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Abstract

Background—Chronic social defeat stress (CSDS) produces persistent behavioral adaptations in
mice. In many behavioral assays, it can be difficult to determine if these adaptations reflect core
signs of depression. We designed studies to characterize the effects of CSDS on sensitivity to
reward, since anhedonia (reduced sensitivity to reward) is a defining characteristic of depressive
disorders in humans. We also examined the effects of striatal AFosB overexpression or the N-
methyl-D-aspartate antagonist ketamine, both of which promote resilience, on CSDS-induced
alterations in reward function and social interaction.

Methods—We used intracranial self-stimulation (ICSS) to quantify CSDS-induced changes in
reward function. Mice were implanted with lateral hypothalamic (LH) electrodes and ICSS
thresholds were measured following each of 10 daily CSDS sessions, and during a 5-day recovery
period. We also examined if acute administration of ketamine (2.5-20 mg/kg, intraperitoneal)
reverses CSDS-induced effects on reward or, in separate mice, social interaction.

Results—CSDS increased ICSS thresholds, indicating decreases in the rewarding impact of LH
stimulation (anhedonia). This effect was attenuated in mice overexpressing AFosB in striatum,
consistent with pro-resilient actions of this transcription factor. High but not low doses of
ketamine administered after completion of the CSDS regimen attenuated social avoidance in
defeated mice, although this effect was transient. Ketamine did not block CSDS-induced
anhedonia in the ICSS test.

Conclusions—Our findings demonstrate that CSDS triggers persistent anhedonia, and confirm
that AFosB overexpression produces stress resilience. They also indicate that acute ketamine fails
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to attenuate CSDS-induced anhedonia despite reducing other depression-related behavioral
abnormalities.
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INTRODUCTION

Chronic stress is implicated in the etiology and pathophysiology of anxiety and depressive
disorders (1-3). Although these disorders are increasingly prevalent (4) and tend to be
persistent and resistant to current treatments (5,6), the mechanisms by which stress triggers
them remain poorly understood (7). Validating depression models is crucial to better
understand the consequences of stress, elucidate the neurobiology of affective disorders, and
develop novel anti-stress and antidepressant treatments.

Animal models of depression rely on their ability to mimic or produce core symptoms of the
disorder in humans, including social avoidance and anhedonia (reduced sensitivity to
reward) (8,9). Chronic social defeat stress (CSDS) is an increasingly utilized model that
exploits the ethological relevance of territorial aggression (10,11) and produces these core
symptoms as assessed in tests quantifying social interaction and preference for sucrose and
other natural rewards (12-14). Furthermore, CSDS effects are reversed by chronic but not
acute administration of fluoxetine or imipramine (12,15,16), standard antidepressant
medications widely used to treat depressive disorders in humans. In contrast, standard
anxiolytic medications are ineffective (12). Thus CSDS is considered to have construct,
face, and predicative validity (10). However, it has been proposed that CSDS-triggered
behaviors have their basis in anxiety (17,18), and what is often interpreted as anhedonia in
sucrose preference tests may actually reflect anxiety-enhanced neophobia.

The primary goal of the present studies was to examine the ability of CSDS to produce
anhedonia, a core feature of depressive but not anxiety disorders (8). We used intracranial
self-stimulation (ICSS), an operant paradigm in which mice self-administer rewarding
electrical brain stimulation, to directly assess the effects of CSDS on reward sensitivity
(19,20). ICSS behavior is attenuated in rodents under conditions that cause depressive-like
states in humans, including drug withdrawal (21-25), unpredictable and chronic mild stress
(26,27), and administration of kappa-opioid receptor agonists (28,29). Specifically, these
treatments increase the threshold frequency at which the stimulation supports responding, an
indicator of anhedonia (19). Furthermore, the ICSS paradigm allows for the study of
manipulation-induced alterations in reward sensitivity over time, and is impervious to
anxiety- and satiety-related factors that confound other paradigms used to assess reward
system function (e.g. sucrose preference, sex, drugs of abuse) (19).

In parallel, we examined the ability of ketamine, an NMDA receptor antagonist (30), to
mitigate the effects of CSDS on social avoidance and ICSS thresholds. While standard
antidepressant treatments have delayed therapeutic efficacy (often several weeks), recent
studies demonstrate that a single dose of ketamine can produce rapid (though transient)
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antidepressant responses in depressed patients (31-37)—including patients that are
treatment-resistant (32,34,38,39)—and antidepressant-like effects in numerous models of
depression (40-51). To determine if the therapeutic-like actions of ketamine are
accompanied by amnestic (learning- and memory-disrupting) effects often associated with
NMDA antagonists (52,53) or anxiolytic effects (43) we examined performance in the
passive-avoidance and elevated plus maze (EPM) tests. As a way of evaluating whether it is
possible to mitigate the effects of CSDS on ICSS, we included studies using AFosB-
overexpressing mice, which are less sensitive (resilient) to CSDS (54).

MATERIALS AND METHODS

Animals and Drugs

Male C57BL/6J mice (6—8 weeks) were purchased from Jackson Laboratories (Bar Harbor,
ME), and male CD1 mice (retired breeders) were purchased from Charles River
Laboratories (Wilmington, MA). Inducible bitransgenic male mice that overexpress AFosB
were generated from crosses of NSE-tTA (line A) and TetOP-AFosB (line A11) mice, and
fully backcrossed to a C57BL/6J background, using a tetracycline-regulated gene expression
system (55). AFosB mice were raised on water containing doxycycline (DOX) (100 pg/ml)
(Sigma, St. Louis, Missouri), which represses transgene expression. Experiments were
conducted ~8 weeks after DOX discontinuation, when transgene expression of AFosB is
maximal (AFosB—ON group) (55). Half of the mice remained on DOX for the duration of
the experiment to serve as controls (AFosB-Control group). Mice had free access to food and
water and were maintained on a 12-h light/dark cycle. All procedures were conducted in
accordance with National Institutes of Health and McLean Hospital policies. Ketamine was
obtained from Sigma-Aldrich (St. Louis, MO), dissolved in 0.9% saline (Vehicle), and
administered intraperitoneally (IP) at 10 ml/kg. Control mice received identical treatments
as defeated mice.

Behavioral Manipulations and Tests

CSDS was performed as described previously (10,12). CD1 mice (residents) were screened
for consistent aggressive behavior (attack latencies <30 sec for 3 consecutive screening
tests). On each of 10 consecutive days, the intruder (defeated) mouse was placed in the
homecage of a resident mouse and subjected to 10 min of social defeat stress. Following the
defeat session, the mice were separated in the cage with a perforated Plexiglas divider,
which allowed for continuous protected sensory exposure. Defeated mice were exposed to a
new resident and cage each day. Control mice were handled daily and housed in identical
cage set-ups as the defeated mice, but opposite a conspecific mouse. Separate cohorts were
used for ICSS and social interaction (SI) experiments.

ICSS was performed as previously described (19,28). Briefly, mice (25-30 g) were
implanted with monopolar electrodes aimed at the lateral hypothalamus (LH). Mice were
trained with a descending series (or “pass”) of 15 stimulation frequency trials (0.05 logyg
unit steps), 4 per day, at the minimum effective current. CSDS and control groups had
equivalent minimum currents (~75 pA). ICSS thresholds (Theta-0) were calculated using a
least-squares line of best-fit analysis (19,56). After stable baseline thresholds were
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established (+/- 15% for 5 consecutive days; BL1-5), mice were subjected to CSDS for 10
days (D1-10). Mice were initially separated into two groups to test whether the effects of
CSDS on ICSS thresholds depend on the interval of time between the defeat session and
ICSS testing: mice in the long interval (LInt) group were tested in ICSS ~16 hrs after defeat,
whereas mice in the short interval (Shint) group were tested in ICSS ~6 hrs after defeat
(Figure 1A). Following CSDS, mice were returned to their home cages and tested post-
defeat in ICSS for 5 days (P1-5). For ketamine experiments, mice received either vehicle or
ketamine (20 mg/kg) 1 hr after the final defeat session.

To assess ketamine effects on SI, mice received vehicle, a low (2.5 mg/kg), or a high (20
mg/kg) dose of ketamine 24 hrs before the first day of CSDS (Day 0) or 1 hr after the final
defeat session (Day 10). Mice were habituated to the interaction arena in red light for 15 min
on days 8-10 of CSDS. Twenty-four hr after the final defeat session (Day 11), social
approach behavior in the presence of an unfamiliar CD-1 enclosed in a wire cage was
assessed as previously described (12, 57), with minor modifications. Sl scores were defined
as the amount of time the mouse spent near an enclosure containing a CD-1 (social target)
over a 2.5 min period compared to when the target enclosure was empty. Because control
mice spend more time interacting with a social target present, an Sl score of 1 (equal time
near social target versus empty enclosure) was used as a cut-off: SI scores >1 were
considered “stress-resilient” and scores <1 were considered “stress-susceptible” (13). The
segregation of defeated mice into susceptible and resilient subpopulations is supported by
extensive behavioral, neurobiological, and electrophysiological analyses (13,54).

Passive-avoidance conditioning was conducted in a Gemini Avoidance System apparatus
(San Diego Instruments, San Diego CA) as previously described (50) with minor
modifications. During training, mice were given 1 min acclimation to the light compartment
before access to the dark compartment. Once a cross was made to the dark compartment,
mice were conditioned with two consecutive 2 sec (inescapable) footshocks (0.2 mA),
followed by a 1 min time-out. Mice were given either vehicle or ketamine (20 mg/kg) 1 hr
after conditioning. Step-through latencies were measured 24 hrs later. To assess the effects
of our ketamine on anxiety-like behavior, a separate cohort of mice were given either
vehicle or ketamine (20 mg/kg) 24 hrs prior to EPM testing. Mice were placed in the center
of an elevated plus maze (each arm 33 cm long and 5 cm wide, with 2 opposite arms closed
by 16.5 cm high walls, maze elevated 81 cm from floor) in red light and allowed to explore
for 5 min.

Statistical Analysis

Two- and three-way repeated measures ANOVA was performed for CSDS, ICSS, and
passive-avoidance data. Significant ANOVAs were further analyzed with Bonferroni post
hoc tests. Effects of ketamine on SI were analyzed with preplanned contrasts (Bonferroni
tests) between control and defeated mice within each treatment group, based on a specific a
priori hypothesis that ketamine treatment would mitigate depressive-like behavior in
defeated mice. Effects on EPM behavior were analyzed using Student’s t-test. The Sl and
EPM tests were videotaped and scored by raters blinded to treatment conditions.
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The effects of social defeat on ICSS thresholds were evaluated after each episode of defeat,
enabling us to track changes in responsiveness across the entire CSDS regimen (Figure 1A,
B). LInt and Shint data are presented together to facilitate a side-by-side comparison of
interval duration effects on ICSS thresholds (Figure 1B, C). The effects of CSDS on ICSS
thresholds depended on group [F(2,22)=13.53, p<0.001] and day [F(15,330)=2.98, p<0.001],
with a marginal group X day interaction (p=0.054). CSDS significantly increased mean
ICSS thresholds (expressed as % baseline) in both LInt and Shint defeated mice compared
to controls by the second day of defeat (LInt: p<0.05, Shint: p<0.001). Shint mice had
higher thresholds compared to LInt mice only on P1 (p<0.05) (Figure 1B). A small
proportion of mice were resilient to the effects of CSDS on anhedonia in ICSS (not shown),
consistent with findings in other tests (13). Since there were no overall differences in ICSS
thresholds between control mice in the LInt and Shint groups (data not shown), these data
were consolidated. When data are expressed as single means for BL1-5, D1-10, and P1-5 for
each group, the effects of CSDS on ICSS thresholds depended on defeat [F(2,22)=9.68,
p<0.01], day [F(2,44)=21.57, p<0.001], and a defeat X day interaction [F(4,44)=5.09,
p<0.01] (Figure 1C). Within group comparisons revealed that ICSS thresholds were
increased in both LInt and Shint defeated mice on D1-10 and P1-5 compared to BL1-5
(p<0.001). Between group comparisons revealed that ICSS thresholds were significantly
increased in LInt and Shint defeated mice on D1-10 (p<0.001), and in defeated Shint mice
on P1-5 (p<0.01), compared to controls (Figure 1C). Raw data from individual
representative control and defeated (LInt) mice illustrate how CSDS can cause a rightward
shift in ICSS rate-frequency functions on D1-10 compared to BL1-5 (Figure 1D).

Because mice that inducibly overexpress AFosB in striatal regions are resilient to CSDS (54)
and stress-like conditions (58), we hypothesized that AFosB-ON mice, but not AFosB-
Control mice, would be resilient to the effects of CSDS on ICSS thresholds. When data are
expressed as single means for BL1-5, D1-10, and P1-5 for each group, the effects of AFosB
overexpression on CSDS-mediated changes in ICSS thresholds depended on DOX treatment
[F(1,4)=13.25, p<0.05], day [F(2,8)=23.89, p<0.001], and a DOX treatment X day
interaction [F(2,8)=16.40, p<0.01] (Figure 2). CSDS increased ICSS thresholds in AFosB-
Control mice on D1-10 and P1-5 compared to BL1-5 (p<0.001) and on D1-10 and P1-5
compared to AFosB-ON mice (p<0.05), whereas AFosB-ON mice were resilient to the
anhedonic effects of CSDS. AFosB overexpression had no effect on minimum currents,
confirming that increased AFosB itself does not affect sensitivity to LH stimulation (58).

CSDS produced social avoidance in defeated mice treated with vehicle or a low dose of
ketamine (2.5 mg/kg) (p’s<0.05) but not in defeated mice treated with a high dose of
ketamine (20 mg/kg) (Figure 3A); there was a main effect of group [F(1,60)=15.75,
p<0.001], but no main effect of dose or dose X group interaction. A plot of individual Sl
scores for defeated mice show that a small number of mice treated with vehicle (n=3/12) or
a low dose of ketamine (n=2/10) exhibited resilience, whereas a larger proportion of mice
treated with a high dose of ketamine (n=8/11) exhibited resilience (Figure 3A, inset). There
were no significant differences in either distance traveled or velocity during the S test
(Figure 3B,C). Mice were retested 1 week later to determine if the antidepressant-like effects
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of the high dose of ketaminge, as measured in the Sl test, are persistent. Both defeated mice
that received vehicle and defeated mice that received ketamine (20 kg/kg) exhibited social
avoidance when retested 1 week later (vehicle: p<0.001, ketamine: p<0.05) (Figure 3D);
there was a main effect of group [F(1,36)=21.10, p<0.0001], but no main effect of dose or
dose X group interaction. A single administration of ketamine (20 mg/kg) 24 hrs prior to the
first day of CSDS did not attenuate social avoidance. CSDS produced social avoidance in
defeated mice treated previously with vehicle or a high dose of ketamine (20 mg/kg)
(p’s<0.05) (Figure 3E); there was a main effect of group [F(1,21)=1.57, p<0.001], but no
main effect of dose or dose X group interaction.

To determine if ketamine-effects on CSDS-induced social avoidance could be due to
amnestic effects of this dosage, we compared passive avoidance memory retention in a
separate cohort of vehicle and ketamine-treated mice. All mice exhibited increased step-
through latencies on the memory retention test day [F(1,28)=22.82, p<0.0001] (Figure 4A).
There was no main effect of treatment on retention of fear memory [F(1,28)=0.14, n.s.] or
day X treatment interaction [F(1,28)=0.24, n.s.]. In the EPM, there were no differences
between vehicle and ketamine-treated mice in open arm time (t(20)=0.61, n.s.) (Figure 4B)
or number of open arm entries (t(20)=0.34, n.s.) (not shown).

Mice received ketamine or vehicle after the final defeat session, and continued ICSS testing
post-treatment (D10, P1-5). ICSS thresholds obtained on pre-treatment days (D1-9) were
compiled for each group. Thresholds on D10 and P1-5 were analyzed to assess the temporal
effects of ketamine. The same dose of ketamine (20 mg/kg) that attenuated social avoidance
in defeated mice in the Sl test did not attenuate anhedonia in the ICSS test (Figure 5); there
was a main effect of group [F(1,45)=48.65, p<0.0001], but no significant group X treatment
X day interaction. ICSS electrode placements were indistinguishable from those depicted
previously (28).

DISCUSSION

CSDS produces anhedonia in the ICSS paradigm in mice. Specifically, we show that that
CSDS decreases the rewarding impact of LH stimulation, as measured by elevations in ICSS
thresholds (19), with effects persisting up to 5 days post-CSDS. These results are broadly
consistent with the results of previous studies in rats (59) and hamsters (60), which utilized
other methodologies to quantify brain stimulation reward strength. As expected on the basis
of previous work (54), which demonstrated that mice that overexpress AFosB are resilient to
the development of social avoidance and sucrose preference deficits, we found that mice
were also resilient to the anhedonia-inducing effects of CSDS in the ICSS test. In addition,
we examined the antidepressant-like properties of ketamine in the CSDS paradigm. Acute
ketamine treatment in defeated mice attenuated social avoidance in the Sl test. This acute
effect is remarkable considering similar effects are observed only after chronic treatment
with fluoxetine or imipramine (12,16). However, acute ketamine had no effect on anhedonia
in the ICSS test. Our findings complement previous work showing that CSDS decreases
preference for natural rewards (12,13,15), and indicate that ICSS is a sensitive, reliable, and
quantifiable method for detecting anhedonic effects of CSDS over time in mice. The results
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also demonstrate that ketamine has rapid antidepressant-like effects on some—but not all—
CSDS-induced behavioral abnormalities.

In the CSDS paradigm, susceptible mice show deficits in sucrose preference that are often
interpreted as anhedonia. However, numerous factors complicate the use of sucrose tests as a
measure of anhedonia. First, they lack reliability: CSDS has been reported to decrease (14—
18), increase (61,62) or have no effect (63,64) on sucrose preference, with similar
discrepancies reported using the chronic mild stress paradigm (65,66). Second, sucrose tests
may be confounded by the novelty of the sucrose solution, since chronic stressors can cause
neophobia (67,68). Finally, their translational relevance is unclear, since there are no
differences in preference for sweet solutions between individuals with major depressive
disorder and healthy controls (69,70), and depression and chronic stress can result in both
weight loss or gain (8,71-73). These factors suggest that sucrose preference and
consumption tests alone may not represent a face-valid approach for assessing anhedonia.
Although our ICSS studies do not address whether these sucrose-related tests reflect reward
function, they confirm that CSDS indeed produces anhedonia.

One advantage of the ICSS test is that it enables day-to-day measurements of reward
function, enabling precise analysis of the amount of CSDS required to produce anhedonia.
Repeated tests are not feasible in SI or sucrose preference tests, since experience can affect
the results. Here we demonstrate that CSDS begins to significantly elevate ICSS thresholds
by the second defeat session. Thresholds remained elevated throughout the CSDS period and
for up to one week following its termination, demonstrating persistent anhedonia. These
threshold elevations are consistent with the effects of other pro-depressive treatments
including chronic unpredictable stress (26,27), drug withdrawal (22-25), and kappa-opioid
receptor agonists (29,58). Although thresholds in control mice remained stable during
D1-10, the nominal elevations during P1-5 may be due to an idiosyncracy of the
experimental design. Specifically, control mice were housed across a divider from a
conspecific during D1-10, but (like all subjects) were socially isolated during P1-5. It is
established that social isolation of adult rodents produces anhedonia-related signs (74).

Importantly, we demonstrate that it is possible to mitigate CSDS-induced anhedonia in the
ICSS test. Mice that overexpress AFosB in D1-type medium spiny neurons of striatum (55)
are less sensitive to CSDS-induced increases in ICSS thresholds. This is consistent with
previous reports that they are also less sensitive to CSDS-induced social avoidance (54) and
to the threshold increasing effects of U50488, a kappa-opioid receptor agonist known to
produce dysphoria (58). The ability of AFosB overexpression to block the anhedonic effects
of both CSDS and KOR agonists suggests potential overlap in molecular mechanisms, as
proposed previously (75,76). One possible mechanism by which AFosB may mediate stress-
resilience is via induction of GIuR2 in the nucleus accumbens (NAc), which dampens
glutamatergic tone (54). Although AFosB-Control mice show larger increases in ICSS
thresholds compared to those seen in C57BL/6J mice, this may be due to different
background of the founder strains; indeed AFosB-Control mice are also more sensitive to
CSDS-induced social avoidance (54).
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It is possible that the acute painful effects of CSDS contribute to elevations in ICSS
thresholds, considering that acute pain can increase ICSS thresholds (77). It seems unlikely
that the observed ICSS threshold increases are due to pain alone, however, for several
reasons. First, exposure to stressful stimuli including CSDS often produces stress-induced
analgesia (75,78). Second, ICSS thresholds remained elevated after the termination of
defeat, indicating that the effects of CSDS are prolonged and independent of acute pain.
Third, mice that “witness” social defeat sessions exhibit depressive-like behaviors despite
the lack of physical contact (79). Finally, CSDS failed to produce anhedonia in mice that
overexpress AFosB in striatum, where it mediates stress resilience (54). The present results
suggest that CSDS produces adaptations within brain reward pathways (12,13,15,54) that
result in the anhedonic phenotype.

Although standard antidepressants can reverse the behavioral effects of CSDS, chronic
treatment is required (12,16). Because acute ketamine has rapid antidepressant effects in
humans (31-39), we assessed whether acute ketamine treatment reverses the effects of
CSDS in mice. We found that a single dose of ketamine (20 mg/kg, IP) causes rapid (~24
hours) antidepressant-like effects in the Sl test following exposure to CSDS. This is
consistent with numerous studies describing the rapid effects (within hours) of subanesthetic
doses of ketamine in humans (31-39), even in patients with treatment-resistant depression
(32,34,38,39). Ketamine also has rapid antidepressant-like effects in other animal models
including the forced swim test (FST) and tail suspension test (TST) (40,41,42,43,44,48,50),
learned helplessness paradigm (45,50,51), and chronic mild stress paradigm (46,47,49).
Neither CSDS nor acute ketamine affected locomotor activity, an important factor to rule
out non-specific effects on gross motor output that can complicate data interpretation.
Considering that ketamine produces amnestic effects in rodents (52,53), we assessed the
possibility that ketamine interferes with stress-related learning and memory. Consistent with
previous work (50), we found that 20 mg/kg ketamine does not interfere with performance
in the passive avoidance test, suggesting that the antidepressant-like effects of the drug in
our studies are not due to memory impairment. We further show that the acute ketamine
treatment that reduces social avoidance does not affect behavior in the EPM, although
previous reports are inconclusive (42,43). Together, our findings suggest that the effects of
ketamine in the Sl test can be differentiated from effects on learning and memory or anxiety.

Interestingly, a single injection of 20 mg/kg ketamine 24 hr prior to day one of CSDS had no
effect on social avoidance, suggesting an inability to prevent the development of repeated
stress-induced adaptations, at least with this single dose. Additionally, the antidepressant-
like effects of ketamine in the Sl test were not persistent: mice re-tested 1 week later did not
show continued attenuation of CSDS-induced social avoidance. This finding is broadly
consistent with clinical studies reporting that patients who respond to acute ketamine often
experience relapse within several days (31,39,80) and with preclinical reports of acute but
not persistent antidepressant-like effects of ketamine in the FST and TST in mice (41,51,81),
although there are also reports of persistent effects (45,49,50,82). These differences may be
due to the intensity or type of stress (e.g. social stress versus FST or TST) or strain
differences (41). Repeated ketamine treatment may be necessary to induce reliably persistent
effects. It was recently reported that repeated ketamine treatment in rats was necessary to
produce a long-lasting resilient phenotype in the chronic unpredictable stress paradigm (81).
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Furthermore, there is evidence that chronic ketamine administration induces antidepressant-
like effects at doses that are not acutely effective (83). There are reports that repeated
infusions in patients with treatment-resistant depression may result in a more sustained
antidepressant response compared to a single infusion (84-86). However, the widespread
use of ketamine as a therapeutic may be limited by abuse liability and other side effects (87—
89). Characterizing the time-course of ketamine effects in animal models may help optimize
clinical treatment regimens.

Despite its effects on social avoidance, acute ketamine failed to block the anhedonic effects
of CSDS in the ICSS test. This was unexpected considering prior reports that ketamine
reverses stress-related decreases in sucrose preference (45,48), and increases dopamine
efflux in the NAc (90), an effect often associated with elevated mood (91). To the best of
our knowledge there are no reports on the ability of standard antidepressants to reverse the
effects of CSDS on ICSS. We cannot exclude the possibility that ketamine treatment might
reverse CSDS-induced anhedonia in the ICSS test using other treatment regimens (e.g.,
different doses, repeated administration) or mouse strains, although such studies are beyond
the scope of this report considering the number of possible permutations in experimental
design. However, animal studies involving repeated ketamine administration may be of
limited value in understanding why the drug is clinically effective after acute administration
in people (31).

CSDS also induces robust anxiety-like behaviors as measured in exploratory assays such as
the elevated plus maze or open field (12,13). However, an important feature of the CSDS
paradigm is that it can distinguish these anxiety-like measures from more depressive-like
signs such as social avoidance or sucrose preference deficits. Specifically, social avoidance
and sucrose preference deficits are treated effectively with standard antidepressants but not
anxiolytics (12). Moreover, mice that display a resilient phenotype (i.e., those that lack
social avoidance and sucrose preference deficits) display equivalent levels of anxiety-like
behavior (15), as seen in mice that overexpress AFosB (54). Similarly, we show that acute
ketamine (20 mg/kg) affected one dimension of depressive behavior (social avoidance), but
not others (anhedonia, anxiety, learning and memory), suggesting that these behaviors
represent distinct domains regulated by separate, yet overlapping circuits in the brain (92).
The molecular mechanisms by which ketamine produces these antidepressant-like effects
are not well understood, but may involve alterations in glutamate function or protein
synthesis within brain regions including hippocampus and frontal cortex (45,46,47,50).
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Figure 1.

Chronic social defeat stress (CSDS) increases reward thresholds in the intracranial self-
stimulation (ICSS) test. (A) Experimental design; Lint=long interval (16 hr) between a
defeat bout and ICSS testing, Shint=short interval (6 hr). (B) CSDS increases reward
thresholds in the Lint (n=10) and Shint (n=6) groups compared to controls by the second
day of defeat. Controls in the LInt group (n=6) and Shint group (n=3) were not significantly
different and were pooled. Data are expressed as mean (£ SEM) % change from the average
baseline threshold. Gray background represents days in which mice were defeated (D1-10).
(C) Average thresholds for baseline (BL1-5), defeat (D1-10), and post-defeat (P1-5) for
each group expressed as % change from average baseline threshold (BL1-5). CSDS
increases reward thresholds in the LInt and Shint groups on D1-10 and P1-5 compared to
within-group baseline threshold (BL1-5) and compared to controls (D) Rate-frequency
functions for individual control and defeated representative mice demonstrate that CSDS
causes parallel rightward shifts. *p<0.05, **p<0.01, ***p<0.001 for within-group
comparisons to baseline (BL1-5); ~p<0.05, Mp<0.01, “p<0.001 for between-group
comparisons to controls; #p<0.05 for comparisons between Shint and LInt groups; ns=not
significant.
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Figure 2.
Inducible AFosB overexpression in striatum blocks the anhedonic effects of CSDS in the

ICSS test. AFosB-Control mice (n=3), but not AFosB-ON mice (n=3) tested 8 weeks after
DOX discontinuation, show increases in ICSS thresholds on D1-10 and P1-5 compared to
BL1-5. ***p<0.001 for within-group comparisons to baseline (BL1-5); ~p<0.05,
MAp<0.001 for between-group comparisons.
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Ketamine attenuates CSDS-induced social avoidance. (A) A high (20 mg/kg) but not low
(2.5 mg/kg) dose of ketamine given 1 hr after the final defeat bout (Day 10) attenuates social

avoidance in defeated mice. Inset: Individual Sl scores in defeated mice from each dose

group. (B-C) There were no effects of group (control, defeat) or treatment (vehicle, 20
mg/kg ketamine) on distance traveled (B) or velocity (C) during the Sl test. (D) Mice in the

vehicle and ketamine (20 mg/kg) groups exhibit comparable degrees of social avoidance
compared to controls when retested 1 week later (Day 18). (E) Ketamine (20 mg/kg)
administered 24 hrs before the first day of defeat does not attenuate social avoidance

measured at the end of the CSDS procedure. *p<0.05 compared to controls within each
dose, n=6-12 mice/group.
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(A) Ketamine, at the effective dose (20 mg/kg) used in the Sl test, does not interfere with
fear memory retention in the passive avoidance test. All mice, regardless of treatment with
vehicle or ketamine 1 hr after the training day, avoid entering the dark compartment on the
testing day. (B) Ketamine treatment (20 mg/kg) 24 hrs prior to testing does not affect
behavior in the elevated plus maze (EPM). *p<0.05 for within-group comparisons, n=8-11

mice/group.
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Ketamine (20 mg/kg) administered 1 hr after the final defeat bout does not block the
anhedonic effects of CSDS in the ICSS test on D10 or P1-5. Gray background represents the
thresholds obtained post-treatment. Mice were defeated for 10 days (LInt schedule) and
matched into saline and ketamine groups. Ketamine had no effect in control mice. *p<0.05
for between-treatment group comparisons to controls, n=4—-6 mice/group.
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