to 14 days after stress termination (Nikulina et al., 2008).
Because enhanced mesocorticolimbic BDNF and ΔFosB represent lasting molecular
consequences of both repeated social defeat stress and chronic drug treatments, expression
of both together may contribute to cross-sensitization. However, whether ΔFosB and BDNF
are co-expressed in mesocorticolimbic neurons during cross-sensitization is unknown.

Our present aim was to examine anatomical substrates for prolonged molecular
consequences of social defeat stress. We hypothesized that repeated activation of
mesocorticolimbic neurons by social defeat stress would increase ΔFosB and BDNF in an
overlapping population of neurons. Thus, ΔFosB and BDNF co-expression was examined in
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mesocorticolimbic regions 10 days after exposure to intermittent social defeat stress at a
time when behavioral cross-sensitization to psychostimulants is known to be present.
Additionally, we hypothesized that stress exposure would increase ΔFosB in prefrontal
cortical neurons innervating the VTA, which is implicated in the development of behavioral
sensitization (Kalivas and Weber, 1988, Perugini and Vezina, 1994) and is reciprocally
connected to prefrontal cortex (Geisler and Zahm, 2005). To investigate this, we infused the
retrograde tracer Fluorogold (FG) into the VTA and measured ΔFosB/FG co-labeling in
mesocorticolimbic terminal regions 10 days after repeated social defeat stress exposure.

EXPERIMENTAL PROCEDURES
Subjects

Twenty nine male Sprague-Dawley rats (Charles River Laboratories, Hollister, CA, USA)
were acclimated to laboratory conditions for one week prior to the start of experimentation.
Rats weighed 270 – 300 g at the beginning of experimental manipulations, and were singly
housed in standard plastic cages (55 × 31 × 21 cm) prior to behavioral procedures and
during recovery from surgery. Rats were maintained under a reverse 12-h light-dark cycle
(lights off at 0900 h) with free access to food (Purina Rodent Chow) and water. Male
hooded Long-Evans rats (weighing 550-700 g), termed “residents,” were continuously pair-
housed with an individual female in large plastic cages (37 × 50 × 20 cm), and were used to
induce social defeat stress in experimental Sprague-Dawley male rats. All females
underwent tubal ligation prior to pair-housing with males to maintain cycling and prevent
pregnancy. Residents were screened repeatedly for reliable performance of aggressive
behavior toward an intruder rat. All experimental procedures were approved by the
University of Arizona and Arizona State University Institutional Animal Care and Use
Committees, and were conducted in accordance with the Guide for the Care and Use of
Laboratory Animals (National Research Council, 2003). In addition, all efforts were made to
minimize animal suffering and the number of subjects.

Experimental Design
General procedure—After adaptation to laboratory conditions, rats were randomly
assigned to either the “social defeat stress” experimental group or to a non-stressed handled
control group. Experimental rats were exposed to intermittent social defeat stress every third
day for 10 days (4 defeats total), and control rats were handled at the same times, but not
exposed to resident rats. Two experiments were conducted in parallel. One set of rats (n=17)
was subjected to social defeat stress to induce behavioral cross-sensitization or to control
handling, and 10 days later was challenged with amphetamine. We chose this time-point
because we and others have demonstrated both behavioral cross-sensitization and alterations
in Fos and BDNF response in various mesocorticolimbic regions 10 days after repeated
social defeat (Nikulina et al., 2004, Miczek et al., 2008, Miczek et al., 2011). In order to
assess persistent protein changes resulting from stress without the confound of an acute
amphetamine challenge, another set of rats (n=12) received injections of FG into the VTA
one week before the same social defeat stress or handling procedure, and were euthanized 10
days after stress termination, a time point corresponding to the expression of cross-
sensitization. Brain tissue was collected in the absence of amphetamine challenge in order to
assess long-term effects of repeated social defeat stress on BDNF and ΔFosB expression at a
time when cross-sensitization to amphetamine would normally be expressed.

Surgeries—Rats used for histological assessments received unilateral FG injections into
VTA at the following stereotaxic coordinates: AP = -5.1, DV = -8.8, ML = -0.6 (Paxinos
and Watson, 2005). FG produces reliable and long-lasting retrograde labeling from discrete
injection sites without disrupting behavior or subsequent histochemical procedures (Cheung
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and Hammer, 1995). Briefly, FG (4% in 0.1M sodium cacodylate buffer; Fluorochrome,
LLC, Denver, CO) was infused into rats anesthetized with isofluorane by stereotaxic
iontophoresis using a 20-30 μm tip diameter micropipette and 6 μamp, 7 sec alternating
current for 10 min. Withdrawal of the micropipette was accompanied by application of -1
μamp current to avoid FG diffusion along the pipette track. Wounds were closed with bone
wax and surgical staples. Behavioral manipulation with social defeat stress or handling
began after one week of recovery.

Social defeat stress—Experimental rats were defeated as described previously
(Tornatzky and Miczek, 1995, Nikulina et al., 2004). After removing the female from the
resident's cage 30 min prior to social stress exposure, the experimental intruder rat was
placed into the home cage of a resident male rat. For the first 5 min, the intruder rat
remained under a stainless steel protective cage (25 × 15 × 15cm) in order to expose the
intruder to threats from the resident. The protective cage was then removed, and the resident
attacked the intruder within 1-2 min. Defeat of the experimental rat was identified as the
display of a submissive supine posture for at least four seconds, which usually occurred
following 4-5 bites within a maximum of 5 min. Following display of this supine posture,
the intruder was placed under the protective cage within the resident's cage and remained
there for an additional 20 min. Intruder rats were not exposed to the same resident on
consecutive days or more than twice during the experiment. After each social defeat stress
exposure, intruder rats were immediately returned to their home cages.

Locomotor activity—Amphetamine (1.0 mg/kg, i.p.) injections were given and
locomotor activity was tracked in a separate testing room in a home cage. Rats habituated to
the testing room, testing chamber, and injection procedure for 2 days prior to the
amphetamine or saline challenge day. Locomotor response to amphetamine was measured
10 days after the last social stress exposure using Videotrack software (Viewpoint Life
System, Montreal, Canada) and a CCD video camera mounted above a platform where four
cages were placed for behavioral monitoring. The software determines a centroid point
around the subject shape. This allows differentiation of smaller and larger movements.
Smaller movements, which we operationally defined as centroid movements of 4-10 cm,
encompas smaller, stereotyped movements but may also include other small movements.
Larger ambulatory movements were defined as movements greater than 10 cm. The number
of each type of movement and total distance traveled were measured. Locomotor activity
was recorded both 30 min before and 40 min after saline injection, then for 60 min after
amphetamine challenge. The total tracking time for each rat was 130 min. To avoid
measuring non-specific movement (e.g. respiration in a stationary animal), a minimal
threshold for movement detection was set. Locomotor activity data were collected and
analyzed in 10 min intervals.

Perfusion and tissue preparation—Ten days after repeated social defeat stress, rats
were deeply anesthetized with sodium pentobarbital (Euthasol; Virbac, St. Louis, MO).
Animals were perfused transcardially with heparinized saline, followed by 4%
paraformaldehyde in 0.1 M phosphate buffered saline (PBS); brains were post-fixed in the
same fixative for 1.5 h at 4° C, placed in graded sucrose solutions in PBS at 4° C, and
sectioned at 20 μm on a sliding microtome. Coronal sections were taken from the PFC (AP=
+3.0 to + 2.7 mm), NAc (AP= +1.0 to + 1.5 mm), AMY (AP= -2.3 to -2.8 mm), and VTA
(AP= -4.9 to -5.4 mm; Paxinos and Watson, 2005). Sections were collected in chilled 0.05
M phosphate buffer (pH 7.4), mounted onto glass slides (Superfrost Plus; Fisher, Waltham,
MA), dried, and stored at -35°C until processing. Sections from stressed and control handled
rats were processed at the same time.
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Double-label immunohistochemistry—Double immunostaining was performed using
a sequential procedure that involves first staining for nuclear ΔFosB, then for either BDNF
or FG. ΔFosB immunolabeling was performed using an antibody that recognizes both
ΔFosB and full-length FosB (Perrotti et al., 2004). Because FosB is induced by acute
stimuli, and ΔFosB accumulates for weeks following repeated stimulation with drugs or
stress (McClung et al., 2004), only ΔFosB should be labeled in our assay due to the absence
of an acute stimulus. PFC, NAc, AMY, and VTA tissue were assessed for ΔFosB/BDNF co-
labeling, while PFC tissue was assessed for ΔFosB/FG co-labeling. After washing sections
in 0.05 M potassium phosphate-buffered saline (KPBS) to remove any fixative, sections
were incubated for one hour in 5% normal goat serum in 0.05M KPBS/0.4% Triton X-100,
followed by incubation with a primary antibodies. Sections were first incubated with rabbit
polyclonal antisera directed against FosB (sc-48, 1:7,500 dilution; Santa Cruz
Biotechnology, Inc., Santa Cruz, CA) for 48 hours at 4°C, then with biotinylated goat anti-
rabbit serum for 1 hour and processed by the avidin-biotin-peroxidase method (Vector
Laboratories, Burlingame, CA). ΔFosB was developed using diaminobenzidine as the
peroxidase substrate that produces dark gray nuclear staining. After 1 hour incubation with
0.001M biotin (Sigma-Aldrich, St. Louis, MO), sections were incubated with either the
BDNF or FG primary antibody for 48 hours at 4°C. BDNF immunohistochemistry used a
rabbit polyclonal antibodies specific for BDNF over other neurotrophins (AB1779SP,
1:3,000 dilution; Chemicon/Millipore, Temecula, CA). To detect FG, rabbit polyclonal
antibodies were utilized (AB153, 1:10,000 dilution; Chemicon). The sections were triple
washed in 0.05 M KPBS between incubation steps. Immobilized antigens within cells were
visualized by incubation with the ABC complex, and BDNF or FG labeling was developed
using the VIP peroxidase substrate kit (Vector Laboratories, Burlingame, CA) that generates
a purple cytoplasmic stain. Control procedures included preadsorption of the primary
antibody using the corresponding peptide, and conducting procedures in the absence of the
primary antibody. There was no detectable labeling after either procedure (data not shown).

Image analysis—Slides were coded and the investigator was blind to the treatment groups
during microscopical analysis. Immunohistochemical labeling was analyzed using a Zeiss
Axioskop microscope and Stereo Investigator software (MBF Bioscience, Williston, VT). A
systematic random sampling approach using a stereological grid was employed to analyze at
least 3 sections in each of the anterior cingulate (ACG), prelimbic (PL), and infralimbic (IL)
subregions of the PFC; NAc shell and core; medial, central and basolateral AMY; and the
VTA (Fig. 1). Images of selected areas in each region were digitized using a camera
interfaced to the microscope using a 20x objective. Stereo Investigator software partitioned
each image into 16 equal counting frames (100 × 75 μm each), half of which were randomly
selected and analyzed. The number of single- and double-labeled neurons was counted
separately for each frame, excluding any overlapping labeled profiles on the left and bottom
borders. The density of labeled profiles was averaged together for three sections of each
brain region by dividing the estimated total density of labeled profiles by the numbers of
analyzed areas. A single value for density of labeled profiles per region per rat was used as
an n = 1 for statistical analysis. A few cases were excluded from analysis of PFC, NAc and
AMY due to poor quality of processed sections, and the identity of these cases differed
across regions. ΔFosB-labeled profiles were identified by a dark gray stained nucleus,
whereas FG- or BDNF-labeled profiles exhibited a purple cytoplasmic stain. A profile was
considered labeled if its pixel luminance was more than 2 standard deviations different from
the background luminance as calculated by Stereo Investigator software. The numbers of
ΔFosB, and BDNF immunolabeled profiles, and ΔFosB/BDNF and ΔFosB/FG double-
immunolabeled profiles were counted. ΔFosB-labeled profiles were identified by dark grey
nuclear labeling, whereas BDNF-labeling exhibited a purple diffuse cytoplasmic stain with
empty nucleus. Cells were considered double-labeled with ΔFosB/BDNF or ΔFosB/FG -
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when a nuclear ΔFosB label was present in a cell surrounded by purple BDNF- or FG-
stained cytoplasm as evidenced by a purple “halo” and projection fibers around a dark
stained nucleus. Labeling density was calculated by dividing the estimated total number of
cells by the total area measured for conversion to the number of labeled cells per mm2.

Statistics—Locomotor activity was quantified in two ways: total locomotor activity and
locomotor activity over time (each 10 min. bin). Total locomotor activity data were
evaluated by one-way ANOVA (handled vs. stressed) and locomotor activity over time by
two-way mixed ANOVA (time as within-subjects factor and behavioral condition [handled
or stressed] as between-subjects factor). Each of the 3 time frames (14 bins, 10 min each,
before and after saline injection, and following drug challenge) was treated with a separate
one-way (total locomotor activity) or two-way (locomotor activity over time) ANOVA. The
immunohistochemical data were analyzed using t-test (comparison between handled and
stressed groups). P ≤ 0.05 was considered significant, and all data are expressed as mean ±
SEM.

RESULTS
Cross-sensitization

Total distance traveled and distance traveled over time after amphetamine challenge were
significantly greater in rats exposed to social stress, as shown by one- and two-way mixed
ANOVA, respectively (one-way ANOVA, F(1,16) = 6.5; two-way ANOVA, F(1,16) = 4.8, P ≤
0.05; Fig. 2). The total number of ambulations and time spent in stereotypy-like movements
after amphetamine injection did not differ between the handled and stressed groups (Table
1). Spontaneous locomotor activity and locomotor response to saline injection did not differ
between handled and stressed rats in any aspect of locomotion examined (Fig. 2A).

ΔFosB, BDNF and double-labeled cells in the PFC
ΔFosB expression in the ACG was significantly enhanced after social defeat stress exposure
in comparison with the handled control group (t(7)= 3.43; P = 0.011; Figs. 3A and D). No
differences in ΔFosB expression between handled and stressed rats were observed in the PL
(t(7) = 2.07; P > 0.05; Fig. 3B) or IL (P > 0.05; Fig. 3C). However, repeated social defeat
stress significantly increased BDNF expression in all regions of the PFC (ACG: t(7) = 5.09,
P = 0.001; PL: t(7) = 3.99, P = 0.005; IL: t(7) = 2.68, P = 0.032). Furthermore, the number of
BDNF/ΔFosB double-labeled cells significantly increased after stress exposure in the ACG
and PL (ACG: t(7) = 6.15, P ≤ 0.001; PL: t(7) = 3.83, P = 0.007). Likewise, the percentage of
BDNF neurons expressing ΔFosB was significantly higher in PL after social defeat stress (P
= 0.05; Table 2), and approached significance in ACG (P = 0.06; Table 2).

Fluorogold-labeled cells in PFC
Neurons retrogradely labeled with FG exhibited granular staining restricted to cytoplasm.
ΔFosB/FG double-labeling in the IL cortex was significantly greater 10 days after stress
termination (t(6) = 2.96; P = 0.025; Fig. 4A and C). Thus, IL neurons which directly
innervate the VTA were more functionally active following repeated social defeat stress.
ΔFosB/FG double-labeling in the ACG and PL areas did not differ significantly between
handled and stressed groups (P > 0.05). The total number of FG labeled cells was not
statistically different between handled and stressed rats across three cortical sub-areas (ACG
140±11.4 cell/ mm 2 for handled and 190±27.4 for stressed rats; PL 179±9.7 cell/ mm2 for
handled and 205±17.4 for stressed animals; IL 152±11.5 cell/ mm2 for handled and
212±16.4 for stressed rats; all comparison are p>0.05).
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ΔFosB, BDNF, and double-labeled cells in the NAc
Repeated social defeat stress significantly increased ΔFosB expression (t(9) = 3.45; P ≤
0.005; Fig. 5), the number of BDNF labeled cells (t(9) = 4.89; P ≤ 0.001), and co-localization
of ΔFosB/BDNF labeling (t(9) = 3.1; P ≤ 0.05) in the NAc shell. Similarly, more ΔFosB
cells were observed in the NAc core in rats exposed to stress (t(9) = 2.39; P ≤ 0.05). In the
NAc core, BDNF expression and ΔFosB/BDNF co-expression was also higher (BDNF, t(9)
= 2.83; P ≤ 0.05; ΔFosB-BDNF, t(9) = 2.43; P ≤ 0.05) after repeated social defeat stress.
However, the percentage of ΔFosB/BDNF neurons was not differ significantly in NAc shell
or core between handled and social defeat stressed rats (Table 2).

ΔFosB, BDNF and double-labeled cells in the AMY
Increased BDNF expression (t(9) = 2.66; P ≤ 0.05; Fig. 6A and C) and increased ΔFosB/
BDNF co-localization (t(9) = 2.3: P ≤ 0.05) were observed in medial AMY 10 days after
stress termination. However, the percentage of BDNF-labeled cells also expressing ΔFosB
was not significantly different from the handled control group (P > 0.05; Table 2). ΔFosB
expression, BDNF expression, and ΔFosB/BDNF co-expression in the central and
basolateral AMY were not altered after repeated stress exposure (Table 3; P > 0.05).

ΔFos, BDNF and double-labeled cells in the VTA
Social defeat stress enhanced BDNF expression in the VTA 10 days after stress termination
(t(10) = 3.1; P ≤ 0.01; Fig. 6B and D), though ΔFosB and ΔFosB/BDNF co-labeling were
unchanged after repeated stress exposure.

DISCUSSION
In this study, we measured co-expression of ΔFosB and BDNF in mesocorticolimbic
regions to identify potential anatomical and molecular substrates for vulnerability to the
effects of psychostimulants after social defeat stress. We demonstrated that repeated social
defeat stress induces a distinct pattern of ΔFosB and BDNF expression in reward regions.
While increased BDNF expression was observed in all areas of prefrontal cortex, medial
AMY, NAc and VTA, the number of ΔFosB-expressing cells were increased only in ACG
and NAc. In the prefrontal cortex, these cellular alterations occurred in an overlapping
population of cells as evidenced by increased percentage of stress-induced ΔFosB/BDNF
co-labeling in PL cortex. Repeated stress also increased ΔFosB-labeling in the IL cortex,
and notably, this enhancement was observed preferentially in neurons innervating the VTA.

These cellular findings were accompanied by behavioral cross-sensitization to amphetamine.
In our experiments, repeated social defeat stress promoted cross-sensitization as
demonstrated by enhanced locomotion upon challenge with a low dose of amphetamine ten
days after the final episode of stress. Amphetamine-induced stereotyped behavior was not
affected by stress, consistent with the finding that low doses of amphetamine augment
locomotor activity without affecting stereotypy (Nordquist et al., 2008). Our previous
studies have shown that repeated exposure to social defeat stress induced locomotor cross-
sensitization to amphetamine that was evident up to two months after social stress (Nikulina
et al., 2004, Covington et al., 2005). Indeed, only repeated social defeat stress produced such
long-lasting cross-sensitization to psychostimulants, since a single social defeat induced
short-lived cross-sensitization (Miczek et al, 1999; de Jong et al, 2005). It should be noted
that although behavioral sensitization is not a requisite part of addictive behavior (Ahmed
and Cador, 2006), it is thought to reflect neural sensitization, an important component of the
addiction process (Vezina and Leyton, 2009).
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It is well established that neuroadaptations underlying behavioral sensitization involve
dopaminergic and glutamatergic transmission in the mesocorticolimbic system
(Vanderschuren and Kalivas, 2000). Our finding that BDNF expression is enhanced in
cortical ΔFosB-containing neurons following stress exposure is important because BDNF
modulates NMDA glutamate receptors and activates glutamate transmission and plasticity in
the PFC (Madara and Levine, 2008). BDNF is necessary for glutamate-dependent synaptic
plasticity in midbrain dopamine neurons during cocaine withdrawal (Pu et al., 2006). This is
likely relevant to behavior, as direct BDNF infusion into the NAc or VTA enhances the
initial stimulant effects of cocaine and facilitates the development of sensitization after
repeated cocaine use (Horger et al., 1999). However, BDNF effects are site-specific and
depend on time interval after drug treatment (Ghitza et al., 2010). For example, cocaine
seeking is suppressed by BDNF infusion into the medial PFC, but augmented by BDNF
administration into the NAc (Berglind et al., 2007, Graham et al., 2007).

BDNF expression is generally considered to be dynamic and time-dependent, as has been
observed in response to social defeat stress (Pizarro et al., 2004, Berton et al., 2006, Fanous
et al., 2010). We recently showed that BDNF mRNA and protein expression were induced in
the PFC immediately after termination of repeated social defeat stress, but returned to
control levels four weeks later (Fanous et al., 2010). In contrast, BDNF protein was reduced
in the medial AMY and unchanged in the VTA immediately after social defeat stress, but
increased in these regions four weeks later. The present data reveal that BDNF expression
increased in the PFC, medial AMY and VTA ten days after social defeat stress termination.
Elevated PFC BDNF might be a consequence of dopaminergic stimulation resulting from
social defeat (Tidey and Miczek, 1996, Miczek et al., 2011). However, dopamine transporter
knockout mice, which have hyperdopaminergic tone, show reduced BDNF expression in the
frontal cortex and diminished BDNF response in this area after chronic restraint stress
(Fumagalli et al., 2003). Therefore, increased dopamine alone may not account for the
stress-induced increase of mesocortical BDNF.

BDNF is expressed by pyramidal projection neurons, so endogenous increases of PFC or
VTA BDNF could also result in enhanced anterograde transport of BDNF (Altar et al., 1997,
Conner et al., 1997) to the NAc shell and core, where BDNF signaling plays a crucial role in
psychomotor sensitization and neuroadaptation to psychostimulants (Bahi et al., 2008,
Crooks et al., 2010, McGinty et al., 2010). Following social defeat stress exposure,
activation of the TrkB receptor by BDNF leads to transduction of neurotrophic signals from
the cell surface to the cell nucleus via extracellular signal-regulated kinase (ERK), and
hyperphosphorylated ERK results in induction of immediate early genes, including the fos
family (Sgambato et al., 1998). Prolonged induction and phosphorylation of ERK1/2 in PFC
dendrites after chronic stress (Trentani et al., 2002) could represent an activated pathway for
development of cross-sensitization after social defeat stress.

A significant finding of the present study is the sustained activation of the IL-VTA
connection after social defeat stress. ΔFosB expression following repeated social defeat
stress occurs primarily in IL neurons that directly innervate the VTA. VTA dopamine
neurons receive glutamate inputs from the PFC (Omelchenko and Sesack, 2007), which
might be activated after social defeat stress. Our results complement recent observations that
prolonged social defeat exposure increases the number of ΔFosB-labeled cells selectively in
the IL cortex, which also displays increased histone acetylation (Hinwood et al., 2011). Such
chromatin remodeling associated with ΔFosB in IL cortex provides a substrate for long-term
cellular response to social stress. Recently we reported that repeated amphetamine enhanced
Fos/BDNF co-expression in the ACG, PL, and IL regions, as well as Fos labeling, in PFC
neurons projecting to the VTA (Fanous et al., 2011), suggesting that overlapping substrates
for stress and amphetamine sensitization may be present in PFC regions.
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Our data show that intermittent exposure to social defeat stress induced ΔFosB protein in
the ACG, NAc shell and core 10 days later. We previously reported that the same social
stress paradigm enhanced ΔFosB expression for up to 14 days in the PL and IL regions of
the PFC, medial AMY and NAc shell, but not core (Nikulina et al., 2008). This variability of
ΔFosB expression in the PFC and NAc might depend on natural variation in the intensity of
defeat. Similarly, ΔFosB accumulation in the ventral striatum following cocaine
administration is variable and dependent on both the strength and duration of the drug
stimulus (Larson et al., 2010). ΔFosB protein is thought to function as either a
transcriptional activator or repressor depending on the target gene involved (Nestler, 2008).
Notably, neuronal ΔFosB was specifically co-labeled with vGluT1 in the PFC after repeated
restraint stress (Perrotti et al., 2004), which supports the involvement of PFC glutamatergic
neurons in the process of stress-induced sensitization.

Repeated exposure to drugs of abuse also induces ΔFosB expression in the NAc (Hope et
al., 1994, Chen et al., 1997, Larson et al., 2010), and this ΔFosB induction occurs
selectively in dynorphin-containing medium spiny neurons of the dorsal and ventral striatum
(Nye et al., 1995, Zachariou et al., 2006). Social stress-induced ΔFosB expression in the
NAc of mice leads to enhanced expression of GluR2 AMPA receptors subunits (Vialou et
al., 2010). In their study, enhanced expression of ΔFosB in the NAc was shown after
chronic continuous social defeat in mice and may underlie depressive-like behavior in a
susceptible group of mice. However, ΔFosB expression in the NAc may function differently
in continuous vs. intermittent social stress, particularly given that these models of stress
produce opposing effects on drug response (Miczek et al, 2011). In fact, drugs of abuse
induce ΔFosB expression in the subclass of medium spiny neurons expressing D1 dopamine
receptors (Nestler, 2008) while stress exposure stimulates dynorphin (D1)- and enkephalin
(D2)-containing cells almost equally (Perrotti et al., 2004). Thus, ΔFosB could contribute to
a mechanism of prolonged sensitization to drug exposure by regulating the expression of
specific genes in brain reward circuit (Nestler, 2008).

Finally, the observed increase in ΔFosB/BDNF labeling in medial AMY cells after social
defeat stress might be a result of a neuroendocrine stress response. The medial AMY, but
not the central AMY is involved in response to an emotional stressor (Dayas et al., 1999)
and social defeat stress increases Fos expression in medial AMY neurons containing
corticotrophin-releasing factor receptors (Fekete et al., 2009). Our previous work shows that
the AMY displays a sensitized Fos response specifically during amphetamine challenge two
months after repeated social defeat (Nikulina et al., 2004), with persistent increase of ΔFosB
and BDNF expression in the medial AMY several weeks after repeated social defeat stress
(Nikulina et al., 2008, Fanous et al., 2010). Together, these findings suggest that persistent
changes in ΔFosB and BDNF after repeated social defeat stress in AMY may have
functional consequences which contribute to cross-sensitization, and thus drug-related
behavior.

Overall, we report increased ΔFosB expression in IL cortical neurons innervating the VTA
after intermittent social defeat stress, and increased BDNF/ΔFosB co-expression in the PL
cortex, NAc, and medial AMY, which may contribute to the long-term behavioral
sensitization observed after intermittent social defeat stress. These molecular alterations in
mesocorticolimbic regions could provide potential targets for the development of
fundamentally novel treatments for stress-induced drug dependence.
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Abbreviations

BDNF brain-derived neurotrophic factor

VTA ventral tegmental area

NAc nucleus accumbens

PFC prefrontal cortex

FG fluorogold

ACG anterior cingulate cortex

PL prelimbic cortex

IL infralimbic cortex

AMY amygdala
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Highlights

• Episodic social defeat induced prolonged mesocorticolimbic ΔFosB/BDNF co-
expression

• Episodic defeat persistently enhanced ΔFosB in infralimbic corticotegmental
neurons

• Molecular changes in defeated rats occurred parallel with amphetamine
sensitization

• These findings may contribute to mechanisms of psychostimulant cross-
sensitization
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Figure 1. Schematic of regions examined for BDNF, ΔFosB, and FG immunolabeling
Images adapted from the Paxinos and Watson brain atlas (2005) depict specific locations
analyzed for immunolabeling: ACG – anterior cingulate cortex; PL – prelimbic cortex; IL –
infralimbic cortex; Sh – nucleus accumbens shell; Co – nucleus accumbens core; Me –
medial amygdala; Ce – central amygdala; Bl – basolateral amygdala; VTA – ventral
tegmental area.
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Figure 2. Effect of intermittent social defeat stress on amphetamine-induced locomotion
A – Distance traveled during baseline, after saline, and after amphetamine (1.0 mg/kg)
challenge over time in animals exposed to stress or handling 10 days prior (n = 8-9, P ≤ 0.05
between stress and handling after amphetamine). B – Total distance traveled over 40 min.
after amphetamine in animals exposed to stress or handling 10 days prior (n = 8-9). *P ≤
0.05 vs. handled group. Values represent mean ± SEM.
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Figure 3. Effect of intermittent social defeat stress on ΔFosB, BDNF, and ΔFosB/BDNF
immunolabeling in the PFC
ΔFosB, BDNF, and ΔFosB/BDNF double immunolabeling expressed as labeled cells/mm2

in the ACG (A), PL (B) and IL (C) regions of the mPFC (n = 4-5). All values represent
mean ± SEM. *P ≤ 0.05; ** P ≤ 0.01 vs. handled group. D – Representative
photomicrograph showing ΔFosB and BDNF single and ΔFosB/BDNF labeling in ACG.
ΔFosB profiles are represented by a dark grey nuclear label, and BDNF cells are labeled
with a diffuse, purple cytoplasmic stain with an empty nucleus. ΔFosB/BDNF cells contain
a dark nuclear ΔFosB label surrounded by diffusely labeled purple cytoplasm. Black arrow:
ΔFosB; red arrow: BDNF; blue arrow: ΔFosB/BDNF double-labeling. Scale bar 100 μm.
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Figure 4. Effect of intermittent social defeat stress on ΔFosB/FG labeling in PFC regions
ΔFosB/FG immunolabeling expressed as labeled profiles/mm2 (n = 5-6). *P ≤ 0.05 vs.
handled group. B. – Representative low magnification microphotograph of FG
immunolabeling in the VTA. The arrow is directed at the purple FG labeling in the VTA
region. SNR –substania nigra reticulata; fr –fasciculus retroflexus. C – Representative
photomicrograph of ΔFosB and FG immunolabeling in IL region of the PFC. ΔFosB
profiles are represented by a dark grey nuclear label, and FG cells are labeled with a
granular purple cytoplasmic stain with an empty nucleus. ΔFosB/FG cells contain contain a
dark nuclear ΔFosB label surrounded by diffusely labeled purple cytoplasm. Black arrow:
ΔFosB; green arrow: FG; blue arrow: ΔFosB/FG double-labeling. Scale bar 100 μm.
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Figure 5. Effect of intermittent social defeat stress on ΔFosB, BDNF, and ΔFosB/BDNF in the
NAc
ΔFosB, BDNF, and ΔFosB/BDNF double immunolabeling expressed as labeled cells/mm2

in the shell (A), core (B) regions of the NAc (n = 5-6). All values represent mean ± SEM. *P
≤ 0.05; ** P ≤ 0.01 vs. handled group. C – Representative photomicrograph showing ΔFosB
and BDNF single and ΔFosB/BDNF labeling in NAc shell. ΔFosB profiles are represented
by a dark grey nuclear label, and BDNF cells are labeled with a diffuse, purple cytoplasmic
stain with an empty nucleus; ΔFosB/BDNF cells contain a dark nuclear ΔFosB label
surrounded by diffusely labeled purple cytoplasm. Black arrow: ΔFosB; red arrow: BDNF;
blue arrow: ΔFosB/BDNF double-labeling. Scale bar 50 μm.
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Figure 6. Effect of intermittent social defeat stress on ΔFosB, BDNF, and ΔFosB/BDNF in the
medial amygdala (A) and VTA (B)
ΔFosB, BDNF, and ΔFosB/BDNF double immunolabeling expressed as labeled cells/mm2

(n = 5-6). All values represent mean ± SEM. *P ≤ 0.05 vs. handled group. Representative
photomicrographs showing ΔFosB and BDNF single and ΔFosB/BDNF labeling in the
medial amygdala (C) and VTA (D). ΔFosB profiles are represented by a dark grey nuclear
label, and BDNF cells are labeled with a diffuse, purple cytoplasmic stain with an empty
nucleus; ΔFosB/BDNF cells contain a dark nuclear ΔFosB label surrounded by diffusely
labeled purple cytoplasm Black arrow: ΔFosB; red arrow: BDNF; blue arrow: ΔFosB/
BDNF double-labeling. Scale bar 100 μm.
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Table 1

Amphetamine-induced locomotor activity 10 days after social defeat stress or handling (Mean ± SEM)

Handled Stressed P

Time in stereotypy-like movements (s) 779 ± 68 700 ± 28 0.3

Number of ambulations 1288 ± 163 1389 ± 100 0.6
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Table 2

Percentages of ΔFosB/BDNF co-labeled cells in different brain regions 10 days after social defeat stress and
handled control rats

Handled Stressed P

ACG 29.4 ± 7.4% 37.4 ± 2.2% P = 0.06

PRL 24.7 ±3.5% 34.5 ± 3.4% P ≤ 0.05

IL 34.3 ± 6.5% 30.0 ± 3.3% P > 0.05

NAc shell 29.8 ± 5.4% 39.9 ± 2.2% P > 0.05

NAc core 25.2 ± 2.4% 30.7 ± 2.5% P > 0.05

Medial AMY 13.1 ± 3.5% 18.1 ± 1.3% P > 0.05

Central AMY 14.5 ± 3.5% 15.1 ± 3.7% P > 0.05

Basolateral AMY 10.7 ± 3.4% 9.8 ± 3.1% P > 0.05

VTA 31.6 ± 2.7% 23.3 ± 1.6% P > 0.05
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