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Zyklophin, a systemically active selective kappa
opioid receptor peptide antagonist with short
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The cyclic peptide zyklophin {[N-benzylTyr',cyclo(D-Asp> Dap8)-
dynorphin A-(1-11)NH;, Patkar KA, et al. (2005) J Med Chem 48:
4500-4503} is a selective peptide kappa opioid receptor (KOR)
antagonist that shows activity following systemic administration.
Systemic (1-3 mg/kg s.c.) as well as central (0.3-3 nmol intracerebro-
ventricular, i.c.v.) administration of this peptide dose-dependently
antagonizes the antinociception induced by the selective KOR ago-
nist U50,488 in C57BL/6J mice tested in the 55 °C warm water tail
withdrawal assay. Zyklophin administration had no effect on mor-
phine- or SNC-80-mediated antinociception, suggesting that zyklo-
phin selectively antagonizes KOR in vivo. Additionally, the antago-
nism of antinociception induced by centrally (i.c.v.) administered
U50,488 following peripheral administration of zyklophin strongly
suggests that the peptide crosses the blood-brain barrier to antag-
onize KOR in the CNS. Most importantly, the antagonist activity of
zyklophin (3 mg/kg s.c.) lasts less than 12 h, which contrasts sharply
with the exceptionally long duration of antagonism reported for the
established small-molecule selective KOR antagonists such as nor-
binaltorphimine (nor-BNI) that last weeks after a single administra-
tion. Systemically administered zyklophin (3 mg/kg s.c.) also pre-
vented stress-induced reinstatement of cocaine-seeking behavior in
a conditioned place preference assay. In conclusion, the peptide
zyklophin is a KOR-selective antagonist that exhibits the desired
shorter duration of action, and represents a significant advance in
the development of KOR-selective antagonists.

cocaine abuse | dynorphin A analog | kappa opioid receptor antagonist |
opioid peptide | stress

I nterest in kappa opioid receptor (KOR) ligands has focused on
agonists that have potential therapeutic applications, such as
anti-inflammatory activity (1) and the acute suppression of the
rewarding effects of cocaine (2) [see (3) for a review], in addition
to their analgesic properties. Until recently, KOR-selective
antagonists have only been used as pharmacological tools.
However, recent reports describing antidepressant-like effects
(4-6), anxiolytic-like effects (7, 8), efficacy against opiate de-
pendence (9), and the ability to prevent stress-induced reinstate-
ment of cocaine-seeking behavior (5, 10) indicate that KOR
antagonists could be promising therapeutic agents [see (3) for a
review].

Several selective non-peptide antagonists, in particular nor-
binaltorphimine (nor-BNI) (11), 5’-guanidinonaltrindole
(GNTI) (12), and the phenylpiperidine JDTic (13), have been
studied extensively in animal models (4-8, 14-16). All of these
compounds, however, exhibit exceptionally long activity in vivo,
lasting weeks to more than a month after a single dose [see (14)
for a detailed review], an effect that could limit their therapeutic
use. While the mechanism producing this prolonged activity is
poorly understood, to date there have been no reports of small
molecule-selective KOR antagonists with activity lasting less
than 1 day.

Peptide ligands are metabolized by proteases, and therefore
peptide KOR ligands are expected to exhibit shorter durations
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of action than the non-peptide KOR-selective antagonists,
thereby avoiding the prolonged activity associated with the latter
compounds. This prompted us to examine peptide KOR antag-
onists in vivo. Previous in vivo studies with the selective peptide
KOR antagonist arodyn ([AcPhe!?3,Arg?,D-Ala®]dynorphin A-
(1-11) amide) (17) developed in our laboratory demonstrated
that a peptide KOR antagonist not only antagonized the KOR-
selective agonist U50,488 in vivo, but also prevented stress-
induced reinstatement of cocaine-induced conditioned place
preference (CPP) (10). These findings are consistent with the
results produced by the nonpeptide KOR antagonist JDTic (5),
but as expected, the peptide arodyn exhibits a substantially
shorter duration of action than the non-peptide antagonists
nor-BNI and JDTic. However, arodyn is subject to rapid me-
tabolism by proteases in blood (18), and therefore was admin-
istered centrally [by intracerebroventricular (i.c.v.) injection] to
be effective in these studies.

Kappa opioid peptide ligands designed to be to metabolically
stable have been shown to penetrate the CNS, and may prove to
be useful therapeutic agents. Earlier studies demonstrated that
E2078 {[NMeTyr!,NMeArg’,D-Leu]dynorphin A-(1-8) N-
ethyl amide}, an analog of the endogenous opioid peptide
dynorphin A (Dyn A) stabilized to slow metabolic degradation,
can cross the blood-brain barrier (BBB) (19, 20) and produces
analgesia in humans following systemic (intramuscular) admin-
istration (21). In more recent preliminary studies, we found that
several Dyn A-(1-11) amide analogs could cross a model of the
BBB (18). Therefore, we expected that a peptide KOR antag-
onist derived from dynorphin A and stabilized to metabolism
would exhibit activity in the CNS after systemic administration.

Based on metabolism studies of arodyn (18) we anticipated
that a Dyn A derivative cyclized in the middle of the sequence
would exhibit substantially improved metabolic stability and
remain active for a significant but finite time (i.e., for hours, not
days) after systemic administration. We had reported that the
cyclic peptide [N-benzylTyr!,cyclo(D-Asp®,Dap®)|Dyn A-(1-11)
amide (now named zyklophin) exhibits reasonable affinity and
high selectivity for KOR [K; (KOR) = 30 nM and K; ratios
(KOR/MOR/DOR) = 1/194/>330 in radioligand binding as-
says], and nanomolar antagonist potency against KOR in vitro
(22). Previously, modifications to Dyn A that have resulted in
antagonist activity have been located in the N-terminal tetrapep-
tide “message” sequence. Zyklophin, however, is a Dyn A-based
antagonist with modifications in the C-terminal “address” do-
main that alter efficacy. In initial testing, zyklophin antagonized
KOR in vivo (18). These promising preliminary results prompted
us to undertake additional studies of this peptide.
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Here we report the detailed in vivo characterization of zyk-
lophin, including evaluation of the dose dependency following
both central and peripheral administration, the duration, and
KOR selectivity of zyklophin-mediated antagonism. We also
examined the ability of this peptide to prevent stress-induced
reinstatement of cocaine-seeking behavior to evaluate the po-
tential therapeutic application of this lead compound in the
treatment of cocaine abuse. Most importantly, we found that this
peptide is not only centrally active following systemic (s.c.)
administration in vivo, but that the duration of zyklophin-
mediated antagonist activity is less than 12 h. Thus, zyklophin is
a selective KOR antagonist that exhibits the desired finite
duration of action and represents a significant advance in the
development of selective KOR antagonists.

Results

Antagonist Activity of Zyklophin in Analgesic Assays. The in vivo
effects of zyklophin on opioid-mediated antinociception were
examined in C57BL/6J mice using the 55 °C warm-water tail-
withdrawal test. Initial tests demonstrated that zyklophin lacks
antinociceptive effects after either central or peripheral admin-
istration. Intracerebroventricular administration of zyklophin (3
nmol) did not significantly change the tail-withdrawal latency
from baseline up to 60 min later (1.84 * 0.41 s latency versus
1.42 = 0.14 s baseline latency, P = 0.11, n.s.). Likewise, s.c.
administration of zyklophin (3 mg/kg) did not alter the tail-
withdrawal response (1.40 = 0.08 s latency after the peptide, P =
0.87, n.s.), similar to the results of s.c. administration of vehicle
alone (1.58 = 0.18 s latency versus 1.53 = 0.16 s baseline latency,
P = 0.85, n.s.). In contrast, administration of the KOR agonist
U50,488 (10 mg/kg i.p.) produced significant antinociception
(Fig. 1). Intracerebroventricular pretreatment with zyklophin
(0.3, 1, or 3 nmol) 1 h before testing significantly antagonized the
antinociceptive effect of the KOR-selective agonist U50,488
(Fig. 14). Moreover, peripheral pretreatment with zyklophin (1
or 3 mg/kg s.c.) 1 h before testing also significantly antagonized
the antinociceptive effect of U50,488 (Fig. 1B). Importantly,
peripheral administration of zyklophin (3 mg/kg s.c.) 1 h before
testing also antagonized the antinociceptive effect of U50,488
administered centrally (40 nmol i.c.v. 20 min before testing, Fig.
1C), which is strong evidence that the peptide antagonist crossed
the BBB in vivo to act on KOR in the brain.

The duration of KOR antagonism produced by a single s.c.
dose of zyklophin was then determined. Mice were pretreated
with zyklophin (3 mg/kg) 20 min to 23.3 h before administration
of U50,488 (10 mg/kg i.p.), and antinociception measured in the
55 °C warm-water tail-withdrawal test (Fig. 2). Zyklophin pre-
treatment significantly antagonized U50,488-induced antinoci-
ception for at least 8 h, but for less than 12 h. In contrast, as
reported previously [see, for example, (23)], mice pretreated
with a single dose of the prototypical KOR antagonist nor-BNI
showed long lasting antagonism of KOR agonist-induced an-
tinociception; mice pretreated 7 days prior with nor-BNI (10
mg/kg i.p.) still demonstrated significant antagonism of U50,488-
induced antinociception (13.2 * 5.58% antinociception, P =
0.005, compared to 3.16 £ 1.31% when administered 2 h before
testing). These findings demonstrate a reversible, relatively short
duration of KOR antagonism produced by zyklophin, unlike
established KOR-selective non-peptide antagonists that exhibit
exceptionally long activity after a single dose (14).

The receptor selectivity of zyklophin was determined in the
mouse 55 °C warm-water tail-withdrawal assay using selective
opioid receptor agonists. Pretreatment of mice with zyklophin
blocked the antinociceptive effect of U50,488, but not of mor-
phine, which preferentially activates MOR, or the DOR-
selective agonist SNC-80 (Fig. 3). These results demonstrate
zyklophin-mediated antagonism in vivo is selective for KOR.
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Fig. 1.  Zyklophin crosses the blood brain barrier to antagonize U50,488-
induced antinociception in the mouse 55 °C warm-water tail-withdrawal test.
The antinociceptive effects of U50,488 (10 mg/kg i.p.) were determined 40 min
after administration in mice pretreated 1 h with vehicle or zyklophin through
the (A) i.c.v. (0.3-3 nmol) or (B) s.c. route (0.3-3 mg/kg) of administration. (C)
The antinociceptive effect of centrally administered U50,488 (40 nmol i.c.v.)
was also antagonized in mice peripherally pretreated 60 min with zyklophin
(3 mg/kg s.c.). Tail-withdrawal latencies in C were measured 20 min after
injection of U50,488. Plus and minus signs under bars denote whether the
listed agent was administered or not. Data are presented as the mean percent
antinociception = SEM from 6-8 mice. *, significantly different from baseline
tail-withdrawal latency; T, significantly different from U50,488-induced an-
tinociception after vehicle pretreatment, P < 0.05; Student’s t-test.

Activity of Zyklophin in a CPP Model of Stress-Induced Reinstatement
of Cocaine-Seeking Behavior. We previously demonstrated that the
peptide KOR antagonist arodyn can suppress stress-induced
reinstatement of cocaine-seeking behavior (10). Therefore, we
expected that the KOR antagonist zyklophin would similarly
prevent this stress-induced reinstatement. To test this hypothe-
sis, C57BL/6J mice were first place-conditioned over 4 days with
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Fig.2. Time course of zyklophin-mediated antagonism of U50,488-induced
antinociception in the mouse 55 °C warm-water tail-withdrawal test. Antino-
ciceptive effect of U50,488 (10 mg/kg i.p.) in mice pretreated for 1-24 h with
zyklophin (3 mg/kg s.c.). Tail withdrawal latencies were determined 40 min
after agonist administration. Data are presented as the mean percent antino-
ciception = SEM from 8-12 mice. *, significantly different from the baseline
tail-withdrawal latency; T, significantly different from U50,488-induced an-
tinociception without pretreatment, P < 0.05; Student's t-test.

cocaine (see Fig. 44). Mice demonstrated a cocaine-conditioned
place preference that was significantly greater than that of the
initial preference [Fig. 4B, left bars; F(3, 320) = 45.5, P < 0.0001;
one-way ANOVA with Tukey HSD post-hoc test]. This place
preference lasted more than 2 weeks (Fig. 4B, dark gray bar).
After 3 weeks, mice demonstrated extinction with a place
preference response similar to the initial preference response
and which was statistically significantly less than the initial
preference immediately after place-conditioning (Fig. 4B, light
gray bar, P < 0.01).

Following extinction of cocaine CPP, mice were administered
vehicle (0.9% saline) or zyklophin (1 or 3 mg/kg s.c.) daily for 2 days
(see Fig. 44) and exposed 20 min later to repeated forced swim
stress. The day following the completion of exposure to stress (i.e.,
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Fig. 3. Kappa-opioid receptor-selective antagonism by zyklophin. Antino-
ciceptive effects of morphine (10 mg/kg i.p., left pair of white bars) or SNC-80
(12.5 mg/kg i.p., center pair of gray bars) were not reduced by a 1 h pretreat-
ment with zyklophin (3 mg/kg s.c.), whereas the effect of U50,488 (10 mg/kg
i.p., right pair of black bars) was significantly antagonized. Tail-withdrawal
latencies were measured in the mouse 55 °C warm-water tail-withdrawal test
40 min after selective agonist administration. Data are presented as the mean
percent antinociception = SEM of the control animals treated only with the
matching agonist (100%). n = 8-10 mice. *, Significantly different from
matching agonist effect, P < 0.01; Student's t-test.
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Fig.4. Stress-induced reinstatement of cocaine CPP prevented by zyklophin
pretreatment. (A) Schematic of reinstatement and testing protocol. Vehicle
(0.9% saline) or zyklophin were administered on days 28 and 29, 20 min before
initial exposure to forced swim stress (diamonds) or cocaine place-
conditioning (square, day 29). (B) After 4 days of cocaine (10 mg/kg s.c. daily),
mice exhibited significant preference for the cocaine paired environment,
with extinction occurring by 3 weeks (left bars). Mice were exposed to forced
swim stress (center bars) or an additional round of cocaine place-conditioning
(right bars), reinstating place preference. Zyklophin pretreatment (3, but not
1, mg/kg s.c.) prevented stress-induced reinstatement of place preference
(center bars). In contrast, zyklophin pretreatment (3 mg/kg s.c.) was ineffec-
tive at preventing cocaine-induced reinstatement of CPP (rightmost bar). n =
8-17 mice; cocaine place-conditioning data on left represents combined
responses of 81 mice. *, Significantly different from preconditioning place
preference response (leftmost bar); ¥, significantly different from post-
conditioning place preference response (second bar on left); ¥, significantly
different from stress-induced reinstatement of place preference response
(striped gray bar, center), Fisher’s LSD post-hoc test.

day 30, see Fig. 44), mice were tested for place preference to
examine possible reinstatement of drug-seeking behavior. As ex-
pected, stress-exposed vehicle-pretreated mice subsequently dem-
onstrated reinstatement of CPP [Fig. 4B, striped center-left bar,
Fs, 284y = 22.8, P < 0.001; one-way ANOVA with Tukey HSD
post-hoc test]. Importantly, zyklophin pretreatment prevented
stress-induced reinstatement. While pretreatment with 1 mg/kg s.c.
zyklophin did not prevent stress-induced reinstatement of cocaine-
conditioned place preference (Fig. 4B, fine-thatched center bar,
P = 099 as compared to vehicle-treated stress-induced control
animals), mice pretreated daily with 3 mg/kg s.c. zyklophin before
exposure to forced swimming demonstrated place preference re-
sponses that did not differ significantly from preconditioning or
extinction responses (Fig. 4B, coarsely-thatched center-right bar,
P =0.73 and 0.70, respectively). However, treatment with zyklophin

Aldrich et al.
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(3 mg/kg s.c.) daily for 2 days immediately after exposure to forced
swimming did not prevent stress-induced reinstatement (118 =
187 s; P = 0.79, n.s., as compared to vehicle-treated, stress-exposed
response).

In addition, mice demonstrating extinction of CPP were
subsequently exposed instead to a single cycle of cocaine con-
ditioning before place preference testing (see Fig. 44). Cocaine-
exposed mice pretreated with vehicle exhibited reinstatement of
place preference [Fig. 4B, striped white right bar, F4, 262) = 40.7,
P < 0.01; one-way ANOVA with Tukey HSD post-hoc test].
Mice treated daily for 2 days with zyklophin before exposure to
this additional cocaine conditioning cycle also showed a signif-
icantly greater preference for the cocaine-paired compartment
as compared to preconditioning and extinction preferences (Fig.
4B, rightmost bar, P < 0.01). Furthermore, the reinstated
preference of zyklophin-pretreated mice was not significantly
different from the response of vehicle pretreated mice (Fig. 4B,
rightmost bars, P = 0.63, n.s.). Thus zyklophin pretreatment had
no effect on cocaine-induced reinstatement of place preference.
Overall, these results confirm a mediating role for the endoge-
nous KOR system in stress-induced relapse of drug-seeking
behavior, as pretreatment with the peptide KOR antagonist
zyklophin prevented the stress-induced reinstatement.

Discussion

While non-peptide selective KOR antagonists have been studied
extensively in vivo, until recent research in our laboratories (10)
the evaluation of selective peptide KOR antagonists has been
limited to in vitro testing. A major factor limiting in vivo studies
has been the ability of the peptides to reach KOR in the CNS,
which requires the ligand possess metabolic stability and the
ability to cross the BBB. While the rapid metabolism of the
peptide KOR antagonist arodyn precluded systemic administra-
tion, our initial studies of this peptide (10) prompted us to pursue
peptides that we anticipated would be more metabolically stable,
with the goal of identifying systemically active selective peptide
KOR antagonists.

The present results from the 55 °C warm-water tail-withdrawal
assay demonstrate that zyklophin is a systemically active, KOR
selective antagonist in vivo. Whereas nor-BNI has been reported
to initially exhibit modest agonist activity (24), zyklophin does
not exhibit any agonist activity in the warm-water tail-withdrawal
assay following either central or peripheral administration.
Zyklophin administered either centrally (i.c.v., Fig. 14) or
systemically (s.c., Fig. 1B) dose-dependently antagonized the
antinociception induced by the KOR-selective agonist U50,488.
Because KOR agonists can produce antinociceptive effects
through the activation of peripheral KOR (25) as well as through
receptors in the CNS, it was important to establish whether the
observed antagonism by peripherally administered zyklophin
was due primarily to interaction with peripheral receptors.
However, the antagonism of centrally administered U50,488 by
peripherally administered zyklophin (Fig. 1C) strongly suggests
that the peptide crosses the BBB to antagonize KOR in the CNS.
The antagonism of U50,488, but not morphine or SNC-80-
mediated antinociception, further demonstrates that zyklophin is
a selective antagonist in vivo, consistent with the KOR selectivity
demonstrated in binding assays (22).

One of the most important findings in this study was the
duration of the antagonist activity of zyklophin (Fig. 2). In
contrast to the non-peptide selective KOR antagonists such as
nor-BNI, which exhibit exceptionally long duration of action (up
to weeks after a single dose) (14), the antagonist activity of
zyklophin lasts less than 12 h after systemic (s.c.) administration.
The prolonged activity of the non-peptide KOR-selective an-
tagonists could complicate their use as pharmacological tools
and as potential therapeutic agents. In contrast, the time course
of zyklophin-mediated KOR antagonism represents a useful
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duration of action for many in vivo studies, and a more typical
time course for therapeutic agents.

The activity of systemically administered zyklophin in pre-
venting stress-induced reinstatement of cocaine-seeking behav-
ior is another strong indication that this peptide crosses the BBB
to reach KOR in the CNS. It is thought that increases in
extracellular synaptic dopamine levels in the A10 mesolimbic
dopamine pathway of the brain are associated with the increased
perception of reward and the addictive effects of psychostimu-
lants including cocaine (26-28). KOR and their endogenous
ligands the dynorphins are colocalized with this reward pathway,
and acute activation of KOR is well known to result in tonic
inhibition of dopamine signaling [see (29) for a review]. Impor-
tantly, the endogenous kappa opioid system has also been found
to play a key role in the responses to stress. Stress itself
potentiates the rewarding properties of drugs of abuse (30, 31),
and contributes to the likelihood of reinstatement of drug-
seeking behavior in abstinent subjects (32). Exposure to stress
has been reported to modulate dynorphin levels (33, 34), and
repeated exposure to stress potentiates cocaine-seeking behav-
ior through a mechanism that requires KOR activation (35, 36).
Consistent with the central location of the KOR involved in this
response, central administration of the peptide KOR antagonist
arodyn suppressed reinstatement of stress-induced cocaine-
seeking behavior in the CPP assay (10). Since the reward
pathways and the KOR involved in the response to stress
discussed above are restricted to the brain, the present findings
that zyklophin prevents stress-induced potentiation of cocaine
CPP following peripheral administration provides further evi-
dence that zyklophin crosses the BBB to antagonize KOR in the
CNS. Notably, zyklophin did not prevent reinstatement when
administered after exposure to stress. These results suggest that
it is the prophylactic blockade of the stress-induced activation of
the endogenous KOR system that prevented stress-induced
reinstatement of cocaine CPP.

The systemic activity of zyklophin not only facilitates its use as
a pharmacological tool, but suggests an important development
in the search for potential therapeutic agents. Peptides with
appropriate pharmacokinetic properties have been used suc-
cessfully as therapeutic agents [e.g., the LH-RH analog leupro-
lide and the HIV fusion inhibitor enfuvirtide (Fuzeon™)] and
can have some advantages as drugs, including high activity, high
specificity, low toxicity, and the minimization of drug-drug
interactions (37). While the delivery of peptides as therapeutic
agents remains a challenge, the development of alternatives to
injection for systemic administration will facilitate their clinical
use. The recent demonstration of the activity of Dyn A-(1-13)
analogs following inhalation (38) shows that other routes of
administration can be used for opioid peptides that could
increase their acceptance as therapeutic agents.

In conclusion, zyklophin represents a major advance in the
selective KOR antagonist area. Its relatively short duration of
action makes it an ideal pharmacological tool for a variety of in
vivo studies. Its systemic activity makes it a promising lead
compound for further development, with possible future ther-
apeutic value. There is currently no medication approved by the
FDA for the treatment of cocaine abuse or for the prevention of
relapse to cocaine use in former cocaine addicts or abusers. The
findings reported here add to previous evidence (5, 10) that
suggest that KOR-selective antagonists may serve as valuable
therapeutics in the prevention of stress-induced reinstatement of
cocaine abuse.

Methods

Subjects and Compounds. Zyklophin was synthesized as described previously
(22). The KOR agonist (+)-trans-3,4-dichloro-N-methyl-N-[2-(1-pyrrolidinyl)cy-
clohexyl]-benzeneacetamide (U50,488) was provided by the National Institute
on Drug Abuse Drug Supply Program (Bethesda, Maryland). All other com-
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pounds were obtained from Sigma. Adult male C57BL/6J mice weighing 19-27
grams were obtained from Jackson Labs, and were housed and cared for in
accordance with the 1996 National Institute of Health Guide for the Care and
Use of Laboratory Animals and as approved by the Institutional Animal Care
Committee. C57BL/6J mice were selected for this study because of their
established responses to stress and cocaine place-conditioning (10, 35, 39).

Antinociceptive Testing. The 55 °C mouse warm-water tail-withdrawal assay
was used as described earlier (40), with the latency of the animal to withdraw
its tail taken as the endpoint. After determining baseline tail-withdrawal
latencies, mice were administered a graded dose of compound through the
i.c.v., i.p., or s.c. route as noted. For i.c.v. injections, vehicle was artificial
cerebrospinal fluid (146 mM NaCl, 2.7 mM KCI, 1.2 mM CaCl,, and 1.0 mM
MgCly), whereas all peripheral administrations were made in 0.9% saline as
the vehicle except for SNC-80, which was dissolved in 35% DMSO/65% saline.
Intracerebroventricular injections were made as described previously (40). The
volume of these injections was 5 ulL, using a 10-uL Hamilton syringe. After
agonist administration, the tail-withdrawal latency was determined 40 min
later unless otherwise specified. The initial doses of zyklophin examined were
selected based on the previous in vitro characterization of zyklophin (22) and
the invivo activity of the peptide KOR antagonist arodyn (10). Mice pretreated
with zyklophin were returned to their home cages for 20 min; for the deter-
mination of the duration of KOR antagonist activity mice were also pretreated
for1.3,3.3,7.3,11.3,17.3, or 23.3 h. Mice were then administered a single dose
of the KOR selective agonist U50,488 (10 mg/kg i.p.) and subsequently tested
40 min later for their tail-withdrawal latencies to determine the duration of
the KOR antagonist effects produced by zyklophin. The dose of U50,488 used
(10 mg/kg i.p.) was selected based on the previous demonstration of signifi-
cant, selective KOR-mediated antinociception in C57BL/6J mice at this dose
(10, 36, 41). Likewise, morphine (10 mg/kg i.p.) was used at a dose reported to
activate primarily MOR (42). The dose of SNC-80 (12.5 mg/kg i.p.) was chosen
for both DOR selectivity (43) and to avoid negative side effects such as seizures
(44); 40 min after administration no negative side effects were observed with
this dose.

A cut-off time of 15 s was used in this study; if the mouse failed to display a
tail-withdrawal response during that time, the tail was removed from the water
and the animal assigned a maximal antinociceptive score of 100%. At each time
point, antinociception was calculated according to the following formula: %
antinociception = 100 X (test latency — control latency)/(15 — control latency).
For opioid receptor selectivity testing, the antinociceptive results after zyklophin
pretreatment are expressed as a percentage of the matching control group
administered agonist (morphine, SNC-80, or U50,488) alone.

Cocaine-Conditioned Place Preference, Extinction, and Reinstatement. Condi-
tioned place preference. C57BL/6J mice were conditioned using a protocol (Fig.
4A) similar to the previously established biased cocaine CPP paradigm (10, 35,
36, 39). It has also been demonstrated as an effective protocol for the study of
extinction and reinstatement (10, 39).

Time spent in each compartment was measured by allowing individual mice
to move freely between all three compartments over a 30-min testing period.
The animals on average initially demonstrated an equivalent amount of time
in each of the two outer conditioning compartments (630 = 14 and 609 + 14s
in the left and right compartments, respectively, P = 0.36, n.s., Student’s
t-test). Place-conditioning began immediately following cocaine administra-
tion (10 mg/kg s.c.) on day 2, whereupon mice were confined for 30 min in the
appropriate outer compartment. A dose of 10 mg/kg s.c. cocaine was selected
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4. Mague SD, et al. (2003) Antidepressant-like effects of k-opioid receptor antagonists in
the forced swim test in rats. J Pharmacol Exp Ther 305:323-330.

5. Beardsley PM, Howard JL, Shelton KL, Carroll FI (2005) Differential effects of the novel
kappa opioid receptor antagonist, JDTic, on reinstatement of cocaine-seeking induced
by footshock stressors vs cocaine primes and its antidepressant-like effects in rats.
Psychopharmacology 183:118-126.

6. Zhang H, Shi YG, Woods JH, Watson SJ, Ko MC (2007) Central kappa-opioid receptor-
mediated antidepressant-like effects of nor-Binaltorphimine: Behavioral and BDNF
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for this study as it has been shown previously to produce a reliable CPP
response in C57BL/6J mice (45, 46). Conditioning with assay vehicle (0.9%
saline, 0.3 mL/30 g body weights.c.) followed 4 h later in a similar manner, but
paired to the opposite chamber. This conditioning cycle was repeated once
each day on days 3-5 (see Fig. 4A), and animals were then tested for condi-
tioned place preference the day after the final cycle of conditioning (day 6).
This protocol has been demonstrated to be effective in producing and main-
taining a conditioned-place preference response for approximately 2-3 weeks
(10, 46). Data are plotted as the difference in time spent in the cocaine- and
vehicle-paired compartments. By convention the initial bias generates a neg-
ative value, and a positive value reflects a conditioned preference for the
cocaine-paired side. Conditioned place aversion, where animals avoid the
drug-paired compartment and spend significantly more time in the initially
preferred side, was not detected in this study under any conditions.
Extinction. Place preference for the cocaine-paired compartment was re-
examined once a week (see Fig. 4A) to determine extinction. Placing animals
repeatedly into the apparatus with free access to all compartments for 30 min
produced extinction, defined as a statistically significant decrease in the time
spent in the cocaine-paired compartment during the extinction trial as com-
pared to the immediate postconditioning response. As expected for the
C57BL/6J strain of mice, conditioned place preference responses subsided with
weekly testing over the 3-week period (10, 39, 46).

Reinstatement. Reinstatement of drug preference was examined after either
exposure to forced swim stress (see below) or an additional cycle of cocaine
place-conditioning (see Fig. 4A). Note that a single cycle of cocaine place-
conditioning has been found to be insufficient to produce conditioned place
preference alone in C57BL/6J mice (46). Mice were pretreated s.c. with vehicle
or zyklophin daily for 2 days 20 min before either cocaine place-conditioning
(for 1 cycle as detailed above) or forced swimming (see below). The day after
completion of stress exposure or cocaine place-conditioning, animals were
tested for place preference (see Fig. 4A).

Forced Swim Stress. A 2-day forced swim stress protocol was used as previously
detailed (10, 35) to produce stress-induced reinstatement of cocaine CPP. Mice
were pretreated each day with vehicle or zyklophin 20 min before exposure to
forced swim stress (see Fig. 4A). The day after the final exposure to forced
swim stress, the place preference responses of mice were tested as described
above to determine possible reinstatement of extinguished CPP. An addi-
tional set of animals was administered zyklophin immediately after the com-
pletion of forced swimming each day, and the place preference responses
tested as described above.

Statistical Analysis. Student’s t-tests comparing baseline and posttreatment
tail-withdrawal latencies were used to determine statistical significance for all
tail-withdrawal data. Data for conditioned place preference experiments
were analyzed with ANOVA using the SPSS 14.0 statistical package. Analyses
examined the main effect of CPP phase (e.g., post-conditioning, week of
preference test, reinstatement) and the interaction of drug pretreatment
(zyklophin or vehicle) X reinstatement condition (stress or cocaine exposure).
Significant effects were further analyzed using Tukey HSD post-hoc testing.
All data are presented as mean = SEM, with significance set at P < 0.05.
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