
Dysregulation of kappa-opioid receptor systems by chronic
nicotine modulate the nicotine withdrawal syndrome in an age-
dependent manner

Hugo A. Tejeda1,2,3,*, Luis A. Natividad1,*, James E. Orfila1, Oscar V. Torres1, and Laura E.
O’Dell, Ph.D.1
1Department of Psychology, The University of Texas at El Paso, 500 West University Avenue, El
Paso, Texas, 79968
2Integrative Neuroscience Section, Integrative Neuroscience Branch, National Institute on Drug
Abuse Intramural Research Program, 333 Cassell Dr., Baltimore, Maryland, 21224
3Program in Neuroscience, University of Maryland, Baltimore School of Medicine, 20 Penn Street,
Baltimore, Maryland, 21201

Abstract
Rationale—The mechanisms that mediate age differences during nicotine withdrawal are
unclear.

Objective—This study compared kappa opioid receptor (KOR) activation in naïve and nicotine-
treated adolescent and adult rats using behavioral and neurochemical approaches to study
withdrawal.

Methods—The behavioral models used to assess withdrawal included conditioned place and
elevated plus maze procedures. Deficits in dopamine transmission in the nucleus accumbens
(NAcc) were examined using microdialysis procedures. Lastly, the effects of KOR stimulation and
blockade on physical signs produced upon removal of nicotine were examined in adults.

Results—Nicotine-treated adults displayed a robust aversion to an environment paired with a
KOR agonist versus naïve adults. Neither of the adolescent groups displayed a place aversion.
KOR activation produced an increase in anxiety-like behavior that was highest in nicotine-treated
adults versus all other groups. KOR activation produced a decrease in NAcc dopamine that was
largest in nicotine-treated adults versus all other groups. Lastly, KOR activation facilitated
physical signs of upon removal of nicotine and KOR blockade reduced this effect.

Conclusion—Chronic nicotine enhanced the affective, anxiogenic, and neurochemical effects
produced by KOR activation in adult rats. Our data suggest that chronic nicotine elicits an increase
in KOR function, and this may contribute to nicotine withdrawal since KOR activation facilitated
and KOR blockade prevented withdrawal signs upon removal of nicotine. Given that chronic
nicotine facilitated the neurochemical effects of KOR agonists in adults but not adolescents, it is
suggested that KOR regulation of mesolimbic dopamine may contribute to age differences in
nicotine withdrawal.
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Introduction
Pre-clinical studies have shown that abstinence from chronic nicotine produces a withdrawal
syndrome characterized by dysphoria, anxiety, and physical signs of withdrawal (Malin et
al. 1993; Markou 2008; O’Dell 2009). Previous work has established that there are robust
developmental differences in the behavioral effects of nicotine withdrawal. For example,
nicotine-treated adult rats display physical signs of withdrawal following administration of
the nicotinic receptor antagonist mecamylamine, and this effect is lower in adolescents
(O’Dell et al. 2004 and 2006; Shram et al. 2008). Nicotine-treated adult rats (O’Dell et al.
2007) and mice (Kota et al. 2007) avoid an environment previously paired with nicotine
withdrawal as compared to adolescents that display reduced aversive effects of withdrawal.
Moreover, nicotine withdrawal produces an increase in anxiety-like behavior that is more
robust in adult versus adolescent rats (Wilmouth and Spear 2006).

To date, the mechanisms that mediate developmental sensitivity to the behavioral and
neurochemical effects of nicotine withdrawal are not clear. Negative states associated with
nicotine withdrawal have been shown to depend, in large part, on dopamine
neurotransmission (Grieder et al. 2010). Nicotine withdrawal produces a decrease in
extracellular levels of dopamine in the nucleus accumbens (NAcc), a terminal region of the
mesolimbic brain reward pathway (Carboni et al 2000; Hildebrand et al. 1998; Rada et al.
2001). Dopamine decreases in the NAcc during withdrawal have been closely linked to the
emergence of physical signs produced by withdrawal from chronic nicotine (Hildebrand et
al. 1998). With regard to developmental differences, we have shown that nicotine
withdrawal decreases dopamine levels in the NAcc, and this effect is larger in adult versus
adolescent rats (Natividad et al. 2010). Collectively, these reports demonstrate that the
behavioral and neurochemical effects of nicotine withdrawal are reduced during the
adolescent period of development.

Previous work has suggested that endogenous opioid systems modulate nicotine withdrawal.
For example, naloxone, an opioid receptor antagonist, precipitates somatic signs of nicotine
withdrawal at doses selective for mu-opioid receptors (MORs; Malin et al. 1993; Watkins et
al. 2000). Interestingly, kappa-opioid receptor (KOR) and MOR agonists produce opposite
effects in tests of affective behavior (Bals-Kubik et al. 1993; Mucha and Herz, 1985;
Shippenberg et al. 1993) and exert opposing control over mesolimbic dopamine levels (Di
Chiara and Imperato 1988; Spanagel et al. 1992). Given the opposite role of these systems,
the possibility exists that blockade of MORs elicits nicotine withdrawal, whereas stimulation
of KORs may precipitate withdrawal. The present series of studies were conducted as a first
step towards examining the role of KOR systems in mediating developmental differences in
nicotine withdrawal.

KORs and their endogenous ligands, dynorphin, are highly expressed in neural circuits that
control affect, motivation, and stress (Carlezon and Thomas 2009; Shippenberg et al. 2007;
Wee and Koob 2010). It has been suggested that KOR activation elicits negative affect via
modulation of mesolimbic dopamine transmission, particularly in the NAcc. For example,
mesolimbic, but not nigrostriatal or mesocortical, dopaminergic lesions or NAcc D1
dopamine receptor antagonism attenuates aversive effects produced by KOR agonist
administration (Shippenberg et al. 1993). Also, NAcc dopamine levels are decreased
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following systemic (Di Chiara and Imperato 1988; Devine et al. 1993) and intra-NAcc
(Chefer and Shippenberg 2006; Spanagel et al. 1992) administration of KOR agonists.
KORs are anatomically positioned to alter dopamine transmission via their location on pre-
synaptic dopamine terminals in the NAcc where they decrease extracellular dopamine levels
by inhibiting dopamine release and increasing dopamine reuptake (Chefer et al. 2005;
Spanagel et al. 1992; Thompson et al. 2000).

During abstinence from tobacco, the emergence of negative affective states is believed to
contribute to relapse behavior. It has been suggested that chronic drug use dysregulates the
KOR system in a manner that modulates negative reinforcement processes that contribute to
drug addiction (Berrendero et al. 2010; Bruchas et al. 2010; Brujinzeel 2009; Shippenberg et
al. 2007; Wee and Koob 2010). A better understanding of the role of KOR systems in
mediating withdrawal may lead to more effective treatments that may guide specialized
treatments for tobacco abusers of different ages. However, the manner in which KOR
systems are dysregulated following chronic nicotine has not been studied and it is unclear
whether these changes mediate nicotine withdrawal. To examine these issues, this study first
compared the behavioral and neurochemical effects produced by KOR agonist
administration in nicotine-naïve and nicotine-treated adolescent and adult rats using CPA,
elevated plus maze (EPM), and microdialysis procedures. In order to further examine the
role of KORs in withdrawal, subsequent studies examined whether KOR systems alter
physical signs produced by spontaneous nicotine withdrawal in adult rats. Given our
previous work, it was hypothesized that chronic nicotine will result in changes in the KOR
system that will be manifested in an age-dependent manner.

Materials and Methods
Subjects

Male Wistar rats were fully outbred such that each experimental group consisted of animals
from separate litters. Rats were weaned on postnatal day (PND 21) and then housed with 2–
3 rats per cage. All rats were housed in a humidity- and temperature-controlled (22°C)
vivarium on a 12-hour light/dark cycle (lights on at 8 am) with food and water available ad
libitum. Testing was conducted during the light phase of the light/dark cycle. Animals were
handled for 4–5 days prior to experimentation. Adolescent and adult rats started
experimentation on PND 28 and 60, respectively. All procedures were conducted in
adherence to the NIH Guideline for the Care and Use of Laboratory Animals and were
approved by our Institutional Animal Care and Use Committee.

CPA
An important factor to consider when assessing nicotine withdrawal with CPA procedures is
whether a biased or unbiased design is used. In a biased design, the animal receives repeated
mecamylamine administration to precipitate withdrawal in their initially preferred
environment. In an unbiased design, the animals are randomly assigned without regard to
initial bias for either side of the conditioning apparatus. The majority of studies comparing
the aversive effects of nicotine withdrawal in rodents have utilized a biased design because
these procedures are sensitive for detecting small shifts in initial preference behavior that
can be detected across different experimental conditions (Jackson et al. 2010 and 2009;
Malin et al. 2006; Miyata et al., 2011; O’Dell et al. 2007; Suzuki et al. 1999). Biased
procedures are commonly used with nicotine because this drug produces mild subjective
effects, and it is easier to detects shifts in preferences in a biased chamber versus an
unbiased one where the animal does not have an initial preference for one side of the
conditioning apparatus (O’Dell and Khroyan, 2009). This is in agreement with another
exhaustive review by Le Foll and Goldberg (2005) showing that biased procedures are more
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suitable for evaluating conditioning effects produced by nicotine. Using biased procedures is
important when studying changes in negative affect that are not easy to detect as compared
to other drug manipulations that produce robust changes in affective states. Importantly, our
laboratory has shown that nicotine-treated adult rats display a significant CPA produced by
nicotine withdrawal that is absent in adolescent rats (O’Dell et al. 2007). Given that the
focus of the present study is on age differences, we utilized a similar biased CPA design
with the same conditioning parameters as our previous work. Lastly, biased conditioning
procedures have also been applied to study the aversive effects of KOR agonist
administration (Michaels and Holtzman 2008; McLaughlin et al. 2006).

The conditioning apparatus consisted of 2 distinct and adjacent chambers elevated over
different types of bedding (21.6 cm wide × 30.5 cm long × 20.3 high). The chambers were
constructed from Plexiglas.® One compartment had black and white striped walls and a
smooth, perforated floor with chlorophyll bedding beneath it. The other compartment had
solid black walls and a rough, perforated floor with pine bedding beneath it. Both
compartments were equally illuminated with 1-way mirrors on the front walls.

Adolescent and adult rats (n=5–15 per group) were tested for their initial preference for
either of the 2 compartments. On the pre-test day, rats were allowed to shuttle between the 2
compartments for 15 min and time spent in each side was recorded. The initially preferred
compartment was defined as the compartment where the animal spent greater than 50% of
their time during the pre-test. Animals that spent more than 65% time in the initially
preferred side were removed from the study (n=4). The day after the pre-test, the rats were
anaesthetized (1–3% isofluorane) and received a sham surgery (control rats) or were
prepared with subcutaneous osmotic pumps (nicotine-treated rats). The nicotine pump
(Alzet, Inc., model 2mL2) delivered a nicotine dose that has been shown to produce
equivalent plasma nicotine levels across these age groups (4.7 mg/kg/day in adolescents and
3.2 mg/kg/day in adults) for 14 days (O’Dell et al. 2006). The doses are expressed as base.
Subsequent conditioning procedures with U50,488 were conducted in the presence of
nicotine that was continuously administered through the pumps.

Conditioning began after 7 days of nicotine exposure. Rats were injected with (±)U50,488
methanesulfonate (U50,488; 0, 1.5, 2.5, 5, or 7.5 mg/kg; sc; expressed as salt) and were
immediately confined to their initially preferred compartment for 30 min. On alternate days,
rats were injected with saline (sc) and were placed into their initially non-preferred
compartment for 30 min. This 2-day procedure was repeated 4 times over 8 consecutive
days. The order of drug treatment was counterbalanced such that half the rats in each
treatment group received saline on the first day of conditioning and the other half received
U50,488. The day after the last conditioning session (adolescents PND 43; adults PND 75),
rats were re-tested for their preference for either compartment for 15 min. A separate group
of nicotine-treated adults was pretreated with the KOR antagonist nor-BNI (5 mg/kg; sc;
expressed as salt) 2 hrs prior to receiving U50,488 (5 mg/kg, sc) during conditioning. This
was done to assess whether the effects produced by U50,488 were KOR-mediated.

EPM
The apparatus consisted of a cross-shaped Plexiglas® platform (elevated 61 cm) with a
center platform (15.2 cm × 15.2 cm.), 2 open (22.9 cm long × 15.2 cm wide), and 2 closed
(22.9 cm long × 15.2 cm wide × 19.8 cm high) arms located across from each other. The
animals were first prepared with pumps containing the same doses of nicotine as the CPA
experiment (n=9–16 per group). Following 7 days of nicotine exposure, rats were injected
with U50,488 (5 mg/kg; sc). This dose was chosen based on results from the CPA
experiments, which revealed that this dose produced maximal developmental differences.
This procedure was repeated every other day for 8 days to mimic the injection regimen used
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in the CPA experiment. Immediately after the 4th and final injection of U50,488, rats were
isolated in a rectangular cage for 20 min and then we recorded time spent in the open and
closed arms of the EPM for 5 min.

Microdialysis
The goal of the microdialysis experiments was to examine the effects of KOR stimulation on
NAcc dopamine across nicotine-treated adolescent and adult rats. These studies were done
in separate animals from the CPA experiments because animals in the CPA studies received
repeated U50,488 administration during conditioning. Thus, conducting dialysis in the CPA
animals would have confounded the results due to repeated administration of U50,488.

Adolescent and adult rats (n=6–9 per group) were anaesthetized with an isofluorane/oxygen
mixture (1–3% isofluorane) and prepared with pumps containing the same nicotine doses as
the behavioral studies. On the 13th day of nicotine exposure, a unilateral concentric
microdialysis probe (CMA, Chelmsford, MA; 2 mm active membrane length) was implanted
into the NAcc (from bregma; adolescents: AP +2.2, ML ±0.8, DV −7.1; adults: AP +1.7,
ML ±1.4, DV −8.1). The probe was cemented in place with 3 stainless steel screws and
dental acrylic cement. The probe was perfused overnight (0.2 μL/min) with aCSF containing
(in mM): 145 NaCl, 2.8 KCl, 1.2 CaCl2, 1.2 MgCl2, 5.4 D-glucose, and 0.25 ascorbic acid,
pH 7.2–7.4. The following day, the flow rate was changed to 1.0 μL/min and probes were
allowed to equilibrate for 1 hr. Samples were collected in 10-min intervals during a 1-hr
baseline period, 1-hr following saline (sc), and then for 4 hrs following U50,488
administration (5 mg/kg; sc).

A separate group of adult rats were included that received the same U50,488 treatment as in
the behavioral studies. This was done in order to compare the effects of U50,488 following
an acute injection of this drug and following pre-treatment with a regimen that is similar to
what was used in the behavioral studies. Naïve and nicotine-treated adult rats (n=7 per
group) received saline or U50,488 administration every other day, such that the rats received
3 injections of U50,488 prior to dialysis testing. The fourth injection of U50,488 was given
on the day of dialysis testing. The rats were implanted with dialysis probes into the NAcc
and dopamine levels were monitored following administration of U50,488.

Dialysate samples were diluted with an equal volume of 0.05N perchloric acid to prevent
degradation and immediately frozen on dry ice until storage at −70°C. The samples were
analyzed using an isocratic HPLC system with electrochemical detection using a mobile
phase consisting of (in mM) 60 NaH2PO4, 30 citric acid, 0.1 EDTA, 17% methanol, and
0.035 sodium dodecyl sulfate at pH 2.75. Concentrations of dopamine were estimated using
external calibration curves derived from known standards that were prepared on the day of
testing.

Physical Signs of Spontaneous Withdrawal
A separate group of adults (n=6–17) was included to examine the effects of a KOR agonist
or antagonist on somatic signs produced by spontaneous nicotine withdrawal. Rats received
sham surgery or nicotine pumps containing the same nicotine dose as the previous studies.
Fourteen days later, the pumps were removed or the rats received a sham surgery. Rats
received pretreatment with either vehicle or nor-BNI (5 or 15 mg/kg; sc) prior to surgery.
Twenty-four hrs after surgery, the rats received saline or U50,488 (5 mg/kg; sc). A separate
group of rats received the nonspecific nicotinic receptor antagonist, mecamylamine (3.0 mg/
kg; sc) to include a group that would be expected to show enhanced somatic signs produced
by spontaneous nicotine withdrawal. Adolescents were not included in these studies because
they do not show spontaneous signs of nicotine withdrawal and we did not expect that
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U50,488 would enhance withdrawal in adolescents. Twenty-five min later, the animals were
placed in a clear Plexiglas® cage to acclimate for 10 min. Somatic signs were then recorded
by an observer that was blind to the animals’ prior treatment. The frequency of occurrence
of the following signs was recorded for 10 min: eye blinks, body shakes, gasps, writhes,
headshakes, ptosis, and teeth chattering. Multiple successive counts of any sign required a
distinct pause between episodes. If present continuously, ptosis was counted only once.

Statistics
CPA data were analyzed using difference scores, which reflect the amount of time spent in
the initially preferred compartment after conditioning minus before conditioning. Negative
values reflect an aversion to the initially preferred chamber. The CPA data were analyzed
using separate 2-way ANOVAs for adolescents and adults with pump treatment and dose as
between-subject factors. EPM data were analyzed using percent open and closed arm time,
which was calculated as the amount of time spent on the open or closed arms in seconds
divided by the total time of testing multiplied by 100%. The EPM data were analyzed using
separate one-way ANOVAs for adolescents and adults with treatment group as the between-
subject factor. The somatic signs data were analyzed using a two-way ANOVA with
nicotine treatment and drug condition as between-subject factors. Where appropriate,
statistical comparisons were employed using Fisher’s LSD tests (p ≤ 0.05).

For the neurochemical experiments, basal concentrations of dopamine were first analyzed
using separate repeated measures ANOVAs for adolescents and adults with pump treatment
as a between-subject factor and time as the repeated measure. Subsequent analyses were
performed on percent change from baseline values, which was calculated by dividing the
raw nM concentration of dopamine in each dialysate by the average baseline value and then
multiplying by 100%. Percent changes from baseline values were then analyzed using
separate repeated measures ANOVAs for adolescents and adults with pump treatment as a
between-subject factor and time as the repeated measure. The area under the curve (AUC)
was calculated by subtracting the baseline value for each data point from 100 and summing
up all the data points after U50,488 treatment. Significant effects were further analyzed
using Fisher’s LSD tests (p ≤ 0.05). A similar analyses was used for adults that received
repeated U50,488 pre-treatment.

Results
CPA

Overall, the results revealed that stimulation of KORs produced CPA in nicotine-treated
adults, and this effect was absent in all other groups. Table 1 includes all of the pre- and
post-test values across treatment groups. The adult data (Fig. 1a) revealed a main effect of
pump treatment [F(1, 69)= 9.5, p ≤ 0.01] showing that the effects of U50,488 are greater in
nicotine-treated adult rats. Planned comparisons revealed that nicotine-treated adults that
received the 2.5 and 5.0 mg/kg doses of U50,488 displayed a significant CPA relative to
nicotine-treated adults that received saline during conditioning (p ≤ 0.05). Similarly,
nicotine-treated adults that received 2.5, 5.0 and 7.5 mg/kg displayed a significant CPA
relative to U50,488-treated control rats that did not receive nicotine (p ≤ 0.05). Pre-treatment
with the KOR antagonist nor-BNI (5 mg/kg) blocked the ability of U50,488 to produce CPA
at a dose that produced maximal aversion in nicotine-treated animals. This suggests that the
effects of U50,488 are selectively mediated by KORs. In contrast to the adult data, the
adolescent data (Fig. 1c) did not reveal any significant effects of pump treatment [F(1, 80)=
0.6, p = 0.5] or dose [F(4, 80)= 1.6, p = 0.2] or interaction of dose and pump treatment
[F(4, 80)= 0.9, p = 0.5], suggesting that the adolescent groups did not differ from one another.
Given the trend for aversive effects observed in nicotine-treated adolescent rats that received
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the 2.5 mg/kg dose (p = 0.09), another cohort of animals was added to this group (n=15 in
total). Despite this, significant pump treatment effects still did not emerge.

Figure 1b and d reflect an average of the difference scores produced by all U50,488
treatment doses. The analysis of these data revealed that nicotine-treated adults showed
higher CPA values relative to control adults that did not receive nicotine (p ≤ 0.05).
However, this effect was not significant in adolescent rats.

The conditioning parameters that were used for this study were chosen because U50,488
produces marginal CPA in naïve adult rats in this regimen. Thus, these parameters allowed
us to examine whether group differences in the aversive effects of U50,488 could be altered
by chronic nicotine. Preliminary studies were conducted to ensure that robust CPA could be
observed in our laboratory using parameters (U50,488 dose range of 1.25–5.0 mg/kg and 8
morning/evening conditioning sessions) that produce aversive effects in other laboratories
(Goktalay et al. 2006; McLaughlin et al. 2006; Morales et al. 2007; Skoubis et al. 2005). The
results revealed that U50,488 alone (1.25 and 5.0 mg/kg, sc) produces significant place
aversion in naïve adult rats (−113±34) as compared to saline controls (21.6±28) conditioned
with 8 morning/evening sessions (n=13; F(1,12)= 5.9, p ≤ 0.05).

EPM
The results revealed that stimulation of KORs elicited anxiety-like behavior that was
exacerbated in nicotine-treated adult, but not adolescent rats. The adult data (Fig. 2a and b)
revealed a main effect of treatment in both the open [F(2, 43)= 28.0, p ≤ 0.001] and closed
[F(2, 43)= 54.6, p ≤ 0.001] arms of the EPM. U50,488 alone produced a decrease in open arm
time and an increase in closed arm time in both nicotine-naïve and nicotine-treated adults
relative to saline-treated controls (p ≤ 0.05). Nicotine treatment exacerbated the anxiogenic
effects of U50,488 relative to nicotine-naïve adults that were treated with U50,488 (p ≤
0.05). The adolescent data (Fig. 2c and d) revealed a main effect of treatment in the open
[F(2, 25)= 4.0, p ≤ 0.05] and closed [F(2, 25)= 9.7, p ≤ 0.001] arms of the EPM. Similar to the
adults, U50,488 alone produced a decrease in open arm time and an increase in closed arm
time in both nicotine-naïve and nicotine-treated adolescents relative to saline-treated
controls (p ≤ 0.05). In contrast to adults; however, nicotine did not exacerbate the U50,488
effect in control versus nicotine-treated adolescents.

In a separate group of animals, an additional control study was conducted to examine
whether nicotine exposure induced anxiogenic effects in adolescent (n=13) and adult (n=21)
rats relative to their respective saline control groups. In adults, the results revealed that
nicotine exposure did not alter percent open [F(1, 19)= 0.1, p =0.75] or closed [F(1, 19)=0.68,
p =.42] arm time versus control animals. Similarly, in adolescents, nicotine exposure did not
alter percent open [F(1, 11)= .05, p =0.81] or closed [F(1, 11)= .22, p =0.64] arm time versus
controls. These data suggest that our nicotine dose parameters did not produce anxiogenic
effects that were different across age groups.

Microdialysis
The baseline nM values of NAcc dopamine were as follows: control adolescents (1.6 ± 0.2),
nicotine-treated adolescents (2.1 ± 0.3), control adults (2.3 ± 0.4) and nicotine-treated adults
(2.4 ± 0.5). Our analysis of baseline NAcc dopamine levels revealed that there were no
significant differences in pump treatment for either adolescents [F(1, 11)= 2.4, p = 0.2] or
adults [F(1, 15)= 0.02, p = 0.9]. The finding that there were no age differences in basal
dopamine values is consistent with a previous report using no-net flux procedures (Frantz et
al. 2007). The data were transformed to percent change from baseline levels for further
comparisons across treatment conditions.
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Overall, the results revealed that U50,488 produced a decrease in NAcc dopamine overflow
in both control and nicotine-treated rats from both age groups. However, the ability of this
drug to decrease dopamine transmission in nicotine-treated adults was larger as compared to
their nicotine-naïve counterparts. In contrast, the adolescents did not show these differences
in nicotine treatment conditions. Analysis of adult dopamine levels (Fig. 3a) revealed a
significant time x pump treatment interaction [F(35, 525)= 2.1, p ≤ 0.001], a main effect of
time [F(35, 525)= 7.0, p ≤ 0.001] and a main effect of treatment [F(1, 15)= 14.4, p ≤ 0.01].
Subsequent analyses revealed that nicotine-treated adults displayed decreases in dopamine
levels relative to baseline 20–240 min after U50,488 administration (p ≤ 0.05). Similarly, the
control adults displayed decreases in dopamine levels relative to baseline 60–80, 100, 120,
210, 240 min after U50,488 administration (p ≤ 0.05). Nicotine-treated adults displayed
decreases that were larger relative to adult controls 40–50, 70, 100, 130–150, 170–190, 210–
240 min after U50,488 administration (p ≤ 0.05). The AUC analysis (see Fig. 3a inset)
revealed that nicotine-treated adults displayed overall lower dopamine levels following
U50,488 as compared to adult controls (p ≤ 0.05).

Analysis of the adolescent dopamine levels (Fig. 3b) also revealed a significant main effect
of time [F(35, 385)= 4.5, p ≤ 0.01], with both groups displaying a decrease in NAcc dopamine
overflow after U50,488 administration. The decreases in dopamine were similar between the
adolescent treatment groups in all of the sampling periods. In contrast to the adult data, the
adolescent data did not reveal any significant effects of pump treatment [F(1, 11)= 0.02, p
=0.9] or interaction effects [F(35, 385)= 0.8, p = 0.8], suggesting that the adolescent groups
did not differ from one another. The AUC analysis (see Fig. 3b inset) revealed that nicotine-
treated adolescents displayed decreases in NAcc dopamine levels following U50,488 that
were similar as compared to control adolescents (p = 0.9).

The data in Figure 4 reflect adult rats that received the same U50,488 treatment as in the
behavioral studies. This was done in order to compare the effects of U50,488 following an
acute injection of this drug and following pre-treatment with 3 injections of U50,488 prior to
dialysis testing. The baseline nM values of NAcc dopamine were as follows: control adults
(1.0 ± 0.02) and nicotine-treated adults (1.2 ± 0.01). There were no significant differences in
pump treatment [F(1, 12)= 1.2, p = 0.3]. During dialysis testing, the 4th injection of U50,488
produced a decrease in NAcc dopamine overflow in both control and nicotine-treated rats
from both age groups. The ability of this drug to decrease dopamine transmission in
nicotine-treated adults was larger as compared to their nicotine-naïve counterparts. Analysis
of the dopamine levels (Fig. 4) revealed a significant time x pump treatment interaction
[F(35, 420)= 2.5, p ≤ 0.001]. Subsequent analyses revealed that nicotine-treated adults
displayed decreases in dopamine levels relative to baseline 10–240 min after U50,488
administration (p ≤ 0.05). Similarly, the control adults displayed decreases in dopamine
levels relative to baseline 40–70, 90–100, 140–160 min after U50,488 administration (p ≤
0.05). Nicotine-treated adults displayed decreases that were larger relative to adult controls
50, 70–80, 130, 150–180, and 210–240 min after U50,488 administration (p ≤ 0.05). The
AUC analysis (see Fig. 4 inset) revealed that nicotine-treated adults displayed overall lower
dopamine levels following U50,488 as compared to adult controls (p ≤ 0.05).

A comparison of adult rats in Figure 3a and Figure 4 shows that nicotine-treated adults
displayed a similar magnitude of decrease in NAcc dopamine following an acute injection of
U50,488 (average decrease of 42% relative to baseline) versus following repeated pre-
treatment of this drug (average decrease of 38% relative to baseline).

Somatic Signs of Withdrawal in Adults
In order to determine whether KOR systems modulate nicotine withdrawal, the effects of
KOR stimulation and blockade on the somatic signs of nicotine withdrawal were examined
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in adults (Fig. 5). Overall, the results revealed that KOR stimulation facilitated somatic signs
produced by spontaneous nicotine withdrawal. Also, this effect was attenuated by KOR
blockade as compared to nicotine-treated rats receiving saline during withdrawal. The
analysis revealed an interaction between nicotine treatment and drug condition [F(2,72)=
13.2, p ≤ 0.001]. Removal of the nicotine pump produced an increase in somatic signs (p ≤
0.05) that was enhanced by U50,488 (p ≤ 0.05). Importantly, somatic signs produced by
nicotine pump removal were dose-dependently blocked in rats that were pre-treated with the
high dose of nor-BNI (p ≤ 0.05). There was no significant difference between saline control
and nor-BNI pre-treated rats, suggesting that KOR blockade ameliorated somatic signs only
in nicotine-treated rats experiencing spontaneous withdrawal. Positive control studies
revealed that somatic signs produced by spontaneous nicotine withdrawal were significantly
enhanced by administration of the non-selective nicotinic receptor antagonist mecamylamine
(data not shown; n=8; mean value=26.6 ± 2.0; p ≤ 0.05).

Discussion
To summarize, nicotine-treated adults displayed CPA for an environment paired previously
with KOR agonist administration, and this effect was reversed by the selective KOR
antagonist nor-BNI. In contrast, the agonist effect was absent in nicotine-naïve adults and
both groups of adolescent rats under the present conditions. KOR agonist administration
produced anxiety-like behavior in nicotine-naïve animals of both age groups, and this effect
was enhanced in nicotine-treated adult, but not adolescent rats. KOR agonist administration
also decreased NAcc dopamine overflow in both age groups, and this effect was larger and
more prolonged in nicotine-treated adult versus adolescent rats. A similar decrease in
dopamine was observed in adult rats that were pre-treated with the same regimen of
U50,488 as in the behavioral studies. Subsequent studies further examining the role of KOR
systems in withdrawal revealed that KOR stimulation facilitated spontaneous withdrawal
signs in nicotine-treated adult rats. Importantly, a KOR antagonist dose-dependently blocked
somatic signs produced by spontaneous nicotine withdrawal.

The present study provides a novel contribution to the literature regarding enhanced
behavioral and neurochemical effects of KOR stimulation in adult rats that received chronic
nicotine versus naïve adult controls. Our finding that chronic nicotine exacerbates the ability
of KOR agonists to decrease NAcc dopamine levels suggests that the interaction between
nicotine and KOR systems involves dopamine transmission in the mesolimbic dopamine
pathway. In support of this hypothesis, previous studies have shown that intact mesolimbic,
but not nigrostriatal or mesocortical, dopamine neurotransmission is necessary for KOR
agonists to produce aversion (Shippenberg et al. 1993). The precise mechanisms by which
chronic nicotine enhances the effects of KOR stimulation on NAcc dopamine levels are
presently unclear. However, the following possibilities are offered that can be examined in
future studies. First, previous reports show that KOR activation decreases NAcc dialysate
dopamine by inhibiting release and increasing dopamine uptake (Chefer et al. 2005;
Thompson et al. 2000). Chronic nicotine may, therefore, enhance the ability of KORs to
modulate channels involved in neurotransmitter release or cell excitability (i.e. Ca2+ or K+

channels). Second, nicotinic receptor activation has been shown to increase dopamine
uptake in terminal regions of the mesocorticolimbic dopamine system (Middleton et al.
2007; Zhu et al. 2009). Chronic nicotine may, therefore, enhance the ability of KORs to
increase dopamine uptake. Thus, changes in either of the aforementioned mechanisms may
enhance negative affect and anxiety produced by KOR activation via exacerbated decreases
in NAcc dopamine.

A major goal of this study was to examine the role of KORs in mediating nicotine
withdrawal. To achieve this goal, we implemented behavioral and neurochemical assays
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typically used to assess withdrawal-like states. These include, negative affect as assessed by
CPA procedures, increases in anxiety-like behavior, and decreases in NAcc dopamine
transmission, which has been used widely as a neurochemical index of withdrawal from
several different drugs of abuse (see Rossetti et al. 1992). Decreases in NAcc dopamine
have also been closely linked to the incidence of physical signs of nicotine withdrawal
(Hildebrand et al. 1998). However, after close consideration of the data in Figures 1–3, it
seemed unclear whether the effects of KOR agonists alone were being amplified by chronic
nicotine exposure or were eliciting a withdrawal-like state. Thus, to more conclusively
determine the role of KOR systems in withdrawal, we examined the effects of a KOR
agonist and antagonist on the emergence of the physical signs of withdrawal following
nicotine removal. Our results revealed that KOR stimulation enhanced the somatic signs of
withdrawal when nicotine was removed. Importantly, administration of a KOR antagonist
blocked the emergence of somatic signs produced by nicotine withdrawal. These data
suggest that endogenous KOR systems are necessary for the emergence of the nicotine
withdrawal syndrome.

Studies from other laboratories support for the role of KOR systems in mediating nicotine
withdrawal. For example, spontaneous withdrawal from nicotine produced anxiety-like
behavior and physical signs of withdrawal that are attenuated in adult mice that received a
selective KOR antagonist (Jackson et al. 2010). Also, Isola et al. (2008) reported that
withdrawal from chronic nicotine injections diminishes striatal dynorphin content and
enhances prodynorphin expression relative to saline-treated controls. Additionally,
McCarthy et al. (2009) found that striatal KOR coupling decreases over time after nicotine
withdrawal, suggesting decreased KOR functionality is associated with the dissipation of
nicotine withdrawal. Taken together, these studies support the role of KORs in mediating
withdrawal from chronic nicotine exposure.

We propose a theoretical construct whereby chronic nicotine enhances KOR function.
Following the removal of nicotine, we suggest that these long-term changes in KOR systems
mediate the nicotine withdrawal syndrome. It has been postulated that following chronic
exposure to drugs of abuse, there are changes in the reward/aversion neural circuitry that
involve a dysregulation of KOR systems in a manner that contributes to the development of
drug dependence (Berrendero et al. 2010; Bruchas et al. 2010; Brujinzeel 2009; Walker et al.
2012; Wee and Koob 2010). Dysregulation of the dynorphin/KOR systems following
chronic drug exposure is hypothesized to be due to repeated induction of the dynorphin/
KOR system that normally counteract the rewarding effects of drugs of abuse (Shippenberg
et al. 2007; Tejeda et al. 2012). Our data suggest that this dysregulation involves enhanced
KOR modulation of affective/anxiety-like behavior and NAcc dopamine following chronic
nicotine exposure. Upon removal of nicotine, enhanced KOR function mediates a nicotine
withdrawal syndrome involving the emergence of negative affect, heightened anxiety, and
enhanced physical signs. Moreover, our neurochemical data suggest that the mechanism
whereby these behavioral manifestations of withdrawal are precipitated involves decreases
in NAcc dopamine that are modulated by KOR systems.

Another major contribution of this report is that adolescent rats are less sensitive than adults
to KOR activation following nicotine exposure. Our measures of anxiety-like behavior are
consistent with of a growing body of literature suggesting that adolescents are less sensitive
to the behavioral effects of nicotine withdrawal as compared to adults (Kota et al. 2007;
O’Dell 2006; 2007; Shram et al. 2008; Wilmouth and Spear 2006). We recently suggested
that these effects are mediated via mesolimbic dopamine systems, since nicotine withdrawal
produces a decrease in NAcc dopamine levels that is lower in adolescent versus adult rats
(Natividad et al. 2010). The present findings support our hypothesis that dopamine systems
play an important role in mediating developmental differences to nicotine withdrawal. It
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may be suggested that our results are related to underdeveloped KOR systems during
adolescence. However, U50,488 produced similar increases in anxiety-like behavior during
EPM testing and decreases in NAcc dopamine in nicotine-naïve rats of both age groups.
These data suggest that an underdeveloped KOR system may not explain the lack of
alterations in KOR function following chronic nicotine in adolescents. Taken together, our
results suggest that adolescents do not display enhanced KOR function with chronic nicotine
exposure. A lack of changes in KOR systems following chronic nicotine is one potential
mechanism by which adolescents may be less sensitive to the effects of withdrawal from this
drug.

An important consideration is whether our observed developmental differences are related to
differences in drug metabolism. To address this issue, we administered a dose of nicotine in
the pumps that was 1.5 times higher in the adolescents than in the adults. The rationale for
using a higher dose of nicotine in adolescents is based on work from our laboratory (O’Dell
et al. 2006) and others (Trauth et al. 2000; Wilmouth and Spear 2006) demonstrating that a
1.5 fold higher concentration of nicotine is needed to produce equivalent blood plasma
levels of nicotine in adolescent and adult rats with nicotine pumps. Our previous work
demonstrated that a nicotine dose of 4.7 mg/kg/day in adolescents results in 76.2±7 ng/ml of
plasma nicotine and a nicotine dose of 3.2 mg/kg/day in adults results in 65.4±9 ng/ml of
plasma nicotine 7 days after the rats were prepared with pumps (O’Dell et al. 2006). The
U50,488 treatment began for the behavioral experiments on day 7, such that these age
groups had equivalent blood levels of nicotine when the behavioral studies began.

A related issue is whether there are developmental differences in U50,488 metabolism.
However, our results revealed that the degree to which this drug produced CPA was similar
across a range of doses in naïve rats of both ages. We also observed similar effects of
U50,488 in naïve rats of both ages in anxiety-like behavior and decreases in NAcc dopamine
during the entire 4-hour sampling period. We acknowledge that chronic nicotine may impact
U50,488 metabolism in an age-dependent manner. However, low doses of U50,488
produced the same magnitude of CPA in nicotine-treated adolescents and adults. Taken
together, our findings suggest that our observed developmental differences are not likely
related to metabolic differences.

The goal of the present study was to determine whether KOR systems are involved in
mediating the nicotine withdrawal syndrome in an age-dependent manner. In order to study
this question, the effects of kappa agonists were compared in adolescent and adult rats that
had received chronic nicotine using procedures that reliably produce nicotine dependence
and withdrawal. Our results indicate that the age differences in KOR stimulation are only
evident in following chronic nicotine, since drug naïve adolescent and adult rats displayed
similar behavioral and neurochemical responses to KOR stimulation. Based on these
findings, we suggest that chronic nicotine upregulates KOR systems in adult animals and the
changes is KOR systems contribute to the emergence of withdrawal states. Given that our
focus is on withdrawal, the present study did not include animals that received acute nicotine
because these procedures do not produce dependence and withdrawal. Future studies might
examine the degree to which kappa agonists alter the acute behavioral effects of nicotine,
and developmental differences might be expected with regard to pain based on the finding
that adolescent rats are less sensitive to the analgesic effects of acute nicotine as compared
to adults (Kota et al., 2007). The extent to which these developmental differences in pain are
mediated via kappa/dynorphin systems remains to be elucidated.

There are several clinical implications of the present studies, as the KOR system has been
postulated to serve as a potential therapeutic target for nicotine addiction. Our finding that
the anxiogenic effects of KOR agonists are facilitated in nicotine-treated rats has clinical
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implications for treating anxiety disorders in populations where nicotine abuse is highly co-
morbid (Picciotto et al. 2002) and typically precedes and/or triggers the onset of anxiety
disorders (Roy-Byrne and Uhde 1988; Cosci et al. 2009). Furthermore, our finding that
stimulation of KORs enhances aversive effects in nicotine-treated adults suggests that
treatments that activate KORs may induce withdrawal-like states in nicotine-dependent
populations. Thus, KOR antagonists may be useful pharmacological tools for ameliorating
the negative affective properties of nicotine withdrawal and treat anxiety/panic disorders
associated with nicotine abuse. Lastly, our finding that adolescents are less sensitive to the
effects produced by KOR activation suggests that treatments that target KOR may be less
effective in young tobacco abusers, a hypothesis that warrants future investigation.
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Fig. 1.
Data reflect difference scores (± SEM), which represent time spent in the initially non-
preferred side after conditioning minus before conditioning. Separate groups of adults
received various doses of U50,488 in control [0 (n=9), 1.5 (n=6), 2.5 (n=7), 5 (n=10), or 7.5
n=6) and nicotine-treated groups [0 (n=5), 1.5 (n=7), 2.5 (n=8), 5 (n=10), or 7.5 n=11).
Adolescents also received various doses of U50,488 in control [0 (n=7), 1.5 (n=6), 2.5
(n=6), 5 (n=8), or 7.5 (n=7)] and nicotine-treated groups [0 (n=11), 1.5 (n=8), 2.5 (n=15), 5
(n=13), or 7.5 (n=9)]. In adults (Fig. 1a and b), U50,488 produced CPA in a dose-
dependent manner in nicotine-treated adult rats relative to their respective saline-treated
controls (*p ≤ 0.05) and relative to control rats (†p ≤ 0.05). This effect was blocked in
nicotine-treated adults that were pre-treated with the KOR antagonist nor-BNI (5 mg/kg).
An analysis of the mean difference score across all doses (Fig. 1b) revealed that nicotine-
treated adults displayed higher overall CPA following different doses of U50,488 relative to
control adults (†p ≤ 0.05). In adolescents (Fig. 1c and d); however, there were no significant
differences across all groups of rats.
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Fig. 2.
Data reflect % open and closed arm time (± SEM). Separate groups of adults received saline
(n=16) or U50,488 in control (n=14) or nicotine-treated groups (n=16). Adolescents also
received saline (n=9) or U50,488 in control (n=9) or nicotine-treated groups (n=10). In
adults (Fig. 2a and b), U50,488 (5 mg/kg) decreased time spent on the open arms and
increased time spent in the closed arms in both control and nicotine-treated adults relative to
rats that received saline (*p ≤ 0.05). This effect was exacerbated in nicotine-treated adults
relative to control adults that received U50,488 alone (†p ≤ 0.05). In adolescents (Fig. 2c
and d), U50,488 (5 mg/kg) also decreased time spent on the open arms and increased time
spent on the closed arms in control and nicotine-treated adolescents relative to saline
controls (*p ≤ 0.05). However, this effect was not exacerbated in nicotine-treated
adolescents.
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Fig. 3.
Data reflect extracellular dopamine levels in the NAcc expressed as a percentage of basal
values (± SEM) in control and nicotine-treated rats. Separate groups of adult control (n=9),
adult nicotine-treated (n=8), adolescent control (n=7), or nicotine-treated adolescents (n=6)
were included. In adults (Fig. 3a), U50,488 (5 mg/kg) significantly decreased dopamine
overflow in control and nicotine-treated rats relative to baseline (*p ≤ 0.05). The decreases
in dopamine were larger in nicotine-treated adults as compared to controls (†p ≤ 0.05). The
figure insets reflect the mean total AUC (± SEM) following U50,488. These data show that
nicotine-treated adults displayed decreases in NAcc dopamine following U50,488 that were
lower relative to adult controls (†p ≤ 0.05). However, these effects were not observed in
adolescent rats (Fig. 3b).
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Fig. 4.
Data reflect extracellular dopamine levels in the NAcc expressed as a percentage of basal
values (± SEM) in control and nicotine-treated rats that were pre-treated with U50,488 as in
the behavioral studies. Separate groups of adult control (n=7) and nicotine-treated (n=7) rats
were included. U50,488 (5 mg/kg) significantly decreased dopamine overflow in control and
nicotine-treated rats relative to baseline (*p ≤ 0.05). The decreases in dopamine were larger
in nicotine-treated adults as compared to controls (†p ≤ 0.05). The figure insets reflect the
mean total AUC (± SEM) following U50,488. These data show that nicotine-treated adults
displayed decreases in NAcc dopamine following U50,488 that were lower relative to adult
controls (†p ≤ 0.05).
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Fig. 5.
Data reflect the total number of somatic signs exhibited (± SEM) in control and nicotine-
treated adults experiencing spontaneous withdrawal. Separate groups of control rats received
saline (n=16), U50,488 (n=17) or nor-BNI (5 mg/kg n=8; 15 mg/kg n=6). Another group of
nicotine-treated rats received saline (n=10), U50,488 (n=6), or nor-BNI (5 mg/kg n=8; 15
mg/kg n= 8). Spontaneous nicotine withdrawal produced an increase in somatic signs
relative to saline controls (*p ≤ 0.05). Administration of U50,488 (5 mg/kg) facilitated
spontaneous withdrawal signs (†p ≤ 0.05), whereas pretreatment with nor-BNI (15 mg/kg)
blocked spontaneous withdrawal signs (#p ≤ 0.05).
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