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Previous studies have demonstrated that repeated forced-swim stress-induced behaviors (including analgesia, immobility, and increased

drug reward) were mediated by the release of endogenous prodynorphin-derived opioid peptides and subsequent activation of the

kappa opioid receptor (KOR). We tested the generality of these effects using a different type of stressful situation: repeated social defeat.

C57Bl/6 mice subjected to social defeat stress (SDS) over 3 days showed a characteristic stress-induced immobility and defeated-

postural response, as well as stress-induced analgesia (SIA). Daily pretreatment with the KOR antagonist nor-binaltorphimine (nor-BNI,

10 mg/kg, i.p.) blocked the SIA and significantly reduced the stress-induced immobility on the second and third days of SDS exposure. In

contrast, prodynorphin gene-disrupted mice showed no significant increase in immobility, socially defeated postures, or SIA following

repeated exposure to SDS. Since both stress and the kappa opioid system can modulate the response to drugs of abuse, we tested the

effects of SDS on cocaine-conditioned place preference (CPP). SDS-exposed mice conditioned with cocaine (15 mg/kg, s.c.) showed

significant potentiation of place-preference for the drug-paired chamber over the responses of unstressed mice. Nor-BNI pretreatment

blocked stress-induced potentiation of cocaine-CPP. Consistent with this result, mice lacking the prodynorphin gene did not show stress-

induced potentiation of cocaine-CPP, whereas wild-type littermates did. The findings suggest that chronic SDS may activate the kappa

opioid system to produce analgesia, immobility, social defeat postures, and resulting in a potentiation of the acute rewarding properties

of cocaine.
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INTRODUCTION

Stress has long been associated with increased initiation and
reinstatement of drug abuse (Goeders, 2002; Stewart, 2003).
In humans, stress increases craving and risk of relapse of
drug use in addicts (Epstein and Preston, 2003; Sinha et al,
1999). In animal models, chronic stress exposure increases
the drug craving (Shaham et al, 2000, 2003; Sanchez et al,
2003). A better understanding of these interactions is likely
to provide important therapeutic insights. Previously, we
found that repeated forced-swim stress (FSS) preceding
cocaine conditioning nearly doubled the subsequent place
preference (CPP) response in male C57Bl/6 mice (McLaugh-
lin et al, 2003). The stress-induced potentiation of the CPP
was completely blocked by treatments that disrupted
functioning of the dynorphin (DYN)/kappa opioid system.

Mice either pretreated with the kappa opioid receptor
(KOR) antagonist norbinaltorphimine (nor-BNI), or pos-
sessing disrupted prodynorphin or KOR genes showed
normal cocaine-CPP but failed to show stress-induced
potentiation (McLaughlin et al, 2003, 2005). Those results
suggested that the DYN/kappa opioid system was necessary
for the stress-induced potentiation of the cocaine-CPP.

A role for DYN as a mediator of the stress response had
been previously suggested by Carlezon and co-workers
(Pliakas et al, 2001; Mague et al, 2003) who showed that
kappa receptor antagonists had antidepressant-like effects
in the repeated forced-swim test. In addition, stress-induced
activation of CREB has been shown to increase DYN
expression and modulate the response to cocaine (Carlezon
et al, 1998; Newton et al, 2002). The role of DYN and
the KOR in controlling responses to cocaine is somewhat
controversial. Shippenberg and co-workers suggest that
endogenous dimorphism suppress cocaine reward since
KORs topically inhibit the enhanced dopamine neurotrans-
mission in nucleus acumens following cocaine (Chefer et al,
2005). In contrast, we found that pharmacological activation
of the kappa receptor prior to cocaine could potentiate the
subsequent cocaine-CPP (McLaughlin et al, 2005). A better
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understanding how endogenous DYNs mediate the re-
sponses to stress and affect responses to cocaine may be
important in understanding mechanisms of stress-induced
depression and stress-induced drug craving.

To address these issues, we tested whether other forms of
stress were able to produce effects on cocaine-CPP similar
to repeated FSS. Repeated swim stress evokes strong efforts
to escape and involves intense physical exertion. As such,
the mechanisms and pathways mediating the responses to
swim stress may differ from those mediating the responses
to other forms of repeated stress not involving intense
physical exertion. Thus, an important assessment of the
generality of the hypothesis would be to determine whether
the DYN–kappa system contributes to the potentiation of
the rewarding properties of cocaine induced by other
repeated stressors. Repeated social-defeat stress using the
procedures developed by Miczek et al provides a more
naturalistic model of stress characterized by aggressive
interactions that are intense, unpredictable, and inescap-
able. Social-defeat stress in rats has been shown to enhance
cocaine self-administration and produce a sensitization to
the locomotor stimulating effects of cocaine (Covington
and Miczek, 2001). In mice, social-defeat stress produced
behavioral sensitization to the locomotor effects of
cocaine (Nikulina et al, 2004). In the current studies, we
asked whether repeated social defeat stress (SDS) also
potentiates cocaine conditioned place preference (CPP) and
whether that effect could also be prevented by nor-BNI or
DYN gene disruption of the endogenous kappa opioid
system.

MATERIALS AND METHODS

Animals and Housing

Male C57Bl/6 mice (Charles River Laboratories, Wilming-
ton, MA) weighing 22–32 g (12–16 weeks old) were used in
these experiments. Mice were group-housed, 2–4 per cage,
in self-standing plastic cages (28 cm L� 16 cm W� 13 cm
H) using ‘Bed-o’Cob’ for home bedding within the animal
core facility at the University of Washington, and main-
tained in a specific pathogen-free housing unit. Mice were
transferred 1 week prior to training into a colony room
adjacent to the testing room to acclimatize to the testing
environment. Housing rooms were illuminated on a 12-h
light–dark cycle with lights on at 0700. Food pellets and
water were available ad libitum. Procedures with mice
were approved by the institutional Animal Care and
Use Committee in accordance with the 1996 NIH Guide
for the Care and Use of Laboratory Animals, and mice
were inspected regularly by veterinary staff to ensure com-
pliance.

Breeding and Genotyping of Prodynorphin
Knockout Mice

Homozygous prodynorphin knockout (KO) (�/�) mice
were prepared by homologous recombination as described
(Sharifi et al, 2001) and provided for this study. Animals
were back-crossed for 410 generations with C57Bl/6 mice,
and heterozygote breeding pairs were used to generate
homozygotic KO mice of each type and paired wild-type

(WT) littermate controls for this study. Individual mice
were genotyped by extracting DNA from tail samples that
was then used as template in a pair of PCR reactions
as described previously (McLaughlin et al, 2003). The
prodynorphin gene-disrupted animals show no dis-
cernible differences from WT littermates in growth,
lifespan, overt behavior, or locomotor activity (Sharifi
et al, 2001).

Drugs

Cocaine hydrochloride (National Institute on Drug Abuse,
Bethesda, MD) and nor-BNI (Sigma, St Louis, MO) were
dissolved in sterile physiological saline. Drugs and vehicle
were delivered in injection volumes of 0.1 ml/10 g body
weight.

Social Defeat Stress

To induce SDS, a single C57Bl/6 or transgenic mouse (the
‘intruder’) was transiently placed in the home cage of a
resident male mouse (the ‘aggressor’) in a procedure
adapted from previous studies (Miczek, 1979; Rodgers and
Randall, 1986; Spina et al, 2000; Kabbaj et al, 2001; Nikulina
et al, 2004). SDS behaviors of the intruder mouse during a
confrontation with the resident aggressor were recorded.
Specifically, resident C57Bl/6 male mice were housed with a
normal cycling female to enhance territorial behavior and
aggressiveness. Females were removed from the resident’s
cage before starting the social stress procedure, and the
intruder mouse introduced for a 20-min trial. The number
of seconds an intruder mouse maintained social defeat
posture in the presence of an aggressor was recorded
throughout five trials by an observer blind to genotype or
prior drug treatment. Defeat was identified as the display of
a submissive (supine) posture for at least 4 s during an
agonistic interaction consisting of: immobility (four paws
on ground, orienting toward resident), escape (fleeing the
resident), crouching (four paws on ground, not orienting
toward resident), or defensive upright stance (standing still
and erect with forepaws extended) (as in Miczek, 1979;
Kabbaj et al, 2001). Intruder mice were pretreated with
vehicle (0.9% saline intraperitoneal (i.p.)) or nor-BNI
(10 mg/kg, i.p.) 1 h prior to each day’s first social defeat
trial. Intruders were exposed to SDS from 0930 to 1230
in the initial daily trial, then again 3 h later in the second
daily trial.

Antinociceptive Testing Using the 551C Warm-Water
Tail-Withdrawal Assay

The response latency for the mouse to withdraw its tail
following immersion in 551C water was taken as the
endpoint (Vaught and Takemori, 1979), modified as
previously described (McLaughlin et al, 2003). A maximum
score was assigned (100%) to animals not responding
within 15 s to avoid tissue damage. Antinociception
(maximal possible effect) was calculated by the following
equation: % MPE¼ 100� (test latency�control latency)/
(15�control latency). Antinociceptive testing followed the
completion of SDS exposure within 5–9 min, consistent with
previous studies (McLaughlin et al, 2003).
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Conditioned Place Preference

Mice were used in place-conditioning studies using a three-
compartment box, similar to the methods utilized by
Cunningham et al (1998) and Carlezon et al (1998). The
apparatus and conditioning procedures were as previously
described (McLaughlin et al, 2003). The compartmentalized
box was divided into two equal-sized outer sections
(25� 25� 25 cm3) joined by a small central compartment
(8.5� 25� 25 cm3) accessed through a single doorway
(3� 3 cm2). The compartments differ in wall striping
(vertical vs horizontal alternating black and white lines,
1.5 cm in width) and floor texture (wood chips vs ‘Bed-o’
Cob’). Mice were screened for initial preferences on the
morning of day 1 by placing mice in the small central
compartment and allowing them to move freely throughout
the entire apparatus for 30 min while recording time spent
in the two outer compartments. The CPP apparatus itself
was found to be unbiased. Mice (n¼ 90) spent an equal
amount of time in the chamber with vertical stripes and
wood chip bedding (658719.5 s) and the chamber with
horizontal stripes and ‘Bed-o’-Cob’ bedding (669715.2 s).
On day 2, mice were injected subcutaneously (s.c.) with
15 mg/kg cocaine and immediately placed in the compart-
ment opposite to that in which they had spent more time
in the pre-conditioning test, for 30 min (although the
conditioning apparatus was unbiased, we randomized the
design by making the drug-paired chamber the one that
the individual mouse preferred less during the pre-con-
ditioning trial). After 4 h, mice received saline (0.1 ml/10 g
body wt., s.c.) and immediately confined for 30 min to the
opposite outer compartment. On day 3, mice again were
conditioned first with cocaine, followed by saline 4 h later,
in the appropriate compartments. On day 4, mice were
placed in the small central compartment and allowed to
freely roam between the two outer compartments for
30 min, and movement through the chambers was detected
by infrared beam sensors (LabLinc, Coulbourn Instruments,
Allentown, PA). Time spent in the two outer compartments
was then calculated by GraphicState 2 software (Coulbourn
Instruments, Allentown, PA). Note that results are plotted
as the difference in the times spent on the drug-paired side
vs the vehicle-paired side. Therefore, a positive value
demonstrates the animal’s preference for the drug-paired
side. The lack of apparent bias in the apparatus was
consistent with our previous report that mice trained
with saline in both compartments showed no significant
preference (McLaughlin et al, 2003). In that study, we also
found that mice given saline following stress in the first
compartment and saline alone in the second developed no
significant place preference (McLaughlin et al, 2003). Prior
exposure to stress did not significantly affect the difference
between time spent in the middle compartment after
cocaine training and time in the middle compartment
before cocaine training (unstressed mice �40727 s;
stressed mice �81732 s, Student’s t-test p40.05).

Data Analysis

Behavioral data were analyzed by the Student’s t-test or
either one-way or two-way analysis of variance (ANOVA) as
appropriate. Data for the CPP study did not meet the

assumptions of normal distribution necessary for para-
metric evaluation, and Kruskal–Wallis One-way ANOVA
was used for the analysis. Significant results demonstrated
by ANOVA were further analyzed for significance with LSD
multiple-comparison post hoc test (NCSS 2001 Software,
Kaysville, Utah). Data are presented as means7SEM of the
animal treatment group, with significance set at po0.05.

RESULTS

SDS-Induced Analgesia was Mediated by the KOR
and Prodynorphin Gene Derived Opioids

C57Bl/6 WT mice were treated with vehicle and exposed to
the SDS in five trials over 3 days. After each trial, tail-
withdrawal latency in the 551C warm-water tail-withdrawal
assay was significantly increased after SDS exposure (Day 1:
F2,93 ¼ 9.60; Day 2: F2,93¼ 9.09; Day 3: F1,60¼ 7.05; all
po0.01, one-way ANOVA, Figure 1a). The SDS-induced
analgesia (SIA) was blocked by daily i.p. pretreatment with
the KOR antagonist nor-BNI (10 mg/kg i.p.) prior to stress
exposure (Day 1: F2,76¼ 0.93; Day 2: F2,75 ¼ 1.70; Day 3:
F1,49 ¼ 1.33; all p40.05, one-way ANOVA, Figure 1b).
C57Bl/6 mice lacking the prodynorphin gene-derived opioid
peptides (DYN(�/�) mice) and their WT littermates were
also exposed to SDS. Consistent with the effects of nor-BNI,
DYN(�/�) mice demonstrated no significant difference
in tail-withdrawal latency after SDS (Day 1: F2,33 ¼ 0.26;
Day 2: F2,33¼ 0.16; Day 3: F1,22 ¼ 0.62; all p40.05, one-way
ANOVA, Figure 1c). Nor-BNI had no significant effect on
DYN(�/�) mice (data not shown). The stress-induced
increase in tail-flick latency of the WT littermate mice on
each day was equivalent (across trials, F4,50 ¼ 0.64, p40.05,
one-way ANOVA), suggesting a consistent activation of the
nor-BNI sensitive, endogenous opioid system.

Immobility and Defeat Behaviors Induced by SDS
are Prevented by Nor-BNI and Prodynorphin
Gene Disruption

Rodents exposed to SDS displayed characteristic responses
of immobility and socially defeated postures (Miczek et al,
2004). As defined by the description presented in the
Materials and methods section, the immobility resulting
from SDS after vehicle pretreatment increased upon
repeated trials. Two-way ANOVA (factor trial and factor
nor-BNI, Ftrial/4,178 ¼ 2.38, p¼ 0.05; Fnor-BNI/1,178 ¼ 13.93,
po0.001; Ftrial� nor-BNI/4,178 ¼ 1.05, p40.05) showed there
were significant effects of nor-BNI, but no trial effects or
interaction effects. Similar to results using FSS presented
previously (McLaughlin et al, 2003), C57Bl/6 WT mice
pretreated with vehicle or nor-BNI demonstrated no
differences in time spent immobile on the first day of
testing. However, when mice were repeatedly challenged by
SDS over the next 2 days, nor-BNI pretreatment signifi-
cantly reduced the time spent in socially defeated, immobile
postures (po0.05; LSD multiple-comparison post hoc test,
Figure 2, trials 4–5).

DYN(�/�) mice and their WT littermates were pretreated
daily with vehicle and exposed to SDS. WT littermates
demonstrated an increased immobility over trials, which
were not significantly different from C57Bl/6 WT mice (data
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not shown). Two-way ANOVA (factor trial and factor
DYN, Ftrial/4,156 ¼ 0.89, p40.05; FDYN/1,156 ¼ 26.47, po0.001;
Ftrial�DYN/4,156 ¼ 2.7, po0.05) showed there were significant
DYN(�/�) and interaction effects. Although during earlier
trials (trials 1 and 2), there was no significant differences in
the socially defeated, immobility responses between the

DYN(�/�) mice and WT mice, repeated SDS trials there-
after revealed a significant reduction in later trials in the
duration of social defeat postures and immobility displayed
by the prodynorphin KO mice as compared to their WT
mice (po0.05; LSD multiple-comparison post hoc test,
Figure 2, trials 3–5). Notably, the inhibitory effects of
prodynorphin gene disruption on social defeat posture and
immobility during the later SDS trials were consistent with
the effects of nor-BNI on WT mice. The results suggest
that the DYN/kappa system contributes to the increasing
response during chronic stress rather than to the acute
social stress-induced immobility.

Exposure to SDS Potentiates Cocaine-CPP in a Nor-BNI
Sensitive Manner

As many stressors have been demonstrated to potentiate the
rewarding effects of abused drugs (Haile et al, 2001; Kabbaj
et al, 2001; McLaughlin et al, 2003), we asked if repeated
SDS could potentiate cocaine-CPP and if that potentiation
was mediated by a nor-BNI-sensitive mechanism. Initially
C57Bl/6 mice were tested in the CPP apparatus before drug-
treatment to obtain preconditioning responses for subse-
quent comparisons. Animals were exposed to SDS over 3
days or left in home cages in conjunction with conditioning
on the afternoon of day 2 with cocaine (15 mg/kg, s.c.),
followed by saline (see protocol, Figure 3a). After con-
ditioning, unstressed, control C57Bl/6 mice demonstrated a
significant increase in the time spent in the drug-paired
chamber than prior to conditioning (po0.001, Student’s
t-test), and spent significantly more time in the drug-paired
chamber than the saline-paired chamber (Figure 3b). Mice

Figure 1 Social defeat stress (SDS)-induced analgesia is blocked by
pretreatment with nor-BNI or prodynorphin gene derived disruption. Tail-
withdrawal latencies presented were obtained 5–9 min after exposure to
SDS, on the first, second, or third day. Mice were tested in the 551C warm-
water tail-withdrawal assay before (open bars) and after exposure to the
SDS (thatched bars), as described in ‘Materials and methods’. (a) On
each day, C57Bl/6 mice pretreated with vehicle i.p. demonstrated a tail-
withdrawal response that was approximately doubled after social stress. (b)
Pretreatment 60 min prior to SDS with the KOR-selective antagonist, nor-
BNI (10 mg/kg, i.p.) did not significantly change baseline tail-withdrawal
latencies (open bars, b), but blocked the increase in SIA produced by SDS
(thatched bars, b). (c) Similar to nor-BNI, disruption of the prodynorphin
gene prevented SDS-induced analgesia in vehicle-treated mice in each trial
over 3 days. * significantly different from matching pre-stress latencies on
day 1, day 2, po0.05, as determined by one-way ANOVA followed by
Fisher’s LSD multiple-comparison post hoc test. * significantly different than
matching pre-stress latencies on day3, po0.05, as determined by Student’s
t-test. Bars represent n¼ 23–32 WT or 12 DYN(�/�) mice.

Figure 2 Time spent in socially defeated postures is reduced on the
second and third day of testing by pretreatment with nor-BNI or
prodynorphin gene disruption. The time mice spent immobile and in
socially defeated postures during each trial exposure to social-defeat stress
was measured over five trials across 3 days. WT mice received either
vehicle or nor-BNI 1 h prior to daily SDS. Prodynorphin gene disrupted
mice received vehicle. All mice exposed to two trials of SDS on day 1
demonstrated no difference in immobility response on the first day,
regardless of pretreatment. However, mice pretreated with either nor-BNI
or lacking prodynorphin spent significantly less time immobile and in socially
defeated postures from the second SDS trial on the second and third days
than vehicle-treated WT mice. * significant difference between immobility
and socially defeated postural responses of stress-exposed vehicle-
treated and nor-BNI treated WT mice or DYN(�/�) mice, po0.05,
as determined by two-way ANOVA followed by Fisher’s LSD multiple-
comparison post hoc test.
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pretreated with vehicle and exposed to SDS prior to cocaine
conditioning developed an even larger preference for the
cocaine-paired chamber. Preference for the drug-paired
chamber of mice previously stressed was nearly twice that of
mice not subjected to repeated social stress (po0.05; LSD
multiple-comparison post hoc test followed by Kruskal–
Wallis One way ANOVA, H¼ 9.2, po0.05, Figure 3b). The
increase in the cocaine-CPP was not due to exposure to a
novel environment prior to cocaine exposure. Mice placed
in a novel cage with a littermate (‘Mock social stress’) and
then place-conditioned with cocaine demonstrated a place
preference that was significantly greater than the initial
preference (po0.001, Student’s t-test), but no different
than the response of unstressed, control mice (p40.05,
Figure 3b, LSD multiple-comparison post hoc test). Nor-BNI
pretreatment of SDS-exposed mice blocked the potentiation
of the cocaine-CPP response (Figure 3b). Nor-BNI pre-
treated mice exposed to repeated SDS demonstrated a
significant cocaine-CPP response over the preconditioned
response (po0.001, Student’s t-test) that was not signifi-
cantly different from the response produced by the
unstressed mice (p40.05; Figure 3b, LSD multiple-compar-
ison post hoc test). This nor-BNI treatment was shown
previously not to affect cocaine-CPP in the absence of stress
(McLaughlin et al, 2003). The nor-BNI data suggest that
chronic SDS-induced activation of KOR may have poten-
tiated rather than suppressed cocaine-CPP. These results
suggest that repeated social defeat and repeated swim stress
acted similarly.

We next asked if exposure to SDS would affect cocaine-
CPP by a prodynorphin-dependent mechanism using
prodynorphin KO mice and their WT littermates. Pre-
viously, DYN(�/�) mice showed the same cocaine pre-
ference in the CPP chamber as WT C57Bl/6 mice or
matched WT littermate controls (McLaughlin et al, 2003).

Figure 3 Exposure to SDS produces a nor-BNI sensitive potentiation of
cocaine-CPP. (a) Schematic of training paradigm. The CPP protocol was as
described in ‘Materials and methods.’ Preference testing allowed mice to
move freely for 30 min in the morning to measure preconditioning and
subsequent responses for either of two conditioning chambers as described
in Materials and methods (represented here with triangles). Following
assessment of preconditioning preference, mice were exposed to repeated
SDS over the next 72 h as detailed in Materials and methods (diamonds) or
allowed to remain in home cages without stress. Within 10 min after SDS
exposure on day 2, mice were administered cocaine (15 mg/kg, s.c.)
and confined to the drug-paired box for a 30-min conditioning session
(squares). After 4 h, mice were administered vehicle and confined to the
vehicle-paired box for a 30-min conditioning session (circles). After a final
SDS exposure on the third day (diamond), cocaine and saline conditioning
was repeated, separated again by 4 h (represented by the joined square
and circle icons, day 3). On day 4, the final preference test was performed
blind to determine the effect of treatment and conditioning on place
preference. (b) Preference test data demonstrates a nor-BNI-sensitive,
SDS-induced potentiation of cocaine-CPP. Preferences are given as
difference between time spent in drug-paired chamber and time in
saline-paired chamber during the 30-min trial. A positive value represents
greater time spent in the drug-paired chamber. Mice were divided into four
groups. The first group was unstressed, remaining in home cages and not
exposed to SDS prior to 2 days of cocaine and saline conditioning as
described in ‘Materials and methods.’ The second group was administered
vehicle and exposed to a novel, unoccupied environment with a littermate
(‘Mock social stress’) prior to cocaine conditioning. The third group was
administered vehicle and exposed to SDS prior to 2 days of cocaine and
saline conditioning. The fourth group was administered nor-BNI and
exposed to the SDS as described above, then conditioned over two days
with cocaine and saline. After conditioning, all four groups demonstrated an
increase in time spent in the cocaine-paired chamber that was significantly
greater than the time spent in that chamber prior to conditioning, an
example of CPP. Control unstressed mice, mock social-defeat stressed,
and SDS-exposed mice pretreated with nor-BNI demonstrated an equi-
valent degree of cocaine-CPP. In contrast, vehicle-treated mice exposed
to SDS demonstrated a significant potentiation over the unstressed
animals responses. * significant difference in cocaine-CPP compared with
unstressed mice; po0.05, as determined by Kruskal–Wallis one-way
ANOVA Ranks followed by Fisher’s LSD multiple-comparison post hoc test
(The behavioral data did not meet the assumptions of normal distribution
necessary to permit parametric evaluation). Bars represent n¼ 18–23 mice,
except mock social stress group, for which n¼ 4 mice.

Figure 4 Disruption of prodynorphin gene prevents the SDS-induced
potentiation of cocaine-CPP. Prodynorphin gene knockout or WT
littermate mice were exposed to 3-day SDS and then used in cocaine-
CPP assays as detailed in Figure 3a and ‘Materials and methods.’ All animals
demonstrated cocaine-CPP after conditioning that was significantly greater
than preference during the preconditioning trial. However, SDS-exposed
WT littermates demonstrated cocaine-CPP that was approximately double
the preference responses of the social defeat-stressed prodynorphin
KO mice. * significant difference in matching cocaine-CPP response of
SDS-exposed prodynorphin WT vs gene disrupted mice, po0.05 for all
as determined by Student’s t-test. Bars each represent n¼ 11–12 animals.
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Consistent with our previous findings using forced swim,
WT littermates exposed to repeated SDS developed
significantly greater cocaine-CPP than SDS-exposed
DYN(�/�) mice (p40.05, Student’s t-test, Figure 4). The
results show that SDS produced significantly less cocaine-
CPP in mice lacking DYN.

DISCUSSION

The current studies support the hypothesis that stress-
induced release of endogenous DYN and subsequent
activation of the KOR mediates a component of the stress-
induced potentiation of the cocaine response. Repeated FSS
was chosen as a stressor in previous studies, where
immobility is assumed to reflect a cognitive/emotional state
of ‘despair’ (Porsolt et al, 1977; Pliakas et al, 2001).
However, a variety of behavioral studies suggest that
immobility in the forced-swim test actually reflects a
learned adaptation to stress, perhaps as a means to conserve
energy rather than an impairment of coping responses
(Holmes, 2003; West, 1990). The current study chose SDS,
a naturalistic stress model characterized by aggressive,
unpredictable interactions, as repeated swim stress and
repeated SDS differ in important ways. Animals subjected to
SDS have characteristic subordinate behavioral patterns,
decreased food intake with weight loss, and show decreased
social behavior (aggression, mating) (Blanchard et al, 1995).
In contrast, repeated swim stress usually only causes
hypoactivity (Holmes, 2003). FSS-induced immobility is
qualitatively different from submissive immobile behavior.
These data suggest FSS and SDS may involve different
neural circuits and produce different types of adaptive
responses. Similar to repeated swim stress, SDS has also
been validated as an animal model of depression (Dalvi and
Lucki, 1999), but it has more apparent relevance to humans.
Many of the changes observed in animals repeatedly or
chronically exposed to social defeat resemble the symptoms
of depression in humans (Bjorkqvist, 2001). Understanding
how the brain responds to repeated social defeat in animals
may prove useful in understanding the effects of social
stress in humans.

Our data demonstrate that C57Bl/6 mice subjected to
repeated SDS over 3 days showed a characteristic stress-
induced immobility and defeated-postural response, as well
as SIA. Either daily pretreatment with the KOR antagonist
nor-BNI or prodynorphin gene-disruption blocked the SIA
and significantly reduced the stress-induced immobility
after the first day. Although the reduction in immobility is
small (20–35%), the effect is consistent with that produced
by established antidepressant drugs (Lucki et al, 2001).
Either daily pretreatment with the KOR antagonist nor-BNI
or prodynorphin gene-disruption blocked the SIA and
significantly reduced the stress-induced immobility after
the first day. The results using kappa receptor antagonism
and prodynorphin gene-disruption are consistent and
support the hypothesis that stress-induced release of
endogenous DYNs activate the KOR to mediate the
behavioral effects observed; however, interpretation of
results using KO mice must be done cautiously as
compensatory changes in the absence of the deleted gene
may have influenced the results. In addition, prodynorphin-

derived peptides can act at sites other than KORs, thus their
deletion may also be affecting other signaling systems (see
McLaughlin et al, 2003).

These results on locomotion with SDS are consistent with
prior reports using repeated swim stress (Pliakas et al, 2001;
McLaughlin et al, 2003). The lack of effects of DYN/KOR
system on immobility on day 1 suggests that an alternative
mechanism may mediate early social defeat postures.
Several studies have implicated the mediation of cortico-
tropin-releasing factor (CRF) in the stress behavioral
responses and stress-related drug abuse (Koob, 1999; Erb
et al, 1998). Also, a line of results have suggested that brain-
derived neurotrophic factor (BDNF) could be a stress-
responsive intercellular messenger, thus possibly mediating
cocaine relapse (Givalois et al, 2004; Lu et al, 2004). Social
defeat behavior over time may well be mediated by multiple
neurotransmitter systems/pathways. More research is
required to clarify the underlying temporal relationships.
Conceivably, this issue may prove important in developing
appropriate medications, where KOR antagonists may be of
help only in chronic, rather than acute, stressful states.

Stress has been shown to increase drug craving (Shaham
et al, 2003; Sanchez et al, 2003; Covington and Miczek, 2001;
Haile et al, 2001). However, a facilitating role of the kappa
opioid system remains surprising as acute kappa receptor
activation has been known to reduce reinforcing effects of
cocaine and cocaine-induced increases in mesolimbic
dopamine levels (Mori et al, 2002; Mello and Negus, 1998;
Zhang et al, 2004; Spanagel et al, 1992; Glick et al, 1995).
Based on those data, it was reasonable to expect that the
stress-induced activation of the endogenous DYN/kappa
system would reduce the reinforcing properties of cocaine.
However, our data showed that SDS-exposed mice condi-
tioned with cocaine revealed significant potentiation of
place-preference for the drug-paired chamber over the
responses of unstressed mice. These findings are consistent
with our previous results showing that chronic repeated
swim stress induced a significant potentiation of cocaine-
CPP mice (McLaughlin et al, 2003). There are several factors
that may account for the apparently conflicting results
obtained by stress-induced activation and pharmacological
activation of the kappa opioid system. A key variable may
be differences between the experimental protocols of the
assorted investigators. Alternatively, the actions of endo-
genous DYNs released by stress may be different from those
produced by the pharmacological activation of kappa
receptors. Finally, repeated activation of the endogenous
kappa opioid system by chronic stress may induce kappa
receptor desensitization that might result in different
responses to cocaine than an acute administration of kappa
opioid agonists (McLaughlin et al, 2005).

In conclusion, chronic SDS induced-behaviors were
shown to be blocked by kappa receptor antagonism and
prodynorphin gene disruption. These results suggest that
stress-induced release of endogenous DYNs and subsequent
activation of the KOR may mediate the behavioral effects
observed. Repeated exposure to social stress acted similarly
to stress induced by repeated forced swim, and both
stressors increased the reinforcing properties of cocaine by
a DYN/kappa-dependent mechanism. The results support
the speculation that kappa receptor antagonists may be
therapeutically useful tools potentially able to ameliorate
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the adverse effects of chronic stress and reduce the risk of
relapse in drug-addicted individuals.
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