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Abstract

Rationale Several lines of evidence support a role for the
endogenous opioid system in mediating behaviors associ-
ated with drug dependence. Specifically, recent findings
suggest that the kappa-opioid receptor (KOR) may play a
role in aspects of nicotine dependence, which contribute to
relapse and continued tobacco smoking.

Objective The objective of this study is to determine the
involvement of the KOR in the initial behavioral responses
of nicotine, nicotine reward, and nicotine withdrawal using
the highly selective KOR antagonist JDTic. JDTic doses of
1,4, 8, or 16 mg/kg were administered subcutaneously (s.c.)
18 h prior to nicotine treatment.

Results JDTic dose-dependently blocked acute nicotine-
induced antinociception in the tail-flick but not the hot-
plate test and did not significantly attenuate morphine's
antinociceptive effect in either the tail-flick or hot-plate test.
Furthermore, JDTic (8 and 16 mg/kg, s.c.) failed to block
the expression of nicotine reward as measured by the
conditioned place preference model. In contrast, JDTic and
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the KOR antagonist norBNI attenuated the expression of
both the physical (somatic signs and hyperalgesia) and
affective (anxiety-related behavior and conditioned place
aversion) nicotine withdrawal signs.

Conclusions Our findings clearly show that the KOR is
involved in mediating the withdrawal aspects of nicotine
dependence. The results from this study suggest that
blockade of the KOR by selective KOR antagonists may
be useful smoking cessation pharmacotherapies.
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Introduction

Nicotine use and dependence continues to be a worldwide
health problem. In 2008, an estimated 70.9 million
Americans, aged 12 or older, were current (past month)
users of a tobacco product. This represents 28.4% of the
population in that age range. In addition, 59.8 million
persons (23.9% of the population) were current cigarette
smokers, 13.1 million (5.3%) smoked cigars, 8.7 million
(3.5%) used smokeless tobacco, and 1.9 million (0.8%)
smoked tobacco in pipes (SAMHSA 2009). Nicotine, a
natural alkaloid of tobacco, is largely responsible for
initiation and maintenance of tobacco dependence. Smokers
typically experience considerable withdrawal symptoms
during quitting attempts and are highly susceptible to
relapse (Jarvis 2004). Withdrawal symptoms include anxiety,
anger, difficulty in concentrating, sleep disturbance, and
weight gain (Hughes and Hatsukami 1986). Even though
many cigarette smokers report a desire to quit smoking, few
are successful. Consequently, there is a great need for
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pharmacotherapies to aid smokers who desire to quit. While
nicotinic acetylcholine receptors (nAChRs) are the primary
site of action for nicotine, a growing number of studies
suggest a role for the endogenous opioid system in mediating
different behavioral responses to nicotine. Indeed, mice
lacking the opioid peptide precursor preproenkephalin gene
show reduced antinociception, reward, and dopamine extra-
cellular levels in the nucleus accumbens (NAcc) after
nicotine treatment (Berrendero et al. 2005). Similarly,
nicotine-induced antinociception, reward, and physical nico-
tine dependence were reduced in mu-opioid receptor (MOR)
knockout mice (Berrendero et al. 2002). The nonselective
opioid antagonist naloxone precipitates somatic withdrawal
signs in nicotine-dependent rats (Malin et al. 1993), and
reports show that acute and chronic nicotine administration
alters synthesis and release of endorphins (Jensen et al. 1990;
Marty et al. 1985) and enkephalins (Isola et al. 2002;
Wewers et al. 1999). Recently, an increase in the functional
activity of MOR was observed in the spinal cord of mice
tolerant to nicotine-induced antinociception (Galeote et al.
2006).

In contrast to MOR stimulation, which displays reinforc-
ing properties, activation of the dynorphin/kappa-opioid
receptor (KOR) system functions as a negative reinforcer,
producing aversion, dysphoria, anhedonia, depression, and
stress responses in humans and rodents (Bals-Kubik et al.
1993; Carlezon et al. 2006; Mague et al. 2003; Pfeiffer et
al. 1986; Shirayama et al. 2004; Todtenkopf et al. 2004;
Zimmer et al. 2001). Indeed, various studies suggest a role
for the KOR in nicotine dependence behaviors. KOR
antagonists have antidepressant-like effects (Beardsley et
al. 2005; Mague et al. 2003; Shirayama et al. 2004) and can
block the prodepressive-like effects produced by KOR
agonists (Todtenkopf et al. 2004). The KOR was also found
to modulate the acute and tolerant responses to nicotine-
induced spinal antinociception, and KOR density was
decreased in the spinal cord of nicotine-tolerant mice
(Galeote et al. 2008). Further, KOR receptor ligands block
acute nicotine-induced locomotor stimulation in rats (Hahn
et al. 2000). While acute nicotine increased both prodynor-
phin and dynorphin mRNA in the striatum (Isola et al.
2009), dynorphin mRNA was decreased after chronic
nicotine and nicotine withdrawal even though the increase
in prodynorphin was still present (Isola et al. 2008). Taken
together, these studies support a role for the dynorphin/
KOR system in nicotine dependence.

The current study extends the available information to
further assess the role of the KOR system in nicotine
dependence behaviors that contribute to relapse and
promote continued tobacco use using the KOR antagonist
JDTic. JDTic has unique structural features compared to
other commonly used KOR antagonists such as norBNI
(Thomas et al. 2003). JDTic was found to be more potent
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than norBNI as a KOR antagonists in the [*>S]GTPYS in
vitro efficacy assay (Thomas et al. 2003) and was also more
potent than norBNI as an antagonist of U50,488-induced
diuresis and the forced-swim test that is characteristic of
antidepressants (Beardsley et al. 2005; Carroll et al. 2004).
The unique structure of JDTic combined with its potent and
selective KOR activity makes it highly useful for further
characterization of the role of the KOR in nicotine
dependence. In the current study, JDTic was used to
determine the role of the KOR in several behavioral aspects
of nicotine dependence. Specifically, we measured nicotine-
induced antinociception and hypothermia after a single
injection of nicotine, nicotine reward using the conditioned
place preference (CPP) paradigm, and physical (somatic
signs and hyperalgesia) and affective (anxiety-related
behavior and conditioned place aversion (CPA)) nicotine
withdrawal signs in mice.

Methods
Animals

Male Institute for Cancer Research mice purchased from
Jackson Laboratories (Bar Harbor, ME, USA) were housed
in a 21°C humidity-controlled Association for Assessment
and Accreditation of Laboratory Animal Care-approved
animal care facility with food and water available ad
libitum. The rooms were on a 12-h light/dark cycle (lights
on at 7:00A.M.). Mice were 8—10 weeks of age and weighed
approximately 20-25 g at the start of all the experiments.
All experiments were performed during the light cycle and
were approved by the Institutional Animal Care and Use
Committee of Virginia Commonwealth University and in
accordance with the National Institutes of Health Guide for
Animal Care and Use.

Drugs

(—)-Nicotine hydrogen tartrate salt [(—)-1-methyl-2-(3-pyr-
idyl)pyrrolidine (+)-bitartrate salt] was purchased from
Sigma-Aldrich Inc. (St. Louis, MO, USA). Morphine
sulfate [morphine hemi[sulfate pentahydrate]] was supplied
by the National Institute on Drug Abuse (Washington, DC,
USA). IDTic [(3R)-7-hydroxy-N-((1S)-1-[[(3R,4R)-4-(3-
hydroxyphenyl)-3,4-dimethyl-1-piperidinylmethyl]-2-meth-
ylpropyl)-1,2,3,4-tetrahydro-3-isoquinolinecarboxamide]
synthesized as previously described (Thomas et al. 2003)
and norBNI (norbinaltorphimine dihydrochloride) were
generous gifts from the Research Triangle Institute (Research
Triangle Park, NC, USA). The doses of JDTic and norBNI
used in our study are within the range of doses used to assess
in vivo KOR effects as reported in the literature (Beardsley et
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al. 2005; Carroll et al. 2005; Galeote et al. 2008; Knoll et al.
2007). All drugs were dissolved in a physiological saline
solution (0.9% sodium chloride) and injected subcutaneously
(s.c.) at a volume of 10 mL/kg body weight. All doses are
expressed as the free base of the drug.

Acute nicotine assessment

Naive mice were injected s.c. with JDTic (1, 4, 8, or 16 mg/kg)
18 h prior to nicotine (2.5 mg/kg, s.c.). Due to JDTic's very
long duration of action (Carroll et al. 2004), an 18-h preinjection
was chosen for the studies. Antinociception using the tail-flick
and hot-plate tests was measured 5 min after nicotine injection
or 20 min after morphine (8 mg/kg, s.c.), and changes in body
temperature were measured 30 min after injection. To confirm
an absence of mu antagonist effects by JDTic in these studies,
JDTic (16 mg/kg) was also administered 1, 6, 18, and 24 h
before morphine (8 mg/kg, s.c.) in the tail-flick test, and
antinociception was measured 20 min after morphine.

Tail-flick test Spinal antinociception was assessed by the
tail-flick method of D'Amour and Smith (1941). Mice were
lightly restrained, while a radiant heat source was
directed onto the upper portion of the tail. A control
response (2—4 s) was determined for each mouse 10 min
before treatment, and test latency was determined after
drug administration. The apparatus has an automatic cut-
off of 10 s to minimize tissue damage. Antinociceptive
response for the tail-flick test was expressed as the mean
and (+)SEM of the maximum latency after drug
treatment.

Hot-plate ftest Supraspinal antinociception was assessed
using the hot-plate test. Mice were placed into a 10-cm
wide glass cylinder on a hot plate (Thermojust Apparatus,
Columbus, OH, USA) as a measure of supraspinal
antinociception. The hot plate is a rectangular heated
surface surrounded by plexiglass and maintained at 55°C.
The device is connected to a manually operated timer that
records the amount of time the mouse spends on the heated
surface before showing signs of nociception (e.g., jumping
and paw licks). A control response (8—12 s) was determined
for each mouse 10 min before treatment, and test latency
was determined after drug administration. The timer has an
automatic cut-off of 40 s to avoid tissue damage.
Antinociceptive response for the hot-plate test was
expressed as the mean and (+£)SEM of the maximum
latency after drug treatment.

Body temperature Rectal temperature was measured by a
thermistor probe (inserted 24 mm) and digital thermometer
(YSI Inc., Yellow Springs, OH, USA). Readings were taken
just before and at 30 min after nicotine injection. The

difference in rectal temperature before and after treatment
was calculated for each mouse. The ambient temperature of
the laboratory varied from 21°C to 24°C from day to day.

Nicotine CPP assessment

An unbiased CPP paradigm was utilized in this study as
described in Kota et al. (2007). Briefly, place-conditioning
chambers consisted of two distinct compartments separated
by a smaller intermediate compartment with openings that
allowed access to either side of the chamber. On dayl,
animals were confined to the intermediate compartment for a
5-min habituation period, then allowed to move freely
between compartments for 15 min. Time spent in each
compartment was recorded. These data were used to separate
the animals into groups of approximately equal bias. Mice that
showed a clear preference for one side were removed from the
study. Two mice were removed from the study based on this
criteria. Days2—4 were the conditioning days during which the
saline group received saline in both compartments, and drug
groups received nicotine (0.5 mg/kg, s.c.) in one compartment
and saline in the opposite compartment. Drug-paired compart-
ments were randomized among all groups. On the evening of
day4, after the evening conditioning session, mice received an
injection of JDTic (8 or 16 mg/kg, s.c.) 18 h prior to test day.
Day5 was the drug-free test day, and the procedure was the
same as day 1. Activity counts and time spent on each side
were recorded via photosensors using Med Associates
interface and software. Data were expressed as time spent on
drug-paired side minus time spent on saline-paired side. A
positive number indicated a preference for the drug-paired
side, whereas a negative number indicated an aversion to the
drug-paired side. A number at or near zero indicated no
preference for either side.

Chronic nicotine administration protocol

Mice were anesthetized with sodium pentobarbital
(45 mg/kg, i.p.) and implanted with Alzet osmotic mini
pumps [model 1007D (7 days) Durect Corporation, Cuper-
tino, CA, USA] filled with (—)-nicotine or saline solution as
described in Jackson et al. (2008). The concentration of
nicotine was adjusted according to animal weight and mini
pump flow rate. For withdrawal studies, mice received
36 mg/kg/day for 7 days. For CPA studies, animals were
implanted with 28-day mini pumps containing 36 mg/kg/day
nicotine.

Nicotine withdrawal assessment

Withdrawal studies were conducted as previously described
in Jackson et al. (2008). In brief, mini pumps were removed
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on the evening of day7 under ether anesthesia. Mice were
allowed to recover for 1 h then were injected with vehicle,
JDTic (8 mg/kg, s.c.), or norBNI (10 mg/kg, s.c.). Testing
was initiated on day8, approximately 18-24 h after mini
pump removal and 18 h after JDTic or norBNI treatment.
The mice were first evaluated for 5 min in the plus maze
test for anxiety-related behavior, followed by a 20-min
observation of somatic signs measured as paw and body
tremors, head shakes, backing, jumps, curls, and ptosis.
Hyperalgesia was evaluated immediately following the
somatic sign observation period. The specific testing
sequence was chosen based on our prior studies showing
that this order of testing reduced within-group variability
and produced the most consistent results.

Nicotine CPA

The CPA protocol was conducted over the course of 4 days
in a biased fashion as described in Jackson et al. (2009). In
brief, mice were infused with saline or nicotine for 14 days
prior to initiation of CPA testing to induce tolerance.
Infusion continued throughout the duration of testing. Day 1
of CPA testing was the pre-preference day where mice were
placed in the gray center compartment for a 5-min
habituation period, followed by a 15-min test period to
determine baseline responses. The pre-preference score was
used to pair each mouse with mecamylamine (3.5 mg/kg) to
its initially preferred compartment. On days2 and 3 of CPA
testing, all mice received injections of saline in the morning
and were immediately confined to their non-preferred
compartment for 30 min. No less than 4 h later, mice
received an injection of mecamylamine and were immedi-
ately confined to their preferred compartment for 30 min.
On the evening of day3, after the last conditioning session,
mice received an injection of JDTic (16 mg/kg, s.c.) or
norBNI (10 mg/kg, s.c.) 18 h prior to test day. Day4 was
the drug-free test day, and the procedure was the same as
dayl. Activity counts and time spent on each side were
recorded via photosensors using Med Associates interface
and software. A post-preference score was determined for
each mouse. Aversion was counted as mice spending less
time in their initially preferred compartment on test day
when compared to time spent in the same compartment
prior to drug conditioning.

Statistical analysis

Statistical analyses of behavioral studies were performed
using one-way analysis of variance test with treatment as
the between subject factor. p values <0.05 were considered
to be statistically significant. Significant results were further
analyzed using the Neuman—Keuls post hoc test.
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Results

Effect of JDTic on nicotine-induced hypothermia
and antinociception

Mice were injected with nicotine (2.5 mg/kg, s.c.) after
pretreatment with JDTic or its vehicle and tested later for
changes in body temperature and thermal nociception.
Antinociception was measured 5 min after nicotine injec-
tion using the tail-flick and hot-plate tests, and body
temperature was assessed 30 min after nicotine injection.
Figure la—c shows that there were significant effects of
treatment on response latencies in the tail-flick test [Fg 35)=
8.235, p<0.0001] and hot-plate test [F(425=26.19, p<
0.0001] and on body temperature [F(425=211.01, p<
0.0001]. Post hoc testing indicated that nicotine alone
produced a significant antinociceptive effect in the tail-flick
and hot-plate tests and a significant reduction in body
temperature. JDTic dose-dependently blocked the antinoci-
ceptive response of nicotine in the tail-flick test (Fig. 1a)
but had no effect in the hot-plate assay or body temperature
assessments at any dose tested (Fig. 1b, c). The highest
dose of JDTic (16 mg/kg, s.c.) did not produce any
significant response in saline mice in any of the behaviors
measured.

To ensure that the JDTic doses and time course used in
our experiments did not block MOR, mice were pretreated
with the highest dose of JDTic used (16 mg/kg, s.c.) at 1, 6,
18, and 24 h prior to morphine (8 mg/kg, s.c.) treatment in
the tail-flick test. Results are shown in Table 1.
Treatment with JDTic had no significant effect on
morphine-induced antinociception at any time tested
[F429)=0.13, p<0.96], suggesting that the observed
effects are specific to the KOR at the doses and pretreat-
ment times used.

Effect of JDTic on the rewarding effects of nicotine

A place-conditioning procedure was used to assess the
effects of JDTic on expression of a CPP associated with
nicotine. Mice were initially exposed to conditioning
sessions with saline or nicotine, and then treated with
JDTic prior to testing. Figure 2 shows that there was a
significant effect of treatment on expression of CPP
[F(4,20)=8.333, p<0.0001]. Post hoc tests indicated that as
previously reported by our laboratory (Walters et al.
2006), mice conditioned with nicotine alone (0.5 mg/kg,
s.c.) displayed a robust and significant CPP. Pretreatment
with JDTic (8 or 16 mg/kg, s.c.) did not significantly alter
the expression of nicotine CPP conditioned with 0.5 mg/
kg nicotine. JDTic did not produce a significant response
in mice conditioned with saline.
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Fig. 1 Effects of JDTic on nicotine-induced hypothermia and
antinociception. A single injection of nicotine (2.5 mg/kg, s.c.)
induced a significant antinociception in the (a) tail-flick and (b) hot-
plate tests, and (c¢) a decrease in body temperature in mice. a Nicotine-
induced spinal antinociception measured using the tail-flick test was
dose-dependently blocked by 18-h pretreatment with JDTic. JDTic

Table 1 JDTic does not block the acute antinociceptive effects of
morphine in mice

Treatment A Tail-flick latency (mean+SEM)
Saline (I h)-morphine 8.9+0.7
JDTic (1 h)-morphine 8.9+0.1
JDTic (6 h)-morphine 8.8+£0.8
JDTic (19 h)-morphine 8.8+£0.8
JDTic (24 h)-morphine 8.0£1.3

Pretreatment with JDTic (16 mg/kg, s.c.) at 1, 6, 18, and 24 h prior to
morphine (8 mg/kg, s.c.) has no significant effect of antinociception, as
measured by the tail-flick test, suggesting an effect specific to kappa-
opioid receptors. Data are expressed as the mean and (+£)SEM of the
maximum latency after drug treatment. Each group contained six mice.
The vehicle control baseline=2.7+0.1 s [F4,9,=0.13, p<0.96]

[ A. Saline-Vehicle

[ B. Saline-JDTic, 16 mgkg

1 C. Nicotine, 2.5 mg/kg-Vehicle

[ D. Nicotine, 2.5 mg/kg-JDTic, 8 mgkg

o

—~ %7 [ E. Nicotine, 2.5, mg/kg~JDTic, 16 mg/kg
& « T s
-2
E 30+
.
E 10-
o
0

had no significant effect in the hot-plate or body-temperature tests, and
the highest dose used did not produce significant behavioral effects in
saline treated mice. Each point represents the mean=SEM of six mice
per group. Asterisk denotes p<0.05 vs. the saline and JDTic control
groups and vs. nicotine-JDTic 16 mg/kg group for the tail-flick test (a)

1 A. Saline-Vehicle
1 B. Saline-JDTic, 16 mgkg

3009 [CJ C. Nicotine, 0.5 mglkg
2 ,sp] HEH D.Nicotine-JDTic, 8 mglkg
% [ E. Nicotine-JDTic, 16 mg/kg
5 2004 * *
Q
¢£ 1504 T ‘T‘
Q
g 100+
&
e 50+
* ol =0

A B c D E

Fig. 2 Effects of JDTic on the expression of nicotine reward in mice.
Nicotine (0.5 mg/kg, s.c.) induced a significant conditioned place
preference (CPP) in mice. Eighteen-hour pretreatment with JDTic (8
or 16 mg/kg) had no effect on expression of nicotine CPP in mice
conditioned with 0.5 mg/kg nicotine. Each point represents the mean+
SEM of eight mice per group. Asterisk denotes p<0.05 vs. the saline
and JDTic control groups
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Physical and affective nicotine withdrawal signs
are attenuated by KOR antagonists

Anxiety-related behavior (affective), somatic signs, and
hyperalgesia (physical) were measured in mice following
18-24 h withdrawal from chronic nicotine and treatment
with either JDTic or norBNI or their vehicles. Figure 3a—c
(JDTic-treated groups) and Fig. 4a—c (norBNI-treated
groups) show that there were significant effects of treatment
on anxiety-related responses in the plus maze ([F(324)=
3.198, p<0.05] for JDTic; [F(328y=8.215, p<0.005] for
norBNI), expression of somatic signs ([F(324y=74.006, p<
0.0001] for JDTic; [F(3.28=37.097, p<0.0001] for norBNI)
and response latencies in the hot-plate test ([F3 24)=7.817, p<
0.005] for JDTic; [F(328=4.535, p<0.005] for norBNI)
(Figs. 3 and 4). Post hoc testing indicated that nicotine
withdrawal alone significantly increased anxiety-related
behavior in the plus maze, increased expression of somatic
withdrawal signs, and decreased response latencies in the
hot-plate test. Eighteen-hour pretreatment with JDTic

o)

[ A. Saline MP-Vehicle

1 B. Saline MP-JDTic, 8 mgkg
[ c. Nicotine MP-Vehicle

40| I D-Nicotine MP-JDTic, 8 mgkg

30+ —= —l_

20+ *

A 1L

o Cc D

A B

Average Time Spent
on Open Arms (sec)

[ A. Saline MP-Vehicle
] B. Saline MP-JDTic, 8 mgkg
[ C. Nicotine MP-Vehicle

= D. Nicotine MP-JDTic, 8 mgkg
T

10 —
*
o C D

A B

20+

15+

Average Latency (sec)

Fig. 3 Physical and somatic nicotine withdrawal are blocked by
pretreatment with JDTic. Mice chronically infused with nicotine for
7 days (36 mg/kg/day) were withdrawn from nicotine for 18-24 h. A
significant (a) anxiety-related response, (b) increase in somatic
withdrawal signs, and (c¢) hyperalgesia response were observed in
nicotine-withdrawn mice. Eighteen-hour pretreatment with JDTic
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(8 mg/kg, s.c.) or norBNI (10 mg/kg, s.c.) significantly
blocked all of these nicotine withdrawal signs. Kappa
antagonist-treated mice exhibited a loss of anxiety-related
behavior, attenuation of somatic signs, and an increased
latency on the hot plate. To ensure that the results in the
plus maze were not due to changes in locomotor activity,
the average total number of arm crosses was analyzed for
each group. There were no significant between group
differences in this measure (Tables 2 and 3). The doses of
JDTic and norBNI used in this assessment did not
significantly affect behavioral responses in saline-infused
mice in any withdrawal test and did not precipitate
significant nicotine withdrawal signs in nicotine-dependent
mice at 1, 8, or 18 h after administration (data not shown).

Expression of nicotine withdrawal aversion is blocked
by pretreatment with KOR antagonists

A place-conditioning procedure was used to measure
effects of kappa antagonists on expression of a CPA

[ A. saline MP-Vehicle

b 3 B. saline MP-JDTic, 8 mg/kg
g 25 [ c. Nicotine MP-Vehicle

5 [ D. Nicotine MP-JDTic, 8 mgkg
2 304 *

Q

g 254 T

s 204

E - 3

g 15

& 104

0

-y 1
g o

- A B c D

(8 mg/kg, s.c.) significantly attenuated expression of both the physical
and affective nicotine withdrawal responses in mice. Each point
represents the mean+SEM of six to eight mice per group. Asterisk
denotes p<0.05 vs. the saline and JDTic control groups, and vs.
nicotine-JDTic group. MP mini pump
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associated with nicotine withdrawal. Mice receiving chron-  Discussion

ic infusions of nicotine or saline via a minipump were
exposed to conditioning sessions with mecamylamine or its
vehicle, and JDTic or norBNI was administered 18 h prior
to testing. Figure 5 shows that there was a significant effect
of treatment on CPA [F(s56=3.779; p<0.05]. Post hoc
testing indicated that mecamylamine treatment alone
(3.5 mg/kg, s.c.) resulted in a significant CPA in chronic
nicotine-exposed mice pretreated with vehicle. Pretreatment
with JDTic (16 mg/kg, s.c.) or norBNI (10 mg/kg, s.c.) 18 h
prior to the test day blocked expression of the
mecamylamine-induced CPA. The doses of JDTic and
norBNI used did not produce significant responses in
saline-infused mice.

Table 2 JDTic does not significantly alter the average number of arm
crosses in the plus maze assessment

Dynorphin is an opioid peptide derived from the prodynor-
phin precursor and is the endogenous ligand for the KOR
(Chavkin et al. 1982). Activation of the dynorphin/KOR
system produces aversive dysphoric-like effects in animals
and humans (Land et al. 2008; Pfeiffer et al. 1986;
Shippenberg et al. 2007). The activation of the dynorphin
system in the NAcc stimulates a cascade of events leading
to cAMP response-element binding protein phosphorylation
and subsequent alteration in gene expression. This activa-
tion contributes to the dysphoria associated with cocaine
and other drug dependence and also mediates the dysphoric
component of stress (Land et al. 2008; McLaughlin and

Table 3 norBNI does not significantly alter the average number of
arm crosses in the plus maze assessment

Treatment Average number of arm crosses+SEM Treatment group Average number of arm crosses£SEM
Saline MP-vehicle 5.7+1.4 Saline MP-vehicle 4.5+1.2
Saline MP-JDTic 5.0£0.9 Saline MP-norBNI 5.0£1.9
Nicotine MP-vehicle 4.0+0.8 Nicotine MP-vehicle 3.6+0.9
Nicotine MP-JDTic 4.3+0.8 Nicotine MP-norBNI 3.9+0.5

Nicotine-withdrawn mice were treated with vehicle or JDTic
(8 mg/kg, s.c.), and the total number of crosses between the open and
closed arms of the plus maze was counted. Numbers are presented as the
total average number of arm crosses =SEM for six to eight mice per group

MP mini pump

Nicotine-withdrawn mice were treated with vehicle or norBNI
(10 mg/kg, s.c.), and the total number of crosses between the open and
closed arms of the plus maze was counted. Numbers are presented as the
total average number of arm crosses+SEM for six to eight mice per group

MP mini pump
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Fig. 5 Expression of nicotine withdrawal aversion is blocked by
kappa-opioid receptor antagonists. Mecamylamine (3.5 mg/kg, s.c.)
precipitated a significant conditioned place aversion in chronic
nicotine-infused mice. Expression of aversion was blocked by an
18-h pretreatment with the kappa-opioid antagonists, JDTic
(16 mg/kg, s.c.), and norBNI (10 mg/kg, s.c.). Each point
represents the mean+SEM of ten to 11 mice per group. Asterisk
denotes p<0.05 vs. saline groups and nicotine-JDTic and nicotine-
norBNI groups; sal saline, nic nicotine, mec mecamylamine

Chavkin 2003). Blockade of the dynorphin activity using
the KOR antagonist norBNI or prodynorphin gene disrup-
tion blocked stress-induced reinstatement of cocaine-
induced CPP in mice (McLaughlin and Chavkin 2003)
and blocked stress-induced reinstatement of cocaine-
seeking behavior in rats (Beardsley et al. 2005).

The current study suggests the involvement of the KOR
in mediating some behavioral responses to nicotine.
Pretreatment with the KOR antagonist JDTic dose-
dependently reduced the acute nicotine-induced antinoci-
ceptive response in the tail-flick test, attenuated both
physical and affective nicotine withdrawal signs in mice,
and blocked the expression of nicotine withdrawal aversion
but failed to alter nicotine's effects in the CPP test.

JDTic dose-dependently blocked the antinociceptive
response induced by a single injection of nicotine in the
tail-flick test, but had no effect on nicotine's antinociceptive
action in the hot-plate test or nicotine-induced hypothermia.
The effects of JDTic were specific to KOR since the
antagonist failed to block morphine-induced analgesia
using the same experimental conditions. Furthermore, lack
of significant effects of JDTic on nicotine-induced hypo-
thermia suggests that KORs are not involved in mediating
this acute nicotine response. JDTic was reported to possess
a very high selectivity ratio of KOR/delta receptors in both
binding and functional blockade (over 1,000; Thomas et al.
2003). These results suggest that JDTic's blockade of
nicotine's effects in the tail-flick test selectively implicates
KOR. The blockade by JDTic is also consistent with
previous studies showing that norBNI effectively attenuated
acute nicotine-induced antinociception in the tail-
immersion response and (Galeote et al. 2008) the tail-flick

@ Springer

test (Campbell et al. 2007). While it is difficult to clearly
delineate the site of mechanisms involved in the tail-flick
and hot-plate tests, our data suggest a spinal mechanism for
the effects of JDTic on nicotine antinociception. Indeed,
previous reports showed that the spinal cord is an important
site of action for nicotine in the tail-flick test (Christensen
and Smith 1990; Damaj 2000; Damaj et al. 1998).
Additionally, both nAChRs and KORs are distributed in
the dorsal horn of the spinal cord (Galeote et al. 2008;
Mansour et al. 1995). Overall, these results suggest that the
KOR system may contribute to the spinal nicotinic
antinociceptive effects as measured in the tail-flick test.

The role of the KOR was also examined in nicotine
reward using the CPP paradigm. JDTic had no effect on the
expression of nicotine reward in mice conditioned with
0.5 mg/kg. The results are consistent with the report that
prodynorphin knockout mice did not differ from wild-type
mice in a CPP paradigm using the same conditioning dose
of nicotine (Galeote et al. 2009).

Evaluation of the role of the KOR in nicotine withdrawal
revealed that physical (somatic signs and hyperalgesia) and
affective (anxiety-related behavior and CPA) nicotine
withdrawal signs were attenuated by pretreatment with the
selective KOR antagonist JDTic as well as by pretreatment
with the KOR antagonist norBNI. In agreement with our in
vivo data, in vitro studies show altered levels of dynorphin
and prodynorphin mRNA in the striatum following nicotine
withdrawal, suggesting that heightened dynorphinergic tone
is involved, in part, in the expression of negative affective
states experienced during nicotine withdrawal (Isola et al.
2008). It is interesting that JDTic blocked the expression of
all of the somatic and affective signs of withdrawal that we
measured since these signs implicate various neuronal
pathways and nAChRs subtypes (Jackson et al. 2008).
Our data does not certainly argue for a common pathway
or mechanism for nicotine withdrawal signs, but recent
reports with bupropion point to the central role of
dopaminergic mechanisms. Indeed, bupropion, a dopa-
mine uptake inhibitor used as a smoking cessation agent,
blocked the expression and development of somatic and
affective signs of nicotine withdrawal (Paterson 2009).
Previous studies have shown that extracellular levels of
dopamine in the NAcc are reduced in adult rats experi-
encing withdrawal (Markou 2008). Since the dynorphin/
KOR system maintains a tonic activity to inhibit dopamine
transmission in these brain regions (Shippenberg et al.
2007), it is possible that the withdrawal signs and
dysphoric state associated with nicotine withdrawal are
regulated by a dynorphin/KOR system through dopami-
nergic mechanisms. Interestingly, JDTic was recently
reported to decrease the number of somatic withdrawal
signs in morphine-dependent rats (Carroll et al. 2005).
Overall, our results further support the involvement of the
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dynorphin/KOR system in mediating the expression of
nicotine withdrawal signs.

In summary, this study suggests a role for the KOR
system in the negative aspects of nicotine dependence,
which contributes to relapse and continued tobacco use.
Using the highly selective KOR antagonist JDTic, our
results clearly support a role for the dynorphin/KOR system
in acute nicotine-induced behaviors and physical and
affective nicotine withdrawal. Collectively, these results
suggest that selective KOR antagonists may be beneficial as
smoking cessation pharmacotherapies.
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