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� Opioid Receptor Antagonism and Prodynorphin Gene
Disruption Block Stress-Induced Behavioral Responses

Jay P. McLaughlin, Monica Marton-Popovici, and Charles Chavkin
Department of Pharmacology, University of Washington, Seattle, Washington 98195-7280

Previous studies have demonstrated that stress may increase prodynorphin gene expression, and � opioid agonists suppress drug
reward. Therefore, we tested the hypothesis that stress-induced release of endogenous dynorphin may mediate behavioral responses to
stress and oppose the rewarding effects of cocaine. C57Bl/6 mice subjected to repeated forced swim testing (FST) using a modified Porsolt
procedure at 30°C showed a characteristic stress-induced immobility response and a stress-induced analgesia observed with a tail
withdrawal latency assay. Pretreatment with the � opioid receptor antagonist nor-binaltorphimine (nor-BNI; 10 mg/kg, i.p.) blocked the
stress-induced analgesia and significantly reduced the stress-induced immobility. The nor-BNI sensitivity of the behavioral responses
suggests an activation of the � opioid receptor by a stress-induced release of dynorphin peptides. Supporting this hypothesis, transgenic
mice possessing a disrupted prodynorphin gene showed no increase in immobility or stress-induced analgesia after exposure to repeated
FST. Because both stress and the � opioid system can modulate the response to drugs of abuse, we tested the effects of forced swim stress
on cocaine-conditioned place preference (CPP). FST-exposed mice conditioned with cocaine (15 mg/kg, s.c.) showed significant poten-
tiation of place preference for the drug-paired chamber over the responses of unstressed mice. Surprisingly, nor-BNI pretreatment
blocked stress-induced potentiation of cocaine CPP. Consistent with this result, mice lacking the prodynorphin gene did not show a
stress-induced potentiation of cocaine CPP, whereas wild-type littermates did. The findings suggest that chronic swim stress may activate
the � opioid system to produce analgesia, immobility, and potentiation of the acute rewarding properties of cocaine in C57Bl/6 mice.
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Introduction
Stress is a normal element of life, serving to evoke adaptive re-
sponses of an organism to the environment. This response to
stress may be of survival value, as demonstrated by the phenom-
ena of stress-induced analgesia (SIA; Maier et al., 1980). How-
ever, persistent and inescapable stressors that overwhelm an or-
ganism’s adaptive abilities can be harmful, leading to detrimental
behaviors such as drug abuse (Rhoads, 1983; Kosten et al., 1986;
Najavits et al., 1998). Animal studies correlate exposure to an
inescapable stressor with increases in both the rewarding proper-
ties and self-administration of drugs of abuse (Piazza et al., 1990;
Shaham and Stewart, 1994; Will et al., 1998; Kosten et al., 2000).
The mechanisms mediating this stress-induced enhancement are
unclear. In one possible mechanism, stress-induced activation of
the hypothalamo-pituitary-adrenal axis may subsequently acti-
vate the endogenous � opioid system (Przewlocki et al., 1987;
Nabeshima et al., 1992; Watanabe et al., 1995) presumably
thereby modulating drug reward and self-administration (Mello
and Mendelson, 1997; Carlezon et al., 1998; Kreek and Koob,

1998). However, Schenk et al. (1999) have suggested that the �
system actually opposes drug-rewarding effects, because admin-
istration of the � agonist U69,593 both decreases cocaine self-
administration and blocks cocaine sensitization. Further under-
standing of the role of the � opioid system in mediating the
response to stress would likely provide new insights into the is-
sues of stress adaptation and drug abuse.

Endogenous opioid systems have been implicated in multiple
stress-induced behavioral responses, making them logical candi-
dates for study. For example, SIA induced after a forced swim test
(FST) stress was absent in mice lacking �-endorphin (Rubinstein
et al., 1996). Moreover, � opioid receptors have been associated
with stress–response behaviors, because � agonists reduced the
immobility of rats in a forced swim test (Broom et al., 2002).

The involvement of the endogenous � opioid system in the
behavioral response to stress is less clear. Although � agonists
produce a dysphoria similar to that noted in depression and
chronic stress (Pfeiffer et al., 1986), � opioid receptor (KOR)
knock-out mice demonstrated responses similar to those of wild-
type mice in a single brief trial of the FST, prompting the authors
to suggest that KOR is not involved (Filliol et al., 2000). However,
stress-induced analgesia was blocked by peripheral administra-
tion of the KOR antagonist nor-binaltorphimine (nor-BNI) in
multiple studies with both rats and mice (Takahashi et al., 1990;
Watkins et al., 1992; Menendez et al., 1993). These results are
supported by the finding that intracerebroventricular adminis-
tration of dynorphin A (1–17) or a stable analog, E2078, poten-
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tiates the immobility response to a stressor, an effect blocked by
opioid antagonists (Katoh et al., 1990). Moreover, subanalgesic
doses of dynorphin A (1–13) and (1–10) prolonged SIA in forced
swim-stressed mice but not unstressed controls (Starec et al.,
1996). Finally, expression of herpes simplex virus-cAMP re-
sponse element-binding protein (CREB) in rat brain elevated
CREB levels to produce an increase in immobility in the FST that
was reduced by expression of a dominant negative mutant of
CREB and prevented by nor-BNI treatment, thereby suggesting
that CREB-mediated induction of prodynorphin gene expression
may have mediated the stress-induced immobility (Pliakas et al.,
2001). Overall, these reports suggest that activation of the endog-
enous � opioid systems may potentiate the immobility and anal-
gesic responses to a stressor.

In this study, we tested the hypothesis that repeated exposure
to stress activates the endogenous � opioid system to produce
changes in behavioral immobility, pain threshold, and drug re-
ward. Supporting this, we report that mice exposed to forced
swimming stress demonstrated a nor-BNI-sensitive, dynorphin-
mediated increase in pain threshold and behavioral immobility as
well as a subsequent potentiation of cocaine conditioned place
preference.

Materials and Methods
Animals and housing. Male C57Bl/6 mice (Charles River Laboratories,
Wilmington, MA) weighing 23–33 gm were used in these experiments.
All mice used were adult males, ranging from 12 to 16 weeks of age.
Breeding pairs of heterozygous prodynorphin knock-out (KO) mice
(Sharifi et al., 2001) backcrossed 12 generations onto the C57Bl/6 back-
ground were used to generate KO and wild-type (WT) littermate controls
for this study. The C57Bl/6 mouse strain was chosen for this work be-
cause it has been demonstrated to produce robust immobility in the FST
(Dalvi and Lucki, 1999; Lucki et al., 2001) and is a well characterized
background strain for transgenic studies (Banbury Conference, 1997).
The prodynorphin gene-disrupted animals show no discernible differ-
ences from wild-type littermates in growth, life span, overt behavior, or
locomotor activity (Sharifi et al., 2001). All mice used were group-
housed, four to a cage, in self-standing plastic cages (28 cm long � 16 cm
wide � 13 cm high) using Bed-A-Cob for home bedding within the
Animal Core Facility at the University of Washington, and maintained in
a specific pathogen-free housing unit. All mice tested were transferred 1
week before use into a colony room adjacent to the testing room to
acclimate to environment. All housing rooms were illuminated on a 12 hr
light/dark cycle with lights on at 7 A.M. Food pellets and water were
available ad libitum. All procedures with mice were approved by the
institutional Animal Care and Use Committee in accordance with the
1996 National Institutes of Health Guide for the Care and Use of Labora-
tory Animals, and mice were inspected regularly by veterinary staff to
ensure compliance.

Genotyping of prodynorphin wild-type and knock-out mice by PCR. The
presence or absence of the prodynorphin gene was confirmed in genomic
DNA isolated from tail tissue samples taken from each mouse using PCR
analysis and a procedure described previously (Sharifi et al., 2001).
Briefly, a fraction of isolated DNA was used in PCR assays using the
following primers: dynorphin, exon 3, 5�-GTGCAGTGAGGATTCAG-
GATGGG; and neomycin, 5�-ATCCAGGAAACCAGCAGCGGCTAT.
PCR products were resolved on a 1.5% agarose gel with ethidium bro-
mide and then photographed for analysis. Homologous prodynorphin
KO animals produce PCR products with the neomycin but not dynor-
phin primer, whereas homologous prodynorphin WT mice produce
PCR products with the dynorphin but not neomycin primer. Heterolo-
gous prodynorphin mice yield both PCR products, thereby allowing their
exclusion from the study.

FST. To induce stress, C57Bl/6 mice were exposed to a modified forced
swim test. Testing was performed on the basis of methods previously
described by Porsolt et al. (1977a,b). The modified Porsolt forced swim
test paradigm used was a 2 d procedure in which mice swam without the

opportunity to escape. In all trials, mice were placed in an opaque 5 l
beaker (40 cm tall � 25 cm in diameter) filled with 3.5 l of 30°C water.
After the trial, mice were removed, dried with towels, and returned to
their home cages for at least 7 min before further testing. On day 1,
animals were placed in water to swim for a single trial of 15 min. The time
spent immobile in the last 4 min of the trial was recorded. On day 2,
animals were again placed in water to swim but through a series of four
trials, each 6 min long; trials were separated by a 7–12 min return to a
home cage. Multiple trials were used to determine the effects of extended
exposure to the inescapable stressor. The second day of FST was typically
marked by a facilitated immobility characterized by a rapid and pro-
longed adoption of the immobile posture. Immobility is defined as the
time at which the mice initiate and maintain a stationary posture. In this
characteristic posture, the mouse’s forelimbs are motionless and directed
forward, the tail is directed outward, and the hind legs are in limited
motion. To qualify as immobility, this posture must be clearly visible and
sustained for a minimum of 2 sec. Difficulty in swimming or staying
afloat were criteria for exclusion; however, no mice met these criteria in
this study. When mice were pretreated with a drug, experiments were
performed with the experimenter blind to the pretreatment.

Measurement of mouse body temperature. Reports elsewhere show that
mice exposed to forced swimming in 20°C water demonstrate opioid-
sensitive stress-induced analgesia coinciding with a significant decrease
in body temperature, an example of hypothermia (Mogil et al., 1996). To
reduce possible complicating effects of hypothermia in this study, the
water used in all forced swim trials was maintained at 30°C. The effect of
forced swimming under these conditions on body temperature was fur-
ther monitored using temperature transponders implanted subcutane-
ously (above the shoulder blades) in mice 1 d before swim testing (IPTT-
200; Biomedic Data Systems Inc., Seaford, DE). Body temperature was
read remotely (DAS5007 pocket scanner; Biomedic Data Systems Inc.)
before, immediately after the last 6 min swim in the 2 d protocol, and 10
min after forced swim. Before forced swimming, mice had an average
body temperature of 36.7 � 0.15°C. These values were not significantly
changed by vehicle or nor-BNI pretreatment alone. Immediately after
forced swim, mice showed a transient decrease in body temperature to
33.8 � 0.39°C but recovered within 10 min to 36.1 � 0.61°C, a value not
statistically different from the baseline (preswim) temperature. Mice re-
ceiving nor-BNI 60 min before the forced swim also showed a transient
drop in body temperature (34.3 � 0.43°C), which was not significantly
different from that of vehicle-treated mice. In the conditioned place
preference (CPP) training protocol used (see below), mice repeatedly
exposed to forced swimming were next put into the cocaine-
conditioning chamber. Body temperatures were measured immediately
before and then 15 and 30 min after administration of cocaine or vehicle,
and no significant differences between groups were found. For example,
at the end of the 30 min conditioning session, mice not exposed to forced
swimming that did not receive cocaine were at 38.4 � 0.14°C; mice that
had not swum but had received cocaine (15 mg/kg, s.c.) were at 38.0 �
0.23°C; mice that had swum but had not received cocaine were at 37.4 �
0.18°C; mice that had swum and had received cocaine were at 37.4 �
0.63°C; mice receiving nor-BNI (10 mg/kg, i.p.) before swimming but
not cocaine were at 37.8 � 0.25°C; and mice receiving nor-BNI before
swimming and cocaine were at 37.8 � 0.25°C. In these tests, no treatment
produced a statistically significant difference in body temperature com-
pared with untreated, unstressed mice (F(5,3,15) � 1.54; p � 0.05).

Antinociceptive testing with the 55°C warm water tail withdrawal assay.
The 55°C water is a commonly used nociceptive stimulus for opioid
analgesia testing (Vaught and Takemori, 1979). Latency to withdraw the
tail was taken as the end point, with the duration of tail immersion (or
latency of response) measured by stopwatch. After determining baseline
latencies, mice received a single intraperitoneal dose of vehicle (saline,
0.9%) or the � opioid receptor antagonist nor-BNI before forced swim
testing (detailed above). The antinociceptive effect of the forced swim
stressor was measured 5–9 min after conclusion of the forced swim test-
ing for that day. If the mouse failed to remove its tail within 15 sec, it was
removed, and the animal was assigned a maximal antinociceptive score.
Note that none of the animals used in this study had a baseline tail
withdrawal latency longer than 5 sec, thereby requiring exclusion.
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CPP. C57Bl/6 wild-type or prodynorphin knock-out mice were used
in place-conditioning studies using a three-compartment box, similar to
methods used by Carlezon et al. (1998). The compartmentalized box was
divided into two equal-sized outer sections (25 � 25 � 25 cm) joined by
a small central compartment (8.5 � 25 � 25 cm) accessed through a
single doorway (3 � 3 cm). The compartments differed in wall striping
(vertical vs horizontal alternating black and white lines, 1.5 cm in width),
floor texture (wood chips vs Bed-A-Cob), and lighting intensity. Mice
were tested on the morning of day 1 before any treatment to establish
preconditioning responses and any possible box bias. Testing involved
placing individual animals in the small central compartment and allow-
ing them to freely explore the entire apparatus for 30 min. The time each
mouse spent in the two outer compartments was recorded by stopwatch
for the full 30 min period, using the placement of the front and rear paws
as the determining factor. Animals that demonstrated a baseline prefer-
ence �18 min spent in a particular compartment on the first day were
rejected from the study. (Note that only one animal was rejected.)

Mice on average showed a slight preconditioning preference between
the two chambers that was statistically significant (94 � 33 sec; n � 51;
F(1,100) � 12.4; p � 0.05) for the chamber with horizontal stripes and
Bed-A-Cob flooring. A “biased” approach was used wherein individual
animals were given cocaine in the less preferred compartment identified
in the preconditioning test. This method has been shown to produce
reliable conditioned place preference responses comparable with other
experimental designs (for discussion, see Bardo et al., 1995). On day 2,
mice were injected subcutaneously with 15 mg/kg cocaine, a dose dem-
onstrated previously to produce a measurable but not maximal condi-
tioned place preference in C57Bl/6 mice (Miner, 1997; Romieu et al.,
2002; Zhang et al., 2002), and immediately confined for 30 min to the
drug-paired outer compartment. Four hours later, mice received saline
conditioning by administration of saline (0.3 ml/30 gm of body weight)
and immediate confinement for 30 min to the opposite, vehicle-paired,
outer compartment. On day 3, mice again were conditioned first with
cocaine, followed by saline 4 hr later, in the appropriate compartments.
On day 4, testing of conditioned preference was conducted in the morn-
ing to conclude the experiment. Mice were placed in the preference ap-
paratus for 30 min, and the time spent in each compartment was
measured.

To examine the effect of forced swim stress on cocaine CPP, mice were
exposed to 2 d of vehicle or nor-BNI (10 mg � kg �1 � d �1, i.p.) pretreat-
ment and forced swim testing after preconditioning preference testing as
described above. Ten minutes after the second day forced swim session,
mice were injected with cocaine (15 mg/kg, s.c.) and placed in the non-
preferred compartment for 30 min to begin conditioning as described
above. The experiment concluded on day 4 with testing of conditioned
place preference.

Because the duration of stress-induced potentiation affecting the con-
ditioning might be transient, the acquisition of cocaine CPP was moni-
tored with an altered CPP protocol. Preconditioning testing and forced
swim exposure (when used) were performed during days 1 and 2 as
described above. Cocaine place preference conditioning began 10 min
after the last FST trial on day 2. Instead of receiving a second training
session with saline, animals were returned to their home cage to separate
the saline treatment from stress. On the morning of day 3 and each
subsequent morning to the conclusion of the experiment, mice were
tested for conditioned preference in the preference apparatus for 30 min,
with the time spent in each compartment measured. On the afternoon of
day 3, saline conditioning was performed by administration of saline (0.3
ml/30 gm of body weight) and immediate confinement to the opposite,
vehicle-paired, outer compartment for 30 min. Mice were tested again
for conditioned preference on day 4 and subsequently conditioned with
cocaine that afternoon in the same compartment used on day 2. On day
5, mice were tested again for conditioned preference and subsequently
conditioned with saline that afternoon in the same compartment used on
day 3. On day 6, final testing of conditioned preference was conducted in
the morning to conclude the experiment. Note that all results are plotted
as the difference in the times spent on the drug-paired side versus the
vehicle-paired side. Therefore, a positive value demonstrates the animals’
preference for the drug-paired side.

Data analysis. All data were analyzed by repeated measures ANOVA.
Significant results demonstrated by ANOVA were further analyzed for
significance with Student’s t test for significant pair-wise comparisons.
Dependent variables were expressed as the time spent immobile during
forced swimming in all FST experiments and the latency of time spent
before removing the tail in the tail withdrawal tests. Comparisons were
analyzed for swim-stressed groups receiving nor-BNI or vehicle pretreat-
ment, with the additional factor of wild-type or prodynorphin gene dis-
ruption. All CPP experiments express the dependent variable as the dif-
ference in time spent in the drug- and saline-paired compartments. Data
for all CPP groups were analyzed for cocaine or vehicle conditioning,
with the additional factors of swim-stressed versus unstressed groups,
nor-BNI or vehicle pretreatment, and wild-type or prodynorphin gene
disruption. Analysis compared differences in time spent in the (eventual)
drug- and saline-paired compartments before and after FST exposure.
Seconds spent in the drug-paired, saline-paired, and neutral zone com-
partments were additionally analyzed separately. Body temperature
readings collected in triplicate were averaged together by mouse and then
treatment group, with the dependent variable expressed as the body tem-
perature (in degrees Celsius). Data for all temperature groups were ana-
lyzed for swimming or no swimming effects with the additional factor of
nor-BNI or vehicle pretreatment before swimming. Moreover, the effects
of cocaine or vehicle administration on body temperature in the condi-
tioning apparatus were analyzed, with the additional factors of un-
stressed versus swim-stressed groups and nor-BNI or vehicle pretreat-
ment. All data are presented as means � SEM of the animal treatment
group, with significance set at p � 0.05.

Results
Stress-induced analgesia is mediated by dynorphin peptides.
C57Bl/6 wild-type mice were treated with vehicle and exposed to
the forced swim test over 2 d. On both days, tail withdrawal
latency in the 55°C warm-water tail withdrawal assay was signif-
icantly increased (day 1, F(1,50) � 28.49; p � 0.001; day 2, F(1,47) �
91.90; p � 0.001) threefold after forced swim testing (Fig. 1A,B,
left). The SIA induced by FST exposure was blocked by pretreat-
ment with the KOR antagonist nor-BNI before FST exposure
(Fig. 1A,B, center; day 1, F(1,41) � 2.50; p � 0.05; day 2, F(1,39) �
0.57; p � 0.05). Notably, nor-BNI alone had no acute effect on
baseline tail withdrawal response in mice not exposed to forced
swimming (Fig. 1A, center left; F(1,12) � 0.04; p � 0.05). These
results suggest that endogenous opioids were released by expo-
sure to the forced swim stressor to produce the change in tail
withdrawal latency. To test this, C57Bl/6 mice lacking prodynor-
phin gene products and their wild-type littermates were admin-
istered vehicle and exposed to forced swim testing. Consistent
with previous results, swim-stressed wild-type mice demon-
strated a significant increase in tail withdrawal latency at the end
of testing on day 1(from 2.4 � 0.31 to 5.6 � 0.7 sec; n � 9; F(1,16)

� 18.43; p � 0.001) and day 2 (2.4 � 0.3 to 4.6 � 0.4 sec; F(1,16) �
18.16; p � 0.001). In contrast, prodynorphin knock-out mice
demonstrated no significant change (day 1, F(1,16) � 0.19; p �
0.05; day 2, F(1,16) � 0.14; p � 0.05) in tail withdrawal latency
after forced swimming on either day (Fig. 1A,B, right). For wild-
type mice, the stress-induced increase in tail flick latency on day 2
was not significantly different from the increase on day 1 (F(1,48)

� 1.77; p � 0.05), suggesting that there was comparable activa-
tion of the nor-BNI-sensitive endogenous opioid system on both
days.

Opioid receptor antagonist selectivity of nor-BNI assessed
Although nor-BNI is reported to be a KOR-selective antagonist
(Takemori et al., 1988; Horan et al., 1992), selectivity under these
experimental conditions was directly assessed. Nor-BNI (10 mg/
kg, i.p., 1 hr before testing) effectively blocked the increase in tail

5676 • J. Neurosci., July 2, 2003 • 23(13):5674 –5683 McLaughlin et al. • Dynorphin and KOR Mediate Stress-Induced Potentiation of Cocaine CPP



withdrawal latency produced by the KOR agonist. (trans)-3,4-
Dichloro-N-methyl-N-[2-(1-pyrrolidinyl)-cyclohexyl]benzene-
acetamide (U50,488; 25 mg/kg, i.p.) alone produced a tail with-
drawal latency of 11.0 � 1.61 sec, but it was 3.13 � 0.33 sec in the
presence of nor-BNI (not significantly different from baseline
latency). In contrast, the � opioid receptor preferring agonist
morphine (10 mg/kg, i.p.) increased tail withdrawal latency to
9.33 � 1.27 sec alone and to 11.1 � 2.42 sec in the presence of
nor-BNI (not significant; p � 0.05). The � opioid receptor-

selective agonist (�)-4-[(�R)-�-((2S,5R)-4-allyl-2,5-dimethyl-1-
piperazinyl)-3-methoxybenzyl]-N,N-diethylbenzamide (SNC-
80; 100 nmol, i.c.v.) increased latency to 13.2 � 0.7 sec alone and
to 11.3 � 1.82 sec in the presence of nor-BNI (not significant; p �
0.05). Moreover, nor-BNI (10 mg/kg, i.p.) injected twice to du-
plicate its use in the 2 d forced swim protocol also blocked the
increase in tail withdrawal latency induced by U50,488 but not
morphine or SNC-80 (Fig. 2). Although the receptor-mediating
the effects of the endogenously released opioid by forced swim
were not directly identified by this pharmacological assay, these
results suggest that the nor-BNI treatments used in this study
selectively blocked the � opioid receptor.

Endogenous �-opioid systems mediate the motor response to
the second day of forced swim stress
Animals exposed to forced swimming display a characteristic im-
mobility response as described in Materials and Methods. If en-
dogenous � opioids contribute to this response, the nor-BNI
treatment effective in reducing SIA would also be expected to
reduce the duration of immobility in the FST. Consistent with
results using KOR knock-out mice presented by Filliol et al.
(2000), C57Bl/6 WT mice pretreated 1 hr with vehicle or nor-BNI
demonstrated no differences in time spent immobile on the first
day of testing (Fig. 3A, left side, trial 1; F(1,44) � 0.136; p � 0.05).
However, when mice were challenged with forced swim testing
the next day, nor-BNI pretreatment significantly reduced (F(1,44)

� 4.47; p � 0.05) the time spent immobile in the first trial of the
day (the second swim trial overall) compared with the time of the
vehicle-treated set (Fig. 3A, trial 2). The differences resulting
from nor-BNI pretreatment were also significant on repeated
trials (F(7,20,140) � 15.73; p � 0.05; Fig. 3A, trials 3–5). Although

Figure 1. Forced swim stress-induced analgesia is blocked by pretreatment with nor-BNI or
prodynorphin (Dyn) knock-out. Tail withdrawal latencies presented were obtained 5–9 min
after the forced swimming on the first ( A) or second ( B) day. Mice were tested in the 55°C warm
water tail withdrawal assay before (open bars) and after (hatched bars) exposure to the forced
swim test, as described in Materials and Methods. On either day, C57Bl/6 mice pretreated with
vehicle (0.3 ml/30 gm of body weight) demonstrated a tail withdrawal response that was
increased nearly threefold after forced swim stress (A, B, left pair). Pretreatment 60 min before
FST with the �-selective antagonist nor-BNI (10 mg/kg, i.p.) did not significantly change base-
line tail withdrawal latencies (A, left center pair) but blocked the increase in stress-induced
analgesia produced by forced swimming (A, B, right center pair). Likewise, disruption of the
prodynorphin gene prevented forced swim stress-induced analgesia (A, B, right pair). Wild-type
littermates of the prodynorphin knock-out mice displayed SIA not significantly different from
that of vehicle-treated C57Bl/6 mice (data in Results). *Significantly different from matching
preswim latencies; p � 0.05, as determined by ANOVA followed by Student’s t test. Bars rep-
resent n � 20 –24 wild-type animals or 9 each of prodynorphin KO mice in swim test trials and
7 wild-type animals in tests of nor-BNI effect without FST exposure.

Figure 2. Demonstration of nor-BNI selective antagonism of the � opioid receptor. Mice
were either untreated or pretreated once daily for 2 d with nor-BNI (10 mg/kg, i.p.). On the
second day, 30 min after administration of the second dose of nor-BNI, mice were administered
the opioid-selective agonists U50,488 (25 mg/kg, i.p., for the � receptor), morphine sulfate (10
mg/kg, i.p., for the � receptor), and SNC-80 (100 nmol, i.c.v., for the � receptor). Preliminary
dose–response curves with morphine and SNC-80 demonstrated that the doses used here pro-
duced submaximal analgesia comparable with the magnitude produced by U50,488. Animals
were then tested in the 55°C warm water tail withdrawal assay 30 min after agonist adminis-
tration, with the latency of the mouse to withdraw its tail from the water bath taken as the end
point. As a control for the SNC-80 experiment, intracerebroventricular administration of vehicle
did not produce a significant change in tail withdrawal latency (n � 4; data not shown).
Pretreatment with this dose of nor-BNI blocked U50,488- but not morphine- or SNC-80-induced
antinociception, suggesting that nor-BNI under these dosing conditions did not significantly
occupy � or � opioid receptors. *Significantly different from baseline response; p � 0.05, as
determined by Student’s t test. Bars represent n � 4 –10 mice.
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the reduction in immobility is small (15–20%), the effect is con-
sistent with that produced by established antidepressant drugs
(Lucki et al., 2001).

These results suggest that endogenous stimulation of KOR
contributed to the immobility response during forced swimming.
To test this, prodynorphin knock-out mice and their wild-type
littermates were pretreated with vehicle and examined in the FST.
There was no significant difference (F(1,16) � 1.49; p � 0.05)
between the immobility responses of either the knock-out or
wild-type mice after the first day of forced swimming (Fig. 3B, left
side, trial 1). However, repeated trials on the second day of FST
revealed a significant reduction (F(7,8,56) � 4.12; p � 0.01) in later
trials in the duration of immobility displayed by the prodynor-
phin knock-out mice compared with their wild-type littermates
(Fig. 3B, trials 4, 5). The significant reduction in immobility dur-
ing the later forced swim trials evident for the prodynorphin
knock-out mice (Fig. 3B) is consistent with the effects of nor-BNI
on wild-type mice (Fig. 3A).

Endogenous � opioids mediating swim stress also potentiate
the conditioned place preference response to cocaine
We next asked whether the forced swim stress would affect
cocaine-conditioned place preference by a nor-BNI-sensitive or
prodynorphin-dependent mechanism. A variety of stressors have
been shown to potentiate cocaine-conditioned place preference
(Haile et al., 2001; Kabbaj et al., 2001), and activation of the �
receptor has been demonstrated to regulate behavioral as well as
mesolimbic dopaminergic responses to cocaine (Spanagel et al.,
1992; Glick et al., 1995; Mello and Negus, 1998). Thus, we pre-
dicted that stress-induced activation of KOR by endogenous
dynorphin would suppress cocaine-conditioned place preference.

In the conditioned place preference assay, C57Bl/6 mice spend
greater amounts of time in environments associated with the
rewarding effects of cocaine (Carr et al., 1989; Miner, 1997;
Romieu et al., 2002). Initially, C57Bl/6 mice were tested in the
conditioned place preference apparatus before drug treatment to
obtain preconditioning responses for subsequent comparisons.
Animals were exposed to forced swim stress over 2 d or left idle in
home cages before conditioning on the afternoon of day 2 with
cocaine (15 mg/kg, s.c.), followed by saline (see protocol; Fig.
4A). On day 4, unstressed control C57Bl/6 mice demonstrated a
measurable increase in the difference in time spent in the drug-
versus saline-paired chamber over the same difference shown
before conditioning, an example of cocaine-conditioned place
preference (307 � 114 sec preference for the cocaine-paired
chamber, significantly greater than the preconditioning re-
sponse; F(1,21) � 15.43; p � 0.01; Fig. 4B). Mice pretreated with
vehicle and exposed to forced swim stress before cocaine condi-
tioning demonstrated a significant twofold greater cocaine CPP
response over that shown by unstressed mice (F(2,36) � 4.17; p �
0.05; Fig. 4B). Notably, nor-BNI pretreatment of FST-exposed
mice blocked the potentiation of the cocaine CPP response (Fig.
4B). Swim-stressed nor-BNI-pretreated mice demonstrated a
significant cocaine CPP response over the preconditioned re-
sponse (F(1,22) � 16.29; p � 0.01) that was not significantly dif-
ferent from the response produced by the unstressed mice (F(1,21)

� 0.01; p � 0.05; Fig. 4B).
To determine whether the potentiating effect of stress worked

to increase the rate of acquisition for cocaine CPP, we modified
the paradigm to measure CPP at intermediate times. In this mod-
ified protocol, cocaine and saline conditioning was performed
separately on sequential days, with preference testing performed
each morning before the conditioning sessions. Mice received

Figure 3. Immobility response to forced swim stress is reduced on the second day of testing
by pretreatment with nor-BNI or by disruption of the prodynorphin gene. The time mice spent
immobile during the last 4 min of the forced swim test was measured during multiple trials over
2 d. A, Mice received either vehicle (open bars) or nor-BNI (10 mg/kg, i.p., filled bars) in a bolus
of 0.3 ml/30 gm of body weight 1 hr before daily swimming. Mice exposed to a single 15-min
forced swim demonstrated no difference in immobility response on the first day, regardless of
pretreatment (left-most bars). However, mice pretreated with nor-BNI spent significantly less
time immobile in the FST on the second day during the four 6 min trials than vehicle-treated
mice. Bars represent n � 20 –24 animals. Note that mice did not demonstrate significant
differences in body temperature 10 min after forced swimming on either day from unstressed
mice, regardless of pretreatment. B, Wild-type, littermates (open bars) or prodynorphin gene
knock-out mice (filled bars) were pretreated with vehicle in a bolus of 0.3 ml/30 gm of body
weight 1 hr before daily swimming. Mice exposed to a single 15 min forced swim demonstrated
no difference in immobility response on the first day, regardless of genotype. In contrast, on the
second day, mice lacking dynorphin peptides through disruption of the prodynorphin gene
spent significantly less time immobile in the last two 6 min trials of the FST than wild-type
littermates. *Significant difference between immobility responses of stress-exposed vehicle-
treated and nor-BNI treated mice ( A) or between immobility responses of wild-type and pro-
dynorphin gene-disrupted mice ( B); p � 0.05, as determined by ANOVA followed by Student’s
t test. Bars represent n � 9 animals.
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cocaine conditioning after the second FST exposure on day 2 and
then were tested the morning of the next day (day 3) for place
preference. In the afternoon of day 3, mice received vehicle con-
ditioning in the opposite chamber and were tested the morning of
the next day (day 4) for place preference. This alternation was
repeated on days 4 (cocaine conditioning) and 5 (vehicle condi-
tioning) with testing for place preference each morning. Place
preference was assessed on day 6 to end the experiment (see
protocol; Fig. 5A). Control mice were treated by the same
cocaine-conditioning protocol but not exposed to forced swim-
ming. Although the modified (repeated testing) paradigm might
contribute to extinction, it has the advantage of assessing how
stress affects the rate of acquisition of cocaine place preference.

Unstressed control C57Bl/6 mice demonstrated a measurable
place preference on day 3 (147 � 135 sec preference for drug-
paired side; F(1,15) � 10.0; p � 0.01; Fig. 5B). After the second
conditioning sessions with cocaine and saline, place preference
reached a stable level on day 6 (358 � 85 sec) that was not signif-
icantly different from that on days 3–5 (F(3,28) � 0.62; p � 0.05;
Fig. 5B). The modified conditioning paradigm produced the
same level of cocaine-conditioned place preference as the original
paradigm, suggesting that extinction was not a significant effect.
In contrast, mice exposed to the forced swim stressor over 2 d
demonstrated significantly greater cocaine-conditioned place
preference on each day of testing than demonstrated by the un-
treated control mice ( p � 0.05 each day; Fig. 5B). This twofold to
fourfold potentiation of place preference occurred rapidly and
remained significantly elevated over the preference responses of
unstressed mice, reaching 693 � 105 sec on day 6 (F(1,12) � 7.42;
p � 0.05; Fig. 5B). Importantly, swim stress induced a fourfold
potentiation of cocaine CPP on day 3, after the first cocaine con-
ditioning session, and the potentiation was not significantly in-
creased by subsequent cocaine or saline training sessions (F(3,20)

� 1.00; p � 0.05).
Pretreatment of mice with nor-BNI (10 mg/kg, i.p.) on days 1

and 2 before forced swim testing blocked the potentiation of
subsequent conditioned place preference in this modified para-
digm (Fig. 5B). There was no significant difference between
stress-exposed, nor-BNI-treated mice and unstressed mice in the
cocaine-conditioned place preference trials on any day. In the
absence of stress, mice pretreated with nor-BNI did not show a
significant difference in cocaine CPP compared with untreated
mice (F(1,10) � 0.11; p � 0.05; Fig. 6A). Thus, in the absence of
stress, nor-BNI does not affect cocaine place preference in this
conditioning paradigm.

It was possible that pairing the termination of stress with a
chamber could, by itself, lead to a place preference. To assess the
possibility that removal from the swim test and immediate place-
ment in a conditioning chamber could create a preference for that
chamber, animals were conditioned with saline in both chambers
(i.e., no cocaine-training sessions but placement in one of the
chambers 10 min after the termination of FST). As shown,
vehicle-conditioned mice did not develop significant place pref-
erence when either unstressed (F(1,5) � 0.01; p � 0.05) or exposed
to FST (F(1,6) � 0.08; p � 0.05; Figure 6B). Thus, nor-BNI in the
absence of stress did not affect cocaine CPP, and exposure to the
forced swim stress in the absence of subsequent cocaine did not
produce CPP. Surprisingly, the nor-BNI data suggest that a
stress-induced release of endogenous opioids may have potenti-
ated rather than suppressed cocaine CPP.

The possible involvement of the endogenous � opioid system
in the stress response was assessed using prodynorphin knock-
out mice and their wild-type littermates. Neither group showed

Figure 4. Exposure to forced swim stress produces a nor-BNI-sensitive potentiation of cocaine-
conditionedplacepreference. A,Schematicoftrainingparadigm.TheCPPprotocolwasasdescribedin
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 de-
scribedinMaterialsandMethods(representedherebytriangles).Afterassessmentofpreconditioning
preference, mice were exposed to repeated forced swim stress over the next 24 hr, as detailed in
Materials and Methods (diamonds), or allowed to remain in home cages without swimming. Within
10 min after forced swim testing 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). Four hours later, mice
were administered vehicle and confined to the vehicle-paired box for a 30 min conditioning session
(circles). Cocaine and saline conditioning was repeated the next day, separated again by 4 hr (repre-
sented by joined square and circle, 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 dem-
onstrating a nor-BNI-sensitive, FST-induced potentiation of cocaine CPP. Preferences are given as the
difference between time spent in the drug-paired chamber and time in the saline-paired chamber
during the 30 min trial. A positive value represents time spent in the drug-paired chamber. Mice were
divided into three groups. The first group was unstressed, remaining in home cages and not exposed
to swim stress before 2 d of cocaine and saline conditioning, as described in Materials and Methods
(black bar). The second group was administered vehicle and exposed to the forced swim stressor
before 2 d of cocaine and saline conditioning (light gray bar). The third group was administered
nor-BNI, exposed to the forced swim stressor as described above, and then conditioned over 2 d with
cocaine and saline (dark gray bar). After conditioning, all three groups demonstrated an increase in
time spent in the cocaine-paired chamber that was significantly greater than the time spent in that
chamber before conditioning, an example of conditioned place preference. Control unstressed mice
and nor-BNI-treated, FST-exposed mice demonstrated an equivalent degree of cocaine CPP. In
contrast, vehicle-treated mice exposed to FST demonstrated a significant potentiation over the
unstressed animals responses. Note that mice did not demonstrate significant differences in body
temperature from unstressed mice immediately after forced swimming, immediately before place
conditioning, or 30 min after cocaine administration. *Significant difference in cocaine CPP compared
with CPP for both unstressed and nor-BNI-treated mice; p�0.05, as determined by ANOVA followed
by Student’s t test. Bars represent n � 11–16 mice.
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significant chamber preference before cocaine conditioning
(F(1,19) � 0.006; p � 0.05; Fig. 7, left pair of bars). Unstressed
prodynorphin knock-out mice and their wild-type littermates
used in cocaine CPP assays demonstrated similar place prefer-
ence responses (Fig. 7) that were not statistically different from
each other (F(1,7) � 0.01; p � 0.05; center pair of bars) or from the
response of unstressed C57Bl/6 mice (prodynorphin KO mice,
F(1,11) � 0.003; p � 0.05; wild-type littermates, F(1,11) � 0.005;
p � 0.05). Consistent with the previous data, wild-type litter-
mates exposed to 2 d forced swim stress developed significantly
greater cocaine CPP than unstressed wild-type littermate mice, as

Figure 5. Exposure to forced swim stress results in rapid, long-lasting nor-BNI-sensitive
potentiation of cocaine conditioned place preference. A, Schematic of modified CPP paradigm.
The CPP protocol was modified to allow one preference test and one conditioning session per
day, alternating between cocaine (15 mg/kg, s.c.; squares) and saline (circles), such that the
study extended over 6 d. 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 by triangles). After assess-
ing preconditioning preferences, some of the mice were exposed to repeated forced swim stress
over the next 24 hr, as detailed in Materials and Methods (diamonds). On day 2, unstressed mice
or FST-treated mice within 10 min after forced swim were administered cocaine (15 mg/kg, s.c.;
squares), confined to the drug-paired box for a 30 min conditioning session, and then returned
to the home cage overnight. Preference testing followed the next day (triangle, day 3), with
animals then administered vehicle and confined to the vehicle-paired box for a 30 min condi-
tioning session (circle). The monitoring of cocaine CPP acquisition continued on days 4 and 5 to
ascertain a steady-state response, with one more cocaine-conditioning session (day 4) and
vehicle-conditioning session (day 5) preceding the final preference test on day 6. B, Daily pref-
erence test data demonstrating acquisition of cocaine CPP and nor-BNI-sensitive potentiation
by exposure to FST. Summarized results of daily preference tests (represented by triangles in A)
are plotted in seconds to highlight time spent on the drug-paired side of the apparatus. Grouped
mice on day 1 demonstrate a 94-sec preconditioning preference for the chamber that would
subsequently be vehicle-paired. Mice were then divided into three groups. The first group was
administered vehicle and exposed to the forced swim stressor (open circles); the second group
was administered nor-BNI 60-min before FST (open squares); and the third group was returned
to home cages and not exposed to swim stress (filled circles). All mice were subsequently used
in cocaine CPP testing, with daily preference testing done blind to monitor the acquisition of
cocaine CPP as detailed in A. Both control, unstressed mice and swim-stressed mice pretreated
with nor-BNI demonstrated rapid acquisition of cocaine CPP on day 3, indicated by a time spent
in the drug-paired chamber that was significantly ( p � 0.05) greater after cocaine condition-
ing than before. Moreover, the preferences shown in subsequent tests with these animals were
not significantly different from the day 3 response (filled circles). Vehicle-treated mice exposed
to FST demonstrated the same rapid acquisition of cocaine CPP, also reaching a stable, peak
response by day 5, but the response on each day was significantly potentiated twofold to
fourfold over the unstressed animals responses. *Significant difference between cocaine CPP
mice and preconditioning preference, as determined by ANOVA followed by Student’s t test.
Points represent means for six to eight animals.

Figure 6. Control experiments. A, nor-BNI has no effect on cocaine CPP in the absence of
stress Mice were pretreated twice over 2 d with vehicle or nor-BNI (10 mg/kg, i.p.) and either
exposed to the forced swim stressor as detailed in Material and Methods or allowed to sit in their
home cages before the development of cocaine-conditioned place preference as described in
Figure 5. By the final day of preference testing, nor-BNI pretreatment of unstressed mice
showed cocaine CPP that was not significantly different from the cocaine CPP of unstressed,
untreated control mice. *Significant difference in matching cocaine CPP response of unstressed
mice; p � 0.05 for all, as determined by ANOVA followed by Student’s t test. B, Swim stress
alone does not produce place preference in the absence of cocaine. Three sets of mice were
pretreated with vehicle and either exposed to the forced swim stressor or left in their home
cages. Conditioned place preference testing was performed as described in Figure 5A, but vehi-
cle was substituted for cocaine in all conditioning sessions for the two sets of mice. Mice condi-
tioned with saline on both sides of the apparatus did not show place preference significantly
different from the animal’s preconditioning responses. *Significant difference in time spent on
the drug paired side compared with time spent on the drug paired side by saline-conditioned
animals; p � 0.05 for all as determined by ANOVA followed by Student’s t test. Bars represent
n � 3– 8 animals.
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measured by comparing the differences in time spent in the drug-
and saline-paired chambers between the two sets of animals
(F(1,8) � 7.57; p � 0.05). The cocaine CPP of swim-stressed pro-
dynorphin wild-type littermate mice was not significantly differ-
ent from that of swim-stressed control C57Bl/6 mice on day 6
(F(1,10) � 0.10; p � 0.05). In contrast, prodynorphin knock-out
mice exposed to 2 d swim stress developed cocaine CPP that was
not significantly different from the preference displayed by the
unstressed prodynorphin knock-out littermates (F(1,9) � 0.07;
p � 0.05) or C57Bl/6 mice (F(1,11) � 0.003; p � 0.05) but that was
significantly smaller than their swim-stressed wild-type litter-
mates (F(1,10) � 10.8; p � 0.01; Fig. 7, right pair of bars). Thus, a
normal prodynorphin gene was required for stress-induced po-
tentiation of cocaine CPP.

Discussion
The principal findings of this study were that repeated swim stress
resulted in immobility, analgesia, and potentiation of cocaine
CPP that were blocked by nor-BNI and prodynorphin gene dis-
ruption. One explanation of these results is that stress induced
the release of the endogenous dynorphins to activate the � opioid
receptor to mediate these behavioral effects, although additional
work is required to establish this hypothesis. First, the conclusion
that endogenous opioid peptides were released requires a direct
measure of peptide release evoked by swim stress. Second, estab-
lishing the role of � opioid receptors in mediating the response
requires a more direct demonstration of activation by swim
stress. Third, although disruption of the prodynorphin gene has
been shown to prevent expression of the dynorphin peptides
(Sharifi et al., 2001) thought to be endogenous ligands for the �
opioid receptor (Chavkin et al., 1982), expression of other pro-
dynorphin products is also blocked. Moreover, interpretation of
knock-out studies must be done cautiously because gene deletion

can have other nonspecific effects (Tronche et al., 2002). Never-
theless, if verified by additional work, the hypothesis would have
important implications, as discussed below.

First, the suggestion that dynorphin–KOR interactions can
contribute to stress-induced analgesia would extend our under-
standing of the diverse mechanisms controlling nociception. Al-
though exposure to a stressor has been demonstrated to increase
dynorphin levels (Przewlocki et al., 1987; Nabeshima et al., 1992),
an antinociceptive role for the dynorphin–KOR systems has been
underappreciated. For example, using a single, brief exposure to a
forced swim, � opioid receptor knock-out mice were found to
have normal SIA (Filliol et al., 2000). However, work with rats
using the established 2 d procedure of repeated forced swim ex-
posure (Porsolt et al., 1977b) suggested that nor-BNI could re-
duce immobility in the forced swim test (Pliakas et al., 2001).
Drawing on this report, the present study extended the forced
swim test to the 2 d procedure using mice to demonstrate the
sensitivity of the stress-induced immobility and analgesia to nor-
BNI or prodynorphin gene disruption. The repeated, prolonged
nature of the stressor used in this study could account for the
differences with previous findings to implicate chronic stress-
induced KOR activation by dynorphin peptides.

Other endogenous opioid systems have also been shown to
mediate the response to stressors. When exposed to inescapable
tail shock or forced swimming, rats and mice show SIA blocked
by the opioid antagonists naloxone and naltrexone (Maier et al.,
1980; Mogil et al., 1996). Therefore, an alternative explanation is
that the dynorphin–� system acts indirectly to modulate the ac-
tions of another endogenous opioid peptide, such as
�-endorphin. Previous reports have noted that SIA induced after
a forced-swim test stressor was absent in mice lacking
�-endorphin (Rubinstein et al., 1996), and concentrations of this
endogenous opioid were elevated in the periaqueductal gray re-
gion of mice demonstrating SIA after exposure to forced walking
stress (Nakagawasai et al., 1999). Another alternative possibility
is that a prodynorphin-derived peptide was released to activate
either the � or � opioid receptor. Prodynorphin has been shown
to be a precursor for Leu 5enkephalin in brain (Zamir and
Quirion, 1985). However, the pharmacological data we obtained
suggest that nor-BNI acted selectively at the � receptor. In addi-
tion, the KOR selectivity of nor-BNI is supported by studies using
mouse analgesic assays and recent functional studies using
guanosine-5�-O-(3-thio)triphosphate binding (Horan et al.,
1992; Thomas et al., 2002). Overall, the most parsimonious ex-
planation of these results is that a prolonged forced swim stress
induced the release of dynorphin peptides to stimulate the �
opioid receptor and to mediate the analgesia observed; however,
this requires further studies.

The forced swim test is an established and predictive animal
model for the study of depression, with antidepressants typically
reducing the duration of the immobility exhibited (Porsolt et al.,
1977a,b; Dalvi and Lucki, 1999; Lucki et al., 2001). Pliakas et al.
(2001, 2002) have previously shown that nor-BNI blocked the
swim stress-induced immobility and suggested that � receptor
antagonists may also be effective antidepressants by blocking en-
dogenous dynorphin function. The reduction of immobility
caused by the disruption of the prodynorphin gene further sug-
gests a mediating role for dynorphin in behavioral depression and
supports the suggestion that KOR-selective antagonists may pro-
vide a new therapeutic approach for the treatment of depression.

Forced swim stress potentiated cocaine-conditioned place
preference, possibly mediated by the induced release of dynor-
phin and the activation of � opioid receptors. Results from this

Figure 7. Disruption of the prodynorphin gene prevents the forced swim stress-induced
potentiation of cocaine-conditioned place preference. Prodynorphin gene knock-out or wild-
type littermate mice were exposed to 2 d forced swim stress or left in their home cages and then
used in cocaine-conditioned place preference assays as detailed in Figure 5A and Materials and
Methods. All animals demonstrated cocaine CPP by day 6 that was significantly different from
matching preconditioning responses displayed on day 1. However, FST-exposed wild-type lit-
termates demonstrated cocaine CPP on day 6 that was double the preference responses of the
unstressed wild-type littermates or swim-stressed prodynorphin knock-out mice. The horizon-
tal dashed line designates for comparison the cocaine CPP response of unstressed C57Bl/6 mice
obtained on the same testing day (see Fig. 6). *Significant difference in time spent on the drug
paired side after cocaine conditioning compared with baseline response; �significant difference
in matching cocaine CPP response of FST-exposed prodynorphin wild-type versus unstressed
wild-type or FST-exposed knock-out mice; p�0.05 for all as determined by ANOVA followed by
Student’s t test. Bars represent n � 4 –10 animals.
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study showed that blockade of endogenous � opioid systems by
nor-BNI and prodynorphin gene disruption prevented the po-
tentiation. Stress-induced potentiation of the conditioned place
preference of rewarding drugs has been noted previously, such as
the potentiation of morphine CPP after foot shock stress (Will et
al., 1998). However, a positive relationship between dynorphin
activation of KOR and the potentiation of cocaine CPP would be
surprising, given reports that KOR agonists actually reduce self-
administration of reinforcing drugs. For instance, peripheral ad-
ministration of � agonists U50,488 and spiradoline produced
dose-dependent decreases in morphine and cocaine self-
administration in rats, and a series of � agonists dose-
dependently decreased cocaine self-administration in monkeys
(Glick et al., 1995; Mello and Negus, 1998). This reduction in
drug self-administration is likely attributable to a �-opioid-
mediated suppression of dopaminergic signaling in the putative
dopamine reward pathway because in vivo microdialysis detected
reductions in dopamine released in the nucleus accumbens
(NAc) of anesthetized rats in response to administration of �
agonists (Spanagel et al., 1992). This reduction in NAc dopamine
release was associated with the activation of � opioid receptors
located on synaptic terminals in the NAc (Acri et al., 2001). These
reports predict that endogenous � opioid agonists should sup-
press conditioned place preference for cocaine. One way to rec-
oncile the observation that stress-induced release of endogenous
dynorphin peptides resulted in a potentiation of cocaine re-
sponse might be to presume that the repeated stress actually de-
pleted dynorphin to reduce a tonic � system tone. However,
stress-induced increases in the tail withdrawal latency immedi-
ately before cocaine conditioning were blocked by nor-BNI and
prodynorphin gene disruption, suggesting the presence, not ab-
sence, of dynorphin. Moreover, neither nor-BNI pretreatment
nor the prodynorphin gene-disrupted mice showed an elevated
cocaine CPP response, as would be expected if decreased dynor-
phin levels were in fact responsible for the potentiation. Addi-
tionally, there are many important spatial and temporal differ-
ences between coadministration of a � drug with cocaine and
preactivation of the endogenous dynorphin–� system by a pro-
longed stress exposure preceding cocaine administration. For ex-
ample, the specific activation by the stressor of the dynorphin–�
system in a subset of brain circuits may differ from a global acti-
vation of the � system. Furthermore, if the activation of a dynor-
phin–� circuit contributes to the stress response, cocaine might
have an enhanced rewarding value because it may counteract the
dynorphin-mediated stress response. This has been recently
demonstrated behaviorally, in which rats exposed to chronic, un-
predictable stress demonstrated a leftward shift in the dose–
response relationship of cocaine in CPP and locomotor activity
testing (Haile et al., 2001).

Not only is the conditioned place preference test an assay of
the rewarding properties of a stimulus, it is also a learning task
requiring that the animal form an association between the re-
warding drug and the compartment-specific cues (Carr et al.,
1989). Thus, the potentiation of cocaine CPP observed in this
study could have resulted from an enhancement of the acute
effects of cocaine or by affecting a step in the learning process.
Further analysis of the cellular and molecular mechanism of the
nor-BNI-sensitive and prodynorphin-dependent potentiation is
required to determine whether dynorphin activation of � opioid
receptors affects the acute response to cocaine or has a more
general effect on learning mechanisms. For example, an acute
enhancement of the cocaine response might result from a syner-
gistic action of the dynorphin–� system or an effect on the co-

caine sensitization processes. Examination of the effects of stress-
induced release of dynorphin peptides in the brain would help
address this question.

In conclusion, the mediation of swim stress-induced behav-
iors was shown to be sensitive to nor-BNI pretreatment or pro-
dynorphin gene disruption, suggesting that stress induced a re-
lease of dynorphin to activate the � opioid receptor. The findings
further our understanding of the neurobiological mechanisms
underlying the response to stress and illuminate a possible � opi-
oid connection among chronic stress, depression, and drug
abuse. Moreover, because stress has been demonstrated to in-
crease both the rewarding potential and self-administration of
drugs of abuse, the demonstration of endogenous � opioid in-
volvement might lead to new therapeutic approaches to the prob-
lems of depression and drug abuse.
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