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Chronic stress is a vulnerability factor for a number of psychiatric disorders, including anxiety and affective
disorders. Social defeat in rats has proven to be a useful paradigm to investigate the neural mechanisms
underlying physiologic and behavioral adaptation to acute and chronic stress. Previous studies suggest that
serotonergic systems may contribute to the physiologic and behavioral adaptation to chronic stress, including
social defeat in rodent models. In order to test the hypothesis that repeated social defeat alters the emotional
behavior and the excitability of brainstem serotonergic systems implicated in control of emotional behavior,
we exposed adult male rats either to home cage control conditions, acute social defeat, or social defeat
followed 24 h later by a second social defeat encounter. We then assessed behavioral responses during social
defeat as well as the excitability of serotonergic neurons within the dorsal raphe nucleus using
immunohistochemical staining of tryptophan hydroxylase, a marker of serotonergic neurons, and the protein
product of the immediate-early gene, c-fos. Repeated social defeat resulted in a shift away from proactive
emotional coping behaviors, such as rearing (explorative escape behavior), and toward reactive emotional
coping behaviors such as freezing. Both acute and repeated defeat led to widespread increases in c-Fos
expression in serotonergic neurons in the dorsal raphe nucleus. Changes in behavior following a second
exposure to social defeat, relative to acute defeat, were associated with decreased c-Fos expression in
serotonergic neurons within the dorsal and ventral parts of the mid-rostrocaudal dorsal raphe nucleus,
regions that have been implicated in 1) serotonergic modulation of fear- and anxiety-related behavior and 2)
defensive behavior in conspecific aggressive encounters, respectively. These data support the hypothesis that
serotonergic systems play a role in physiologic and behavioral responses to both acute and repeated social
defeat.
+1 303 492 0811.
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1. Introduction

Chronic stress has been identified as an important vulnerability
factor for a number of psychiatric disorders, including anxiety
disorders such as panic disorder and post-traumatic stress disorder,
and affective disorders such as major depressive disorder. The
mechanisms through which chronic stress increases vulnerability to
anxiety and affective disorders are unclear.

Social defeat, which is the result of intraspecific confrontation
between male rats, is an ethologically relevant paradigm that can be
used to understand the physiologic and behavioral adaptations to
repeated stress. Rats and Syrian hamsters that have experienced a
single social defeat display changes in neuroendocrine, autonomic,
and behavioral responses [1,2], including increases in fear- and
anxiety-like behaviors [3–5]. Rats exposed to repeated social defeat
(i.e., 2 exposures to social defeat 24 h apart) also respond with
increases in anxiety-like behaviors [6], but also hippocampal dendritic
reorganization [7], decreased food intake and body weight gain [8]
and altered sleep patterns [6]. Rats exposed to chronic social defeat,
when compared to controls, (i.e., 4–7 daily exposures to social defeat)
respond with long-lasting depressive-like behaviors [9], changes in
defensive behaviors [10], and long-term impairment of autonomic
circadian rhythms [10]. One mechanism through which repeated or
chronic social defeat may elicit these physiologic and behavioral
adaptations is through altered activity of brainstem neuromodulatory
systems, such as serotonergic systems.

Previous studies support a role for serotonergic systems in
physiologic and behavioral adaptations following social defeat. A
single exposure to social defeat increases serotonergic neuronal
activity, as evidenced by increases in expression of the protein
product of the immediate-early gene, c-fos [11,12], and increases in
extracellular serotonin within the dorsal raphe nucleus (DR) [13].
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Studies by Herbert and colleagues suggest that both acute and
chronic social defeat equally increase c-Fos expression within the
DR; however, it is unknown whether these increases are in
serotonergic neurons or if they are specific to subregions of the DR
[14,15].

A single exposure to social defeat hasbeen found to selectively activate
serotonergicneurons in thedorsalpartof themid-rostrocaudal andcaudal
dorsal raphe nucleus (mid-rostrocaudal DRD and DRC) [11]. Serotonergic
neurons in the DRD and DRC have been shown to be activated following
exposure to a number of fear- and anxiety-related stimuli, including
anxiogenic drugs such as the adenosine receptor antagonist caffeine, the
serotonin 5-HT2A/2C receptor agonistm-chlorophenyl piperazine (mCPP),
and the partial inverse agonist at the benzodiazepine allosteric site on the
γ-aminobutyric acid A (GABAA) receptor, N-methyl-beta-carboline-3-
carboxamide (FG-7142) [16], the anxiety-related neuropeptide urocortin
2 (Ucn 2) [17,18], and inescapable stress [19]. The responses of
topographically organized subpopulations of serotonergic neurons
following repeated exposure to social defeat have not been tested.

In order to test the hypothesis that behavioral adaptations
following exposure to social defeat are associated with changes in
the excitability of topographically organized populations of seroto-
nergic neurons, we exposed rats to either a single social defeat, or
social defeat followed, 24 h later, by a second social defeat encounter.
We then assessed, using immunohistochemical detection of the
protein product of the immediate-early gene, c-fos, the functional
excitability of serotonergic neurons within topographically organized
subregions of the DR, the source of the majority of serotonergic
projections to forebrain limbic structures regulating fear and anxiety
states.

2. Experimental procedures

2.1. Subjects

Male LongEvans rats (Harlan Laboratories, Indianapolis, IN,USA;238–
298 g, mean±S.E.M., 271±1.28 g) were housed in groups of 3 in cages
(38 cmW×48 cm L×21 cmH; Techniplast cages, Techniplast, Kettering,
UK) containing a thin layer of bedding (Cat. No. 7090; Teklad Sani-Chips;
Harlan Laboratories). Rats were maintained on a 12 h light/12 h dark
cycle (lights on at 0700 h) with free access to food (Cat. No. 8640; Teklad
22/5 Rodent diet, Harlan Laboratories) and tap water stored in 16 oz
reduced-height water bottles (Cat. No. WB16RH; Alternative Designs,
Siloam Springs, AR, USA) with screw lids (Cat. No. FSPCST2.5; AnCare
Corp., Bellmore, NY, USA). Male Long Evans retired breeders (Harlan
Laboratories, 411–598 g, mean±S.E.M., 511±18.2 g) were used as
resident males for the social defeat. Residents were singly housed in
transparent polycarbonate cages (26 cmW×47.6 cm L×20.3 cm H; Cat.
No., RC88D-PC, Alternative Designs) and maintained as described above.
All procedures were in accordance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals and approved by the
University of Colorado Institutional Animal Care and Use Committee
(IACUC).

2.2. Social defeat procedure

Following two days of acclimation, rats were exposed to either no
defeat (home cage control, HCC) on days 1 and 2, a social defeat
encounter on day 1 (acute defeat, AD) or social defeat encounters,
separated by 24 h, on both day 1 and day 2 (repeated defeat, RD).
Social defeat occurred during the light phase (~450 lx) at 0800 h, one
hour following lights on. It is common for social defeat experiments to
be conducted during either the light phase [11,20,21] or the dark
phase on a reversed light/dark cycle, usually under a dim red light
[14,22–25]. Social defeat encounters lasted for 20 min and consisted
of both a pre-defeat phase (10 min) and defeat phase (10 min). The
social defeat encounters occurred in the resident male's home cage.
During the pre-defeat phase the resident and intruder were separated
by a transparent 0.3 cm-wide Plexiglas® partition with 9 (0.3 cm
diameter) holes drilled 5 cm apart in it so that physical contact was
prevented, but visual, auditory and olfactory cues remained. For the
defeat phase, the partition was removed allowing the rats to freely
interact. The behavior of the intruder and resident was recorded with
twodigital video cameras (SonyHandycamDCR-HC52 andDCR-HC35E,
Sony Corporation of America, New York, NY, USA) mounted on tripods
and later quantified “off-line” using Noldus, The Observer (Version 5,
Noldus Information Technology, Wageningen, The Netherlands) by an
experimenter blind to treatment group. Home cage control rats
consisted of two groups (home cage control 1 and home cage control
2), which were timematched for perfusion with fixative in preparation
for immunohistochemical procedures (see below)withAD rats on day1
and RD rats on day 2, respectively. No differences in cell counts were
observed between home cage control 1 and home cage control 2 groups
(see results below), therefore both groups weremerged into one group
called home cage control (HCC). Home cage control rats were
transferred to an adjacent room 1 h prior to the social defeat period
(3 h prior to transcardial perfusion), weighed, and returned to their
home cages where they remained during the social defeat period for
time-matched rats exposed to social defeat.

2.3. Behavioral analysis

The specific behaviors that were scored during both the pre-defeat
and defeat phases were based on previous work by Gardner et al. [11]
(Table 1). During the defeat phase the style of behavioral coping was
further divided into reactive coping, proactive coping and neutral
behaviors (Table 1). Reactive coping included sniffing bedding,
freezing, full submission, sideways submission, passive genital sniff
and genital sniff. Proactive coping included rearing, defensive burying,
aggression, escape, upright defensive behavior and social interaction.
Finally, neutral behaviors consisted of locomotion, self-grooming and
inactivity.

2.4. Tissue preparation

Two hours following the onset of social defeat, rats were deeply
anesthetized with sodium pentobarbital (Fatal-Plus, MWI Veterinary
Supply, Meridian, ID, USA; 200 mg/kg, intraperitoneal (i.p.)) and
transcardially perfused with ice-cold 0.05 M phosphate-buffered saline
(PBS, pH 7.4) followed by ice-cold 4% paraformaldehyde in 0.1 M
sodium phosphate buffer (PB) containing 1.5% sucrose. The brainswere
dissected out and post-fixed overnight in the same fixative, followed by
two 12 h washes in 0.1 M PB and then switched to 0.1 M PB containing
30% sucrose for 2–3 days until saturated. Brains were blocked into
forebrain and hindbrain sections by placing the brain into a rat brain
matrix (RBM-4000C, ASI Instruments, Warren, MI, USA) and bisecting
the brain, in the coronal plane, with a razorblade directly caudal to the
mammillarybodies (approximately−5.60 mmfrombregma).Next, the
forebrain and hindbrain sections were flash-frozen with isopentane
(cooled between −30 and −40 °C with dry ice) and stored at −80 °C
until sectioning. Coronal tissue slices (30 μm) were prepared using a
precision cryostat (Leica CM1900,NorthCentral Instruments, Plymouth,
MN, USA) and stored as six alternate sets of sections in 24-well tissue
culture plates containing cryoprotectant (30% ethylene glycol, 20%
glycerol, 0.05 M PB, pH 7.4) at−20 °C until further immunohistochem-
ical staining.

2.5. Immunohistochemistry

Double-immunohistochemical staining for c-Fos and tryptophan
hydroxylase (TPH) is described below. One set of sections, represent-
ing every sixth section throughout the DR from each rat was removed
from cryoprotectant and washed twice in 0.05 M PBS for 15 min.



Table 1
Definitions of behavioral categories and individual behaviors quantified during the pre-defeat and defeat phases of social defeat.

Pre-defeat behaviors Defeat behaviors Definition

Reactive coping Behaviors with vigilance, anxiety-related, fear-related, or risk assessment
components as well as submissive behaviors

Sniffing bedding
Freezing

Sniffing bedding Sniffing the substrate without locomotion
Freezing Intruder is crouching with his back arched, occasionally exhibiting piloerection,

and is motionless except for movement associated with respiration and scanning
of the environment with the head

Full submission The intruder lies on its back with its full belly exposed to the resident
Sideways submission The intruder crouches below the resident and turns to expose part of its belly
Passive genital sniff Being sniffed by the resident
Genital sniff Sniffing the resident's genitals
Proactive coping Confrontational behaviors and behaviors with exploration or escape components

Rearinga

Defensive burying
Rearinga Bipedal posture
Defensive burying Shoveling bedding towards the resident
Aggression Biting, kicking, boxing, wrestling and fighting the resident
Escape Fleeing from the resident
Upright defensive behavior Rearing while facing the resident
Social interaction Grooming and sniffing the resident outside the ano-genital region, nosing and

crawling over/under the resident
Neutral

Locomotion Locomotion Walking around the cage
Self-grooming Self-grooming Licking or scratching coat
Inactivity Inactivity Lying or sitting motionless

a (E.g. explorative escape as defined by De Boer and Koolhaas, 2003).
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Endogenous peroxidase activity was then neutralized in 0.05 M PBS
containing 1% H202 (15 min), then sections were rinsed twice with
0.05 M PBS (15 min each time), rinsed with 0.05 M PBS containing
0.3% Triton X-100 (15 min) and subsequently incubated overnight at
room temperature (RT) in rabbit anti-c-Fos 1° polyclonal antibody
(Cat. No. PC38; Lot No. D00080180; Calbiochem (EMD Chemicals),
Gibbstown, NJ, USA) diluted to 1:3000 with 0.05 M PBS containing
0.1% Triton X-100 and 0.01% sodium azide. The next day, the tissue
was rinsed twice with 0.05 M PBS (15 min each time), then incubated
for 90 min in biotinylated donkey anti-rabbit 2° antibody (Cat. No.
711-065-152; Lot No. 86689; Jackson ImmunoResearch Laboratories,
Inc., West Grove, PA, USA) diluted to 1:500 with 0.05 M PBS, washed
twice with 0.05 M PBS (15 min each time), incubated for 90 min in an
avidin–biotin–peroxidase complex (Elite ABC reagent, Cat. No. PK-
6100; Vector Laboratories, Burlingame, CA, USA) diluted to 1:200 in
0.05 M PBS, washed twice with 0.05 M PBS (15 min each time) and
finally reacted in a peroxidase substrate (Cat. No. SK4700; Vector SG
chromogen kit; Vector Laboratories, diluted as recommended by the
vendor). Following the reaction, the tissue was washed twice in
0.05 M PBS (15 min each time), then placed in 0.05 M PBS containing
1% H202 (15 min) followed by two additional 0.05 M PBS washes
(15 min each time). Next, the tissue was incubated overnight at RT in
sheep anti-TPH 1° antibody (Cat. No. T8575; Lot No. 047 K1223;
Sigma-Aldrich, St. Louis, MO, USA) diluted to 1:12,000 in 0.05 M PBS
containing 0.1% Triton X-100 and 0.01% sodium azide. The next day,
tissue was rinsed twice with 0.05 M PBS (15 min each time) and then
incubated for 90 min in biotinylated rabbit anti-sheep 2° polyclonal
antibody (Cat No. PK-6106; Vector Elite kit; Vector Laboratories)
diluted to 1:200 with 0.05 M PBS. Following incubation in 2° antibody,
tissue was rinsed twice in 0.05 M PBS (15 min each time), then
incubated for 90 min in the avidin–biotin–peroxidase complex
reagent diluted to 1:200 in 0.05 M PBS, rinsed twice in 0.05 M PBS
(15 min each time), reacted with 0.01% 3-3′-diaminobenzidine
tetrahydrochloride (DAB; Cat. No. D9015, Sigma-Aldrich) in 0.05 M
PBS containing 0.005% H202, rinsed twice in 0.05 M PBS (15 min each
time) and finally stored at 4 °C in 0.1 M PB containing 0.01% sodium
azide. Tissue was then floated onto glass slides; after the tissuewas air
dried cover slips were mounted using Entellen mounting medium
(Electron Microscopy Science, Hatfield, PA, USA) and cell counts were
conducted as specified below.
2.6. Cell counts

The anatomical regions of the DR were identified using a
stereotaxic rat brain atlas [26] and an atlas illustrating the distribution
of TPH immunostaining throughout the rat DR [27]. Four rostrocaudal
levels (−7.46 mm, −8.00 mm, −8.18 mm and −8.54 mm bregma;
Fig. 1) of the DR along with the corresponding subdivisions were
selected for analysis. The subdivisions analyzed included: the dorsal
raphe nucleus, dorsal part (DRD) and dorsal raphe nucleus, ventral
part (DRV) at −7.46 mm bregma; the DRD, DRV and dorsal raphe
nucleus, ventrolateral part/ventrolateral periaqueductal gray (DRVL/
VLPAG) at−8.00 mm bregma; the DRD, DRV, DRVL/VLPAG and dorsal
raphe nucleus, interfascicular part (DRI) at −8.18 mm bregma; and
the DRI and dorsal raphe nucleus, caudal part (DRC) at −8.54 mm
bregma. Cell counts included the numbers of c-Fos-immunoreactive
(c-Fos-ir) serotonergic neurons (c-Fos-ir/TPH-ir neurons; distin-
guished by a dark blue/black-stained nucleus located entirely within
a light brown-stained cytoplasm), the numbers of c-Fos-ir non-
serotonergic cells (c-Fos-ir/TPH-immunonegative cells; distinguished
by a dark blue/black stained nucleus) and total numbers of TPH-ir
neurons (c-Fos-ir/TPH-ir neurons and c-Fos-immunonegative/TPH-ir
neurons; identified by a light brown-stained cytoplasm). An exper-
imenter blind to treatment group conducted the cell counts using
bright-field microscopy with a 10× objective lens; c-Fos-ir/TPH-ir
neurons were confirmed with a 40× objective lens.

2.6.1. Statistical analysis of behavior
The behavioral data were separated into pre-defeat and defeat

phases, and the frequency and duration of each behavior in acute and
repeated defeat groups were compared using independent Student's
t-tests (PASW Statistics 17.0.2 for Macintosh, SPSS Inc., Chicago, IL,
USA). Additionally, the behaviors during the defeat phase were
grouped into behaviorally related categories, including reactive
coping behaviors, proactive coping behaviors and neutral behaviors,
that were analyzed separately using independent Student's t-tests.

Prior to statistical analysis, outliers were identified by Grubb's test
[28]; outliers were excluded from further analysis and were not
included in the tables and graphical representation of the data. For the
pre-defeat phase data, 1 out of 161 data points for frequency were
excluded (0.6% of total data) and 5 out of 161 data points for duration
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Fig. 1. Photomicrographs illustrating the rostrocaudal levels and subdivisions of the dorsal raphe nucleus sampled for analysis of immunohistochemical staining. Dashed lines
delineate each subdivision. Numbers in the lower left of each panel indicate the distance from bregma, based on a standard stereotaxic atlas of the rat brain (Paxinos and Watson,
1998). (A) −7.46 mm bregma, (B) −8.00 mm bregma, (C) −8.18 mm bregma, and (D) −8.54 mm bregma. Abbreviations: Aq, cerebral aqueduct; bv, blood vessel; DRC, dorsal
raphe nucleus, caudal part; DRD, dorsal raphe nucleus, dorsal part; DRI, dorsal raphe nucleus, interfascicular part; DRV, dorsal raphe nucleus, ventral part; DRVL/VLPAG, dorsal raphe
nucleus, ventrolateral part/ventrolateral periaqueductal gray; mlf, medial longitudinal fasciculus. Scale bar, 250 μm.
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were excluded (3.1% of total data); for the defeat phase data, 13 out of
345 data points for frequency were excluded (3.8% of total data) and
13 out of 345 data points for duration were excluded (3.8% of total
data).

2.6.2. Statistical analysis of cell counts for home cage groups
Prior to the analysis of cell counts, a two-factor analysis of variance

(ANOVA) with repeated measures (PASW statistics), using day (two
levels: home cage control 1 and home cage control 2) as the between-
subjects factor and region (11 levels) as the within-subjects factor, was
used to determine if home cage control 1 and home cage control 2 rats
differed in the numbers of c-Fos-ir/TPH-ir neurons, c-Fos-ir/TPH-
immunonegative cells and the total number of serotonergic neurons
sampled. A Greenhouse–Geisser correction epsilon (ε) was used to
correct for potential violation of the sphericity assumption.

Outliers were identified using the Grubb's test [28] and excluded
from further analysis. Any missing values were replaced using the
Peterson method in order to run the repeated measures ANOVA [29],
but these values were not included in the post hoc analyses or the
graphical representation of the data. The Grubb's test analysis
identified 9 outliers out of 308 data points (2.9%) for c-Fos-ir/TPH-ir
cell counts, 10 outliers out of 308 data points (3.2%) for c-Fos-ir/TPH-
immunonegative cell counts and 2 outliers out of 308 data points
(0.6%) for the total number of serotonergic neurons sampled.

2.6.3. Statistical analysis of treatment effects for cell counts
Cell counts were analyzed using separate two-factor analysis of

variance (ANOVA) with repeated measures (PASW statistics) on the
numbers of 1) c-Fos-ir/TPH-ir neurons, 2) c-Fos-ir/TPH-immunone-
gative cells and 3) the total number of serotonergic neurons with
treatment (three levels: acute social defeat, repeated social defeat and
home cage control) as a between-subjects factor and region (11
levels) as a within-subjects factor. A Greenhouse–Geisser correction
epsilon (ε) was used to correct for potential violation of the sphericity
assumption. When appropriate, post hoc analyses using Fisher's
Protected LSD tests (PASW statistics) were conducted.

Outlierswere identified using the Grubb's test [28] and excluded from
further analysis. Any missing values were replaced using the Peterson
method in order to run the repeated measures ANOVA [29], but these
values were not included in the post hoc analyses or the graphical
representation of the data. The Grubb's test analysis identified 11 outliers
out of 539 data points (2.0%) for c-Fos-ir/TPH-ir cell counts, 9 outliers out
of 539 data points (1.7%) for c-Fos-ir/TPH-immunonegative cell counts
and 2 outliers out of 539 data points (0.4%) for the total number of
serotonergic neurons sampled.

2.6.4. Statistical analysis of correlations
Both the frequency and duration of individual behaviors that were

different between acute and repeated social defeat subjects were
correlated with numbers of c-Fos-ir/TPH-ir neurons in specific
subregions of the DR, where treatment effects were observed, using
the Pearson Product Moment correlation test.

3. Results

3.1. Pre-defeat behavior

Rats exposed to social defeat 24 h prior to testing, relative to naive
rats, responded with altered duration and frequency of a number of
behaviors during the pre-defeat phase (Table 2). Analysis of the
duration of pre-defeat behaviors revealed that the repeated defeat
subjects, compared to the acute defeat subjects, responded with a
greater duration of freezing (p=0.028). Repeated defeat subjects
displayed significantly less rearing (p=0.009) and locomotion
(p=0.010). Additionally, rats exposed to repeated defeat tended to
respond with a greater duration of inactivity, although this compar-
ison only approached statistical significance (p=0.056). Results from
analysis of the frequency of pre-defeat behaviors paralleled the results



Table 2
Duration and frequency of the intruders' behavior during the pre-defeat phase of social
defeat.

Behavior Duration Frequency

Acute Repeated Acute Repeated

Sniffing bedding 68.7±9.6 62.9±8.0 21.2±2.7 19.2±2.0
Freezing 0.3±0.3 36.9±11.7⁎ 0.2±0.1 3.2±1.4⁎

Rearing 173.1±14.8 97.6±23.2⁎⁎ 34.3±2.8 22.5±4.7⁎

Defensive burying 6.6±2.0 2.0±1.1 2.8±0.8 1.0±0.5
Locomotion 73.0±14.3 25.2±4.3⁎ 29.8±3.4 15.4±3.1⁎⁎

Self-grooming 70.5±8.8 70.9±9.0 6.0±0.6 7.3±1.2
Inactivity 12.0±3.7 38.6±9.6 5±1.4 12.7±2.5⁎⁎

±Values are presented as mean S.E.M.
⁎ pb0.05.
⁎⁎ pb0.01.
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from analysis of the duration of pre-defeat behaviors. Rats exposed to
repeated defeat, compared to rats exposed to acute defeat, demon-
strated more freezing (p=0.018) and inactivity (p=0.009), but less
rearing (p=0.035) and locomotion (p=0.007). No additional
differences were found for either the duration or frequency of any
other pre-defeat behaviors.

3.2. Defeat behavior

Rats exposed to social defeat 24 h prior to testing, relative to naive
rats, responded with altered duration and frequency of a number of
behaviors during the defeat phase (Table 3). Analysis of the duration of
behaviors during the defeat phase revealed that repeated defeat, when
compared with acute defeat, resulted in increased freezing (p=0.035)
and reductions in rearing (p=0.039), social interaction (p=0.024) and
locomotion (pb0.001). The analysis of the frequency of defeat behaviors
was largely consistent with the analysis of the duration of defeat
behaviors. Repeated defeat rats, compared to acute defeat rats, respond
with a higher frequency of freezing (p=0.012) and inactivity
(p=0.008). In contrast, the repeated defeat rats displayed less frequent
genital sniffing (p=0.048), rearing (p=0.035), social interaction
(p=0.011) and locomotion (p=0.001).
Table 3
Duration and frequency of the intruders' behavior during the defeat phase of social
defeat.

Behavior Duration Frequency

Acute Repeated Acute Repeated

Reactive coping
Sniffing bedding 5.8±2.9 6.7±5.3 1.9±0.9 2.0±1.3
Freezing 42.6±16.1 115.7±30.7⁎ 2.5±0.7 7.9±2.1⁎

Full submission 10.2±2.8 12.1±2.8 2.5±0.8 1.7±0.2
Sideways submission 2.8±1.4 5.3±1.6 0.9±0.3 1.7±0.5
Passive genital sniff 25.0±6.7 32.5±7.3 7.6±1.6 7.4±1.1
Genital sniff 2.1±0.9 0.0±0.0 1.1±0.5 0.0±0.0⁎

Proactive coping
Rearing 43.8±10.4 16.3±4.8⁎ 11.4±2.9 3.2±0.9⁎

Defensive burying 0.2±0.1 0.0±0.0 0.2±0.1 0.0±0.0
Aggression 0.3±0.2 0.2±0.2 0.3±0.1 0.1±0.1
Escape 0.7±0.3 1.8±1.2 0.7±0.3 2.6±1.2
Upright defensive
behavior

153.4±37.9 182.3±53.7 13.9±2.2 9.8±1.6

Social interaction 13.7±3.0 4.2±2.1⁎ 4.6±1.0 1.3±0.5⁎

Neutral
Locomotion 30.5±5.3 4.5±1.0⁎⁎⁎ 13.9±2.2 2.9±0.8⁎⁎

Self-grooming 20.0±6.7 12.7±5.6 2.5±0.9 1.4±0.6
Inactivity 34.2±12.7 55.2±17.1 3.1±0.9 10.7±2.7⁎⁎

Values are presented as mean±S.E.M.
⁎ pb0.05.
⁎⁎⁎ pb0.001.
⁎⁎ pb0.01.
Rats exposed to social defeat 24 h prior to testing, relative to naive
rats, responded with altered duration and frequency of reactive and
proactive behavioral strategies during the defeat phase (Fig. 2). Rats
exposed to repeated defeat responded with a greater duration of
reactive coping behavior relative to rats exposed to a single defeat
(p=0.026; Fig. 2A). In addition, the comparison of the ratio of the
duration of reactive versus proactive coping behavior approached
statistical significance (p=0.054; Fig. 2D). Rats exposed to repeated
defeat responded with a lower frequency of proactive behaviors
(p=0.018; Fig. 2F) and a greater ratio of the frequency of reactive
versus proactive behaviors relative to rats exposed to a single defeat
(p=0.005; Fig. 2H). No statistically significant differences were
observed in either the duration (Fig. 2C) or frequency (Fig. 2H) of
neutral behaviors.

3.3. Immunohistochemistry

3.3.1. Cell counts in home cage control rats
Statistical analysis using two-factor repeated measures ANOVA

revealed that there were no differences between home cage control 1
and home cage control 2 rats on the numbers of c-Fos-ir/TPH-ir
neurons (day×region interaction, F(10, 260)=1.30, p=0.273, ε=0.44;
day main effect, F(1, 26)=1.13, p=0.297, ε=0.44; region main effect,
F(10, 260)=13.58, pb0.001, ε=0.44; data not shown), c-Fos-ir/TPH-
immunonegative cells (day×region interaction effect, F(10, 260)=0.94
p=0.410, ε=0.24; daymain effect, F(1, 26)=0.47, p=0.500, ε=0.24;
region main effect, F(10, 260)=70.26, pb0.001, ε=0.24; data not
shown) or TPH-ir neurons (day× region interaction effect, F(10, 260)=
0.38 p=0.819, ε=0.39; day main effect, F(1, 26)b0.001, p=0.983,
ε=0.49; region main effect, F(10, 260)=46.78, pb0.001, ε=0.39; data
not shown). Consequently, cell counts from the two control groups
were combined for analysis of treatment effects.

3.3.2. c-Fos-ir/TPH-ir neurons
Acute and repeated defeat differentially increased c-Fos expres-

sion in DR serotonergic neurons. Statistical analysis using multifactor
ANOVA with repeated measures revealed that social defeat altered
c-Fos expression within serotonergic neurons (i.e., altered the
numbers of c-Fos-ir/TPH-ir neurons) in the DR (treatment× region
interaction effect, F(20, 460)=4.89, pb0.001, ε=0.49; treatment
main effect, F(2, 46)=28.10, pb0.001, ε=0.49; region main effect,
F(10, 460)=27.08, pb0.001, ε=0.49; Figs. 3 and 4). Post hoc Fisher's
Protected LSD tests revealed that both acute and repeated social
defeat, compared to home cage control conditions, increased c-Fos-
ir/TPH-ir staining in several subdivisions of the DR. These included
the DRD and DRV at −7.46 mm bregma, the DRD at −8.00 mm
bregma, the DRD, DRV and DRVL/VLPAG at −8.18 mm bregma and
the DRC at −8.54 mm bregma. The comparison of c-Fos-ir/TPH-ir
staining within the DRVL/VLPAG at − 8.00 mm bregma
approached statistical significance for rats exposed to either acute
(p=0.073) or repeated (p=0.051) defeat (Fig. 3). In addition,
subjects exposed to acute social defeat displayed increased c-Fos-ir/
TPH-ir staining in the DRV at −8.00 mm bregma and the DRI at
−8.54 mm bregma; subjects exposed to repeated social defeat
exhibited increased c-Fos-ir/TPH-ir staining in the DRI at−8.18 mm
bregma while staining in the DRI at −8.54 mm bregma approached
statistical significance (p=0.062). When comparing acute to
repeated social defeat subjects, repeated social defeat rats showed
decreased c-Fos-ir/TPH-ir staining within the DRD (p=0.018) and
DRV (p=0.015) at−8.00 mm bregma; this pattern of c-Fos-ir/TPH-
ir staining approached statistical significance within the DRD
(p=0.061) and DRV (p=0.066) at −8.18 mm bregma, suggesting
a consistent pattern of responses in the mid-rostrocaudal DRD and
DRV. Finally, the repeated social defeat subjects, when compared
with the acute defeat subjects, exhibited increased c-Fos-ir/TPH-ir
staining in the DRI (p=0.004) at −8.18 mm bregma.
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3.3.3. c-Fos-ir/TPH-immunonegative cells
Acute and repeated defeat increased c-Fos expression in non-

serotonergic cells within the DR. A separate two-factor ANOVA with
repeatedmeasures showed that social defeat altered the expression of
c-Fos within non-serotonergic cells (i.e., c-Fos-ir/TPH-immunonega-
tive cells) in subregions of the DR (treatment×region interaction
effect, F(20, 460)=4.90, pb0.001, ε=0.23; treatment main effect,
F(2, 46)=16.62, pb0.001, ε=0.23; region main effect, F(10, 460)=
121.01, pb0.001, ε=0.23; Figs. 4 and 5). Further analysis using post
hoc Fisher's Protected LSD tests revealed that rats exposed to either
acute or repeated social defeat, compared to rats exposed to home
cage control conditions, exhibited increased numbers of c-Fos-ir/TPH-
immunonegative cells in all regions studied, excluding the DRI at
−8.18 mm bregma where only rats exposed to repeated social defeat
responded with increased c-Fos expression.

3.3.4. Total numbers of TPH-ir neurons
Acute and repeated defeat had no effect on the numbers of

serotonergic neurons within the DR. A separate two-factor ANOVA with
repeated measures showed that social defeat did not alter the total
numbers of serotonergic neurons (i.e., the sumof c-Fos-immunonegative/
TPH-ir neurons and c-Fos-ir/TPH-ir neurons) within subregions of the DR
(treatment×region interaction effect, F(20, 460)=1.43, p=0.103, ε=0.48;
treatment main effect, F(2, 46)=0.012, p=0.988, ε=0.48; region main
effect, F(10, 460)=75.69, pb0.001, ε=0.48; Figs. 3 and 4).

3.4. Correlations

Correlation analysis was conducted for the duration of freezing
behavior and subregions of the DR that displayed statistically
significant increases in the numbers of c-Fos-ir/TPH-ir neurons and
that are known to be involved in regulating behavioral coping
strategies (i.e., DRD and DRVL/VLPAG). A Pearson's Product Moment
Correlation test showed that the numbers of c-Fos-ir/TPH-ir neurons
within the DRVL/VLPAG at −8.00 mm bregma were positively
correlated with the duration of freezing behavior (r2=0.361,
p=0.018, Fig. 6). No behaviors during the pre-defeat phase were
significantly correlated with numbers of c-Fos-ir/TPH-ir neurons in
these regions.
4. Discussion

Repeated defeat, relative to acute defeat, resulted in a shift away
from a proactive emotional coping style during the defeat phase of the
test and toward a reactive emotional coping style. Rats exposed to
either acute defeat or repeated defeat responded with increased c-Fos
expression in serotonergic neurons in multiple subdivisions of the DR,
relative to rats exposed to home cage control conditions. Inmost cases,
increases in c-Fos expression in serotonergic neurons were similar in
rats exposed to acute or repeated defeat. However, rats exposed to
repeated defeat responded with less c-Fos expression in serotonergic
neurons, relative to rats exposed to acute defeat, within the dorsal
(DRD) and ventral (DRV) parts of the mid-rostrocaudal DR.

Rats exposed to acute and repeated social defeat displayed
different behavioral coping strategies. Rats exposed to repeated
defeat responded with a decrease in proactive emotional coping
behavior (e.g. decreased duration and frequency of rearing and social
interaction, and decreased frequency of proactive coping) and an
increase in reactive emotional coping behavior (e.g. increased
duration and frequency of freezing, and increased duration of reactive
coping) relative to rats exposed to a single defeat. Overall, rats
exposed to a second social defeat encounter, relative to rats exposed
to a single social defeat, responded with an increase in the ratio of the
frequency of reactive to proactive emotional coping behaviors.
Behavior during the pre-defeat phase paralleled these findings.
During the pre-defeat phase, rats exposed to repeated social defeat,
compared to acute social defeat, responded with a reduction in the
duration and frequency of rearing and locomotion, and with an
increase in the duration and frequency of freezing. A reactive
emotional coping strategy or development of a subordinate status
has been proposed to be a more adaptive, flexible behavioral strategy
[30] during periods of unstable social structure that may serve to
avoid danger, limit injury and conserve energy [31]. Previous studies
have suggested that serotonergic systems may play a role in the
inhibition of proactive coping responses including aggression [32,33],
escape behaviors [34,35], and in the facilitation of passive-submissive
behaviors [12,22,36], including fear- and anxiety-like behaviors [36].

Rats exposed to acute defeat responded with increased c-Fos
expression in serotonergic neurons in multiple subdivisions of the DR,
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relative to rats exposed to home cage control conditions. These
findings are consistent with other studies showing that social defeat
increases 5-HT neurotransmission within the DR [13,14,23]. Wide-
spread activation of DR serotonergic systems has been described with
other stressors including restraint stress [37] and inescapable tail
shock [37]. Thus, serotonergic responses to acute social defeat
resemble those observed following exposure to relatively intense
uncontrollable stressors. This widespread activation of serotonergic
systems may be due to the activation of multiple excitatory afferents
to the DR, including those arising from the central nucleus of the
amygdala, bed nucleus of the stria terminalis, lateral habenula, locus
coeruleus, and lateral parabrachial nucleus [38–41]. Indeed, these
structures that provide excitatory input to the DR are also activated by
uncontrollable stressors [15,24,42–44]. Our own previous studies
found more anatomically restricted increases in c-Fos expression
following exposure to social defeat [11] compared to those in our
study. However, rats in the control group in the previous study by
Gardner and colleagues [11] were exposed to a novel cage and moved
to a novel environment for the duration of the social defeat period for
time-matched rats exposed to social defeat, whereas rats in the
control group in our study were removed from their cage 1 h prior to
social defeat, moved to a novel environment to be weighed, and then
returned to their home cage environment where they remained
during the social defeat period for time-matched rats exposed to
social defeat. Consistent with these differences in experimental
design, the levels of c-Fos expression in the control group from the
study by Gardner and colleagues [11] were considerably greater than
in our study. Also, a recent study by Hinwood et al. [45] reported that
repeated social defeat, when compared to a home cage control
condition (like the one used in the current study), increased ΔFosB
expression in the infralimbic and prelimbic regions of the medial
prefrontal cortex and both the core and shell of the nucleus
accumbens; however, when comparing repeated social defeat sub-
jects to a sham-stress control group (i.e. a control animal that is
exposed to the resident's cage in the absence of the resident) the
increase in ΔFosB expression was limited to only the infralimbic
region of the prefrontal cortex. Studies investigating the effects of
social defeat stress on immediate-early gene expression often differ in
the type of home cage controls utilized and either use a home cage
control condition [20,46], exposure to a novel cage [11,14,22,23], or
exposure to the resident's cage in the absence of the resident
[24,25,45], but, as the aforementioned studies illustrate, the type of
control group can be critical for interpreting the results. Future studies
should include a sham-stress control group to identify the specific
contributions of psychosocial stress per se (as opposed to those of
handling, novelty, olfactory stimuli, etc.) on the activation of DR
serotonergic systems. The current study, however, is consistent with
prior studies showing increased c-Fos expression in the DR following
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social defeat [14,15,24,25], although these previous studies did not
distinguish between serotonergic and non-serotonergic neurons in
the DR.

In the majority of subdivisions analyzed, there were no differences
between responses of DR serotonergic neurons in rats exposed to
acute defeat or repeated defeat. However, in the mid-rostrocaudal DR,
including both the dorsal (DRD) and ventral (DRV) parts, c-Fos
expression in serotonergic neurons was lower in rats exposed to
repeated defeat, compared to rats exposed to acute defeat. These
regions of the DR receive a unique set of afferents and give rise to
topographically organized projections to forebrain targets. The mid-
rostrocaudal DRD gives rise to extensive projections to subcortical
limbic sites involved in fear and anxiety, whereas the mid-rostrocau-
dal DRV gives rise to sensorimotor and motor structures, including
extensive cortical projections (for reviews, see [47,48]). Together,
these structures may modulate fear and anxiety states and sensori-
motor and motor function.

The mechanisms underlying the anatomically selective adaptations
to repeated defeat in the mid-rostrocaudal DRD and DRV are not clear.
However, functional anatomical studies suggest that the mid-rostro-
caudalDRD and/or DRV are selectively activated by a number of anxiety-
and stress-related stimuli [11,17,18,36,49,50]. Interestingly, maternal
separation, an adverse early life experience that results in a prolonged
increase in anxiety state and a shift toward a more reactive emotional
behavioral strategy during social defeat results in a pronounced increase
in tph2 mRNA expression throughout the mid-rostrocaudal DRV [51].
Although previous studies have not shown selective activation of the
mid-rostrocaudal DRV by social defeat, activation of the lateral orbital
cortex, which gives rise to a dense projection to the mid-rostrocaudal
DRV, has been associated with negative reward anticipation, losing
outcome, and evaluation of wrong choices [52,53]. It would be
interesting to investigatewhether amore chronic social defeat paradigm
would amplify the site-specific effects of repeated social defeat on c-Fos
expression within the mid-rostrocaudal DRD and DRV, as well as the
functional consequences.

There are a number of mechanisms that could account for the
decrease in c-Fos expression within serotonergic neurons in the mid-
rostrocaudal DRD and DRV seen in animals exposed to repeated social
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defeat, compared to acute social defeat. It is possible that a selective
increase in 5-HT1A receptor autoinhibition of serotonergic neurons in
the mid-rostrocaudal DRD and DRV could explain a decrease in
activation of this region during a second exposure to social defeat.
Social defeat increases 5-HT1A mRNA expression throughout the DR
[23,43], which could decrease activity in the DRD and DRV, but this is
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Fig. 6. Graph illustrating the correlation between the number of c-Fos-immunoreactive
serotonergic neurons within the dorsal raphe nucleus, ventrolateral part/ventrolateral
periaqueductal gray (DRVL/VLPAG; –8.00 mm bregma) and the duration of freezing
behavior during the defeat phase of social defeat. Open circles, acute defeat subjects;
closed circles, repeated defeat subjects.
unlikely since these mRNA expression changes are not selective to
subregions of the DR. It is also possible that excitatory input to the
mid-rostrocaudal DRD and DRV is diminished, that serotonergic
autoinhibition is increased, or that non-serotonergic inhibitory input
is increased, during a second exposure to social defeat. Alternatively,
the reduction in c-Fos expression within the mid-rostrocaudal DRD
and DRV observed in repeated social defeat subjects could be due to
autoinhibition of gene expression via transrepression of the c-fos
promotor by a c-Fos/c-Jun heterodimer complex [54,55]. Future
experiments should investigate whether the reductions in c-Fos
expression in serotonergic neurons observed in subjects exposed to
repeated social defeat are due to altered afferent input to the DR or
autoinhibitory mechanisms.

The amount of c-Fos expression in themid-rostrocaudal DRVL/VLPAG
was positively correlated with the duration of freezing behavior. This is
consistent with a number of studies demonstrating that the VLPAG plays
an important role in regulating a type of freezing behavior related to
defensive responses and conditioned fear [56,57]; indeed, lesions of the
VLPAG prevent freezing associated with conditioned fear [58,59]. In our
study, a greater level of activationof theDRVL/VLPAG region (as indicated
by increased c-Fos expression in serotonergic neurons) was correlated
with increased freezing behavior. As neurons in the DRVL/VLPAG region
are known to project to the dorsal periaqueductal gray [60], this effect
may be due to serotonergic inhibition of escape behaviors, resulting in a
shift toward a more reactive emotional coping style. Numerous studies
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have shown that activation of 5-HT1A and 5-HT2A receptors within the
dorsal periaqueductal gray inhibits escape behavior [61–64]. In contrast,
c-Fos expression in non-serotonergic neurons within the DRVL/VLPAG
region was not correlated with freezing behavior, suggesting that the
effects of DRVL/VLPAG stimulation on freezing may be mediated by
serotonergic mechanisms. Consistent with this hypothesis, intra-DR
injections of corticotropin-releasing factor (CRF) increase freezing
behavior that is temporally correlated with increased 5-HT release in
the central amygdaloidnucleus [65],which, like thedorsal periaqueductal
gray, is innervated by serotonergic neurons in the DRVL/VLPAG [66].

Acute and repeated defeat resulted in increased c-Fos expression
in non-serotonergic neurons throughout all subregions of the DR
relative to home cage control conditions. The DR contains a variety of
neurotransmitters, including aspartate, dopamine, GABA, glutamate,
glycine, nitric oxide, norepinephrine, and the peptide transmitters
calbindin, calretinin, cholecystokinin, corticotropin-releasing factor,
leu- and met-enkephalin, galanin, neuropeptide Y, neurotensin,
somatostatin, substance P and vasoactive intestinal polypeptide
[47,67]. Social defeat is known to produce changes in other
neurotransmitter systems such as dopamine [68] and a variety of
neuropeptides [69], however, to our knowledge, the effects of social
defeat on other neurotransmitters specifically within the DR have yet
to be investigated. There were no differences in the level of c-Fos
activation in non-serotonergic neurons in rats exposed to acute and
repeated defeat. This is consistent with previous studies that did not
distinguish between serotonergic and non-serotonergic neurons
reporting that there were no differences in the patterns of c-Fos
expression within the DR following exposure to either acute or
repeated (chronic) social defeat [14,15,25]. Identifying other cell
types that are activated following social defeat should be an important
direction for future research.

In summary, rats exposed to repeated social defeat, when
compared with rats exposed to acute social defeat, responded with
an increase in reactive coping behavior that was associated with a
decrease in c-Fos expression within serotonergic neurons in the mid-
rostrocaudal DRD and DRV. Furthermore, c-Fos expression within
serotonergic neurons in the mid-rostrocaudal DRVL/VLPAG was
positively correlated with the duration of freezing. These data support
the hypothesis that the DR serotonergic neurons have a functional
topographical organization and that novel therapeutic strategies for
stress-related neuropsychiatric disorders could target topographically
organized subpopulations of serotonergic neurons.
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