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onoamine Oxidase Inhibition Dramatically
rolongs the Duration of Nicotine Withdrawal-Induced
lace Aversion

arine Guillem, Caroline Vouillac, George F. Koob, Martine Cador, and Luis Stinus

ackground: Long-lasting effects of withdrawal from nicotine are hypothesized to contribute to relapse and persistence of tobacco habits,
nd significant evidence supports a role of monoamine oxidase inhibitors (MAOI) contained in cigarette smoke as potent modulators of the
ewarding effects of tobacco.

ethods: With quantification of somatic signs of withdrawal and the place aversion conditioning paradigm, we assessed the effects of
AOI pretreatment on both somatic and aversive motivational components of mecamylamine-induced nicotine withdrawal in rats

endered dependent on nicotine by the subcutaneous implantation of osmotic minipumps (vehicle or nicotine tartrate 9 mg/kg/day).

esults: In nicotine-infused rats, mecamylamine induced a place aversion that lasted 6 weeks. When nicotine-infused rats were also treated
ith a MAOI, mecamylamine-induced conditioned place aversion persisted for at least 8 months of abstinence. The MAOI treatment slightly
ecreased ratings of somatic signs induced by mecamylamine administration but had no effect on the threshold or the magnitude of
ecamylamine-induced conditioned place aversion.

onclusions: These results show that MAOI pretreatment induces a long-lasting conditioned placed aversion associated with nicotine
ithdrawal, possibly through a potentiation of learning and memory process, and provides some indications on protracted abstinence that

ight be useful for delineating the neurobiological substrate of relapse.
ey Words: Conditioned place aversion, nicotine, rats, phenelzine
omatic withdrawal, tranylcypromine

 t is widely accepted that a majority of habitual tobacco
smokers become dependent upon nicotine present in to-
bacco smoke and that this accounts for the problems many

mokers experience when they try to quit (1,2). Although it is
lear that the primary reinforcing effects of the drug trigger the
nitiation of drug consumption, once dependence is initiated
he negative consequences of drug abstinence might motivate
he continued administration of drug to prevent the appearance
f a withdrawal syndrome (3,4).

Nicotine withdrawal might be evoked after cessation of
hronic nicotine exposure (5– 8) and is characterized by both
omatic and affective negative symptoms. Although the somatic
ymptoms of nicotine withdrawal might contribute to smoking
ehavior, it has been hypothesized that affective signs are of
reater motivational significance in contributing to relapse and
ontinued use (9,10). Clinical studies indicate that the negative
ffective states experienced during drug withdrawal can become
ssociated with previously neutral environmental stimuli and that
hese conditioned stimuli gain motivational significance in the
aintenance of drug use and relapse during periods of absti-
ence (11–13).

In rodent models of nicotine withdrawal, somatic signs such
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as abdominal constrictions, facial fasciculation, and ptosis can be
observed (6 – 8). The aversive state associated with withdrawal
can be modeled with the conditioned place aversion paradigm.
Indeed, it has been shown that precipitated nicotine withdrawal
in rats, with the nicotinic receptor antagonist mecamylamine,
produces a place aversion to a previously neutral environment
paired with precipitated nicotine withdrawal (14,15). Neverthe-
less, remarkably little is known about the duration of the
motivational aspects of nicotine withdrawal.

Tobacco smoke is known to contain a number of compounds
among which monoamine oxidase inhibitors (MAOIs) have been
the focus of special interest (16 –18). Current smokers have lower
brain MAO A and B activity, which normalizes during prolonged
abstinence (19 –22). Moreover, we have recently demonstrated
that MAOI treatment increases the motivation to self-administer
nicotine in rats and might thus contribute to the development of
tobacco addiction (23). The purpose of the present study was to
determine the effects of chronic MAOI treatment on both the
intensity of the somatic signs and the aversive motivational state
associated with precipitated nicotine withdrawal in rats and the
duration of conditioned place aversion, once established, with
repeated measures of conditioned place aversion during nicotine
abstinence. We report that MAOI treatment dramatically pro-
longed the aversive state associated with nicotine withdrawal but
had little effect on the somatic signs of nicotine withdrawal.

Methods and Materials

Animals
A total of 258 male Sprague Dawley rats (Charles River, Lyon,

France) weighing 101–125 g at the beginning of the experiment
were used. Animals were housed in groups of four and main-
tained in rooms at 20°–22°C with a reverse light/dark cycle (lights
off from 7:00 AM to 7:00 PM). Animals had ad libitum access to
food and water throughout the experiment. Experiments were
performed in accordance with the declaration of Helsinki, the

European Communities Council Directives (86/609/EEC, Novem-

BIOL PSYCHIATRY 2008;63:158–163
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er 24, 1986) and the French Directives concerning the use of
aboratory animals (décret n° 87-848, October 19, 1987).

rugs
(-)Nicotine hydrogen tartrate, mecamylamine hydrochloride,

nd the two mixed irreversible MAO inhibitors (MAOI-A/B)
ranylcypromine hydrochloride and phenelzine sulfate were
urchased from Sigma Aldrich (St. Louis, Missouri) and were
issolved in isotonic sodium chloride (.9% w/w saline in water).
reatments with MAOI began the 1st day of pump implantation
nd were administered twice a day (9:00 AM and 7:00 PM)
ntraperitoneally (1 mL/kg body weight) at the following
oses expressed as free base: tranylcypromine 1.5 mg/kg/day,
nd phenelzine 2 mg/kg/day. Control rats received vehicle.
ecamylamine (2 or 4 mg/kg; [15]) was injected subcutane-
usly. Doses of MAOIs were chosen on the basis of previously
etermined dose–response relationships on locomotor activity
or which no psychostimulant effects had been detected (23).
he MAOI treatments began the 1st day of pump implantation
nd occurred every day until the end of the conditioning phase
n the place aversion experience or at the end of the somatic
valuation of nicotine withdrawal.

nduction of Nicotine Dependence
Osmotic minipumps (Alzet, model 2 ML2 [14 days]; Alza

orporation, Palo Alto, California) filled with either saline (n �
3) or nicotine tartrate dissolved in saline (n � 195) were
mplanted subcutaneously under halothane oxygen mixture
1%–3% halothane) anesthesia. The concentration of nicotine
as adjusted to compensate for differences in body weight to
eliver a dose of 9 mg/kg/day (3.16 mg/kg/day, free base) for 14
ays.

onditioned Place Aversion
The apparatus and place aversion paradigm used to produce

 reliable conditioned place aversion have been described in
etail elsewhere (24). Briefly, the apparatus consisted of three
ectangular boxes (40 � 33 � 34 cm, 120° to each other),
istinguished by distinctive visual and tactile cues and accessible
rom a triangular central compartment. Treatments with MAOI
egan the 1st day of pump implantation and occurred twice a
ay (9:00 AM and 7:00 PM) until the end of the conditioning phase.

In the preconditioning phase (day 3 after implantation),
nimals were allowed to freely explore the apparatus for 20 min.
or each rat, the two compartments with the most similar time
llotments were chosen. One side was randomly chosen to be
aired with mecamylamine (D0) and the other side with vehicle
S0). The third compartment was not paired with any injection
N0). After compartment assignment there were no differences
etween the time spent in the drug- and saline-paired compart-
ents during the preconditioning phase (D0 vs. S0). This proce-
ure eliminated possible bias before conditioning.

The conditioning phase consisted of five pairings over 5
onsecutive days (days 4, 5, 6, 7, and 8 after implantation). In the
orning, before being confined to their preselected saline-paired

ompartment for 20 min, rats received an injection of saline. In
he afternoon, rats received mecamylamine immediately before
eing confined to the preselected mecamylamine-paired com-
artment for 20 min.

The testing phase consisted of a 20-min free exploration of
he entire apparatus, without any MAOI treatment. The first test
as conducted 24 hours after conditioning (day 10 after implan-
ation, test 1 [D1, S1, N1]). The same day, minipumps were
removed in all rats. Tests for place aversion conditioning were
then conducted every 2 weeks, at days 14 –224 after conditioning
([D14, S14, N14] to [D224, S224, N224]). The difference (D-D0) in
time spent in the mecamylamine-paired compartment during the
testing phase (D) and the preconditioning phase (D0) served as
a measure of place aversion.

Ratings of Somatic Signs of Withdrawal
Forty-eight naive rats were implanted with minipumps filled

with either saline (n � 12) or nicotine tartrate dissolved in saline
(n � 36). Treatments with MAOI began the 1st day of pump
implantation and occurred twice a day (9:00 AM and 7:00 PM) until
the end of the experiment. Animals were habituated to the
observation glass box (31 � 29 � 40 cm) in which the rat could
move freely for 15 min for 3 consecutive days.

On days 4 –10 after implantation, the effects of various doses of
mecamylamine on somatic signs were examined. Mecamylamine
doses (0, .29, .57, 1.14, 1.72, 2.29 and 3.43 mg/kg SC [15]) were
presented according to a within-subjects Latin square design
(repeated measures). Five minutes after the antagonist injection,
each animal was placed in the observation glass box and filmed
for 10 min with a video recording device. The frequency and
time of occurrence of the following signs were recorded: body
shakes, chews, cheek tremors, foot licks, gasps, genital licks,
head shakes, scratches, teeth chattering, writhes, and yawns (6).
The categories of “abdominal constrictions” included gasps and
writhes; “facial fasciculation” included cheek tremors, chews,
and teeth chattering; and “miscellaneous other signs” included
shakes, escape attempts, licks, scratches, and yawns (15). If
present continuously, ptosis was only counted once/minute. The
total number of somatic signs/10-min observation period was
defined as the sum of individual occurrences of the aforemen-
tioned withdrawal signs.

Data Analyses
Induction of place aversion conditioning, evaluating 1 day

after the end of the conditioning phase, was analyzed with a
four-way analysis of variance (ANOVA) with place aversion
(comparison between the time spent in the antagonist-paired
compartment after vs. before conditioning; D vs. D0) as a within
factor and nicotine treatment (nicotine-infused or vehicle-
infused), MAOI treatments (vehicle, tranylcypromine, or phenel-
zine), and mecamylamine doses (2 or 4 mg/kg) as between-
subjects factors, followed by Newman-Keuls post hoc tests when
necessary. Long-term place aversion conditioning was analyzed
with a four-way ANOVA with nicotine treatment, MAOI treat-
ments as between-subjects factors, and place aversion and
repeated tests (17 levels) as within factors, followed by Newman-
Keuls post hoc tests when necessary.

Somatic withdrawal data were analyzed with a three-way
repeated measures ANOVA with nicotine treatment, MAOI treat-
ment and mecamylamine doses (6 levels) as between-subjects
factors, followed by Newman-Keuls post hoc tests when neces-
sary.

Results

Induction of Place Aversion Conditioning
The induction of place aversion conditioning was evaluated 1

day after the end of the conditioning phase (Table 1). Overall
ANOVA indicated a significant effect of place aversion
[F (1,183) � 50.8, p � .001], nicotine treatment [F (1,183) � 9.7,
p � .01], and mecamylamine treatment [F (1,183) � 15.9, p �

.001] and a significant place aversion � mecamylamine interac-

www.sobp.org/journal
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ion [F (1,183) � 16.4, p � .001], showing that only the dose of
 mg/kg of mecamylamine induced a reliable place aversion in rats
Newman-Keuls test, p � .001). However, there was no
ecamylamine � nicotine treatment interaction [F (1,183) � 1.4, not

ignificant (NS)], indicating that mecamylamine induced a place
version t o a similar degree in vehicle- and nicotine-infused
nimals. Moreover, there was no MAOI effect [F (1,183) � .2, NS],
o nicotine treatment � MAOI interaction, and no aversion �
AOI interaction [F (2,183) � .01, NS, and F (2,183) � .07, NS,

espectively], indicating that MAOI treatments did not affect the
cute effects of mecamylamine-induced place aversion.

ong-Term Place Aversion Conditioning
Because only the 4-mg/kg dose of mecamylamine produced a

ignificant place aversion, only animals (n � 91) injected with
his dose were used to study the time-course evolution of place
version in abstinent rats (Figure 1).

The ANOVA analysis revealed that the overall place aversion
onditioning was significantly more pronounced in nicotine-infused
han in vehicle-infused animals [nicotine treatment effect, F (1,88) �
.04, p � .05] and that the evolution of this place aversion
onditioning is different among the two treatment groups [time �
icotine dependence interaction, F (15,1444) � 1.58, p � .05]. In
lacebo minipump abstinent rats (Figure 1A), mecamylamine in-
uced a place aversion that decreased rapidly [time effect, F (15,288)
 4.3, p � .001] and was not affected by MAOI treatments [time �
AOI interaction, F (30,288) � .68, NS]. Indeed, place aversion was
etected no more than 2 weeks after the last conditioning day (D14,
ewman-Keuls test, p � .05, for each treatment).

In contrast, abstinent nicotine-infused rats (Figure 1B) dis-
layed a long-lasting place aversion [time effect, F (15,1056) �
.3, p � .001], for which the duration was affected by the MAOI
reatments [MAOI effect, F (2,66) � 5.13, p � .01; and time �
AOI interaction, F (30,1056) � 1.47, p � .05], indicating that
AOI treatments selectively increased the persistence of the
lace aversion conditioning in nicotine-infused animals.

In nicotine-infused rats treated with vehicle, the mecamylamine-
nduced place aversion persisted up to 6 weeks (D42, p � .05),
hereas it lasted up to 20 weeks of abstinence in nicotine-
ependent animals treated with tranylcypromine (D154, p � .01)
nd was still observed at the end of our study (i.e., 8 months) in
icotine-dependent rats treated with phenelzine (D224, p � .001)
Figure 1B). Post hoc comparisons revealed that there was a

able 1. Effects of Vehicle, Tranylcypromine, and Phenelzine on
onditioned Place Aversion Induced by Subcutaneous Administration of
ecamylamine in Vehicle-Infused and Nicotine-Infused Animals

icotine
mg/kg/day) MAOI (mg/kg)

Place Aversion (change in time)

Mecamylamine
2 mg/kg

Mecamylamine
4 mg/kg

0 Vehicle � 62 � 35 (8) � 117 � 41 (7)*
0 Tranylcypromine 39 � 69 (8) � 88 � 26 (7)*
0 Phenelzine � 37 � 24 (8) � 121 � 44 (7)*
9 Vehicle � 94 � 48 (9) � 98 � 24 (21)**
9 Tranylcypromine � 48 � 25 (20) � 122 � 28 (22)***
9 Phenelzine 4 � 29 (33) � 101 � 12 (45)***

Values represent the mean � SEM difference in time spent in the antag-
nist-paired compartment after vs. before conditioning.

*p � .05, **p � .01, ***p � .001, time spent in the antagonist-paired
ompartment after vs. before conditioning (Newman-Keuls). Between pa-
entheses, number of subjects/group.
ignificant difference in mecamylamine-induced place aversion

ww.sobp.org/journal
between nicotine-infused rats treated with phenelzine and those
treated with vehicle at 78, 98, 182, 210, and 224 days of
abstinence (p � .05 at 78, D98, and D182; and p � .01 at D210
and D224). Despite repeated testing, the intensity of the place
aversion in phenelzine-treated rats measured after 32 weeks
of abstinence was similar to the intensity observed 1 day after the
end of the conditioning phase (D1-D0 � �101 � 17; D210-D0 �
�114 � 34, and D224-D0 � �135 � 27 sec).

Somatic Signs of Withdrawal
Subcutaneous administration of mecamylamine produced a

higher increase of overall number of somatic signs in nicotine-
infused compared with vehicle-infused rats, as revealed by a
significant effect of nicotine treatment [F (1,42) � 51.87, p � .001]
(Figure 2). There was also a significant effect of mecamylamine
doses [F (5,210) � 87.41, p � .001] and a significant nicotine
treatment � mecamylamine doses interaction [F (5,210) � 8.07,
p � .001]. Newman-Keuls post hoc tests indicated that nicotine-
infused animals displayed significantly more somatic signs of
withdrawal than vehicle-infused rats at mecamylamine doses
above .57 mg/kg (nicotine-infused vs. vehicle-infused; doses of
1.14 mg/kg, p � .01; 1.72 mg/kg, p � .001; 2.29 mg/kg, p � .001;
3.43 mg/kg, p � .01). Post hoc tests comparing mecamylamine

Figure 1. Effects of vehicle (white bars), tranylcypromine (hatched bars, 1.5
mg/kg/day), and phenelzine (black bars, 2 mg/kg/day) on the time-course of
place aversion in (A) vehicle-infused rats and (B) nicotine-infused rats
treated with 4 mg/kg of mecamylamine after removal of the minipumps.
Animals were tested every 2 weeks (drug-free) at days 14 –224. Values rep-
resent the mean � SEM difference in time spent in the antagonist-paired
compartment after versus before conditioning. *p � .05, **p � .01, time
spent in the antagonist-paired compartment after versus before condition-
ing (Newman-Keuls). �p � .05, ��p � .01, significant difference when com-

pared with vehicle treated rats (Newman-Keuls).
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oses indicate the 1.14- and 3.43-mg/kg doses are significantly
ifferent from vehicle injection (p � .01 and p � .001, respectively).

Moreover, there was a significant effect of MAOI treatment
F (2,42) � 6.3, p � .01; vehicle vs. tranylcypromine, p � .01; vehicle
s. phenelzine, p � .001] but no nicotine treatment � MAOI
nteraction [F (5,210) � .85, NS] and no mecamylamine dose �
icotine treatment � MAOI interaction [F (10,210) � 8.07, NS],
llustrated by MAOI treatments slightly decreasing ratings of overall
omatic signs of withdrawal in both nicotine- and vehicle-infused rats.

The analysis of the individual categories of somatic signs
Table 2) revealed that, compared with vehicle-infused animals,
icotine-infused animals displayed more intense abdominal con-
trictions [nicotine treatment effect: F (1,42) � 16.93, p � .001;
icotine treatment � dose interaction: F (5,210) � 7.94, p � .001]

igure 2. Effects of vehicle (white bars), tranylcypromine (hatched bars, 1.5
g/kg/day), and phenelzine (black bars, 2 mg/kg/day) on overall somatic

icotine withdrawal signs (mean � SEM) precipitated by mecamylamine in
ehicle-infused and nicotine-infused animals during a 10-min observation
eriod. **p � .01, ***p � .001, nicotine-dependent vs. non-dependent rats

Newman-Keuls). ���p � .001, mecamylamine vs. vehicle administration
Newman-Keuls).

able 2. Effects of Vehicle (n � 18), Tranylcypromine (1.5 mg/kg/day, n � 1
igns (mean � SEM) Precipitated by Mecamylamine in Vehicle-Infused and

igns
Nicotine

(mg/kg/day) MAOI (mg/kg) 0

bdominal
Constrictions

0 Vehicle .2 � .2 .8
0 Tranylcypromine 0
0 Phenelzine .7 � .7 .3
9 Vehicle .2 � .2 .3
9 Tranylcypromine 0 .2
9 Phenelzine .1 � .1 .1

acial fasciculation 0 Vehicle 2.7 � 1.4 4.0
0 Tranylcypromine 1.2 � .7 2.2
0 Phenelzine 1.0 � .4 .3
9 Vehicle 1.9 � .7 3.1
9 Tranylcypromine .4 � .3 1.8
9 Phenelzine .8 � .2 1.2

iscellaneous
others signs

0 Vehicle 6.2 � 1.5 7.5
0 Tranylcypromine 5.0 � .9 7.2
0 Phenelzine 4.5 � .9 5.0
9 Vehicle 7.1 � .7 6.7
9 Tranylcypromine 4.1 � .7 3.9
9 Phenelzine 5.8 � .9 6.1

tosis 0 Vehicle 0 .7
0 Tranylcypromine 0
0 Phenelzine .5 � .5
9 Vehicle .3 � .3 .3
9 Tranylcypromine 0 .3
9 Phenelzine .2 � .2 .2

*p � .05, **p � .01, ***p � .001, nicotine-infused vs. vehicle-infused rats (

Newman-Keuls).
and facial fasciculation [nicotine treatment effect: F (1,42) �
26.49, p � .001; nicotine treatment � dose interaction: F (5,210) �
3.57, p � .01] Moreover, a significant effect of MAOI treatment
was only found in the facial fasciculation category [F (2,42) �
20.66, p � .001; vehicle vs. tranylcypromine, p � .01; vehicle vs.
phenelzine, p � .001].

Discussion

In the present study, we explored the effects of MAOI
treatments on the aversive motivational and somatic aspects of
nicotine withdrawal in rats. Our results show that, whereas
chronic MAOI treatments have no effect on the magnitude of
mecamylamine-induced place aversion, they dramatically and
selectively induce a long-lasting conditioned place aversion in
nicotine-abstinent rats. Indeed, significant aversions were evi-
dent for up to 5 and 8 months in nicotine-infused rats treated
with tranylcypromine and phenelzine, respectively. The specific-
ity of these treatments to prolong place aversion duration in
nicotine-infused animals was further supported by the finding
that these compounds did not increase ratings of somatic nico-
tine withdrawal signs. Moreover, in phenelzine-treated nicotine-
infused rats, repeated testing had no effect on the intensity of
place aversion, which remained stable and unaltered over the
duration of the entire experiment, indicating that these animals
did not show extinction.

As previously observed (14,15), the present results con-
firmed the observation that mecamylamine induced condi-
tioned place aversion in rats. Surprisingly, the 4-mg/kg dose of
mecamylamine induced a significant place aversion in vehicle-
infused animals. Differences in the schedule used in the two

d Phenelzine (2 mg/kg/day, n � 18) on Individual Categories of Somatic
ine-Infused Animals During a 10-min Observation Period

Mecamylamine doses (mg/kg, sc)

1.14 1.72 2.29 3.43

1.0 � 1.0 1.3 � .9 .3 � .3 .5 � .5
0 0 .3 � .3 .5 � .5

2.3 � 1.9 2.0 � 1.4 0 .7 � .7
2.2 � .6� 5.5 � 1.4*��� 6.2 � 1.2***��� .2 � .2
1.4 � .5� 3.3 � 1.1*��� 7.3 � 1.6***��� 2.3 � 1.0
2.3 � .4� 3.5 � .7*��� 3.5 � .9***��� .9 � .6
2.8 � .9 .3 � .3 3.3 � .5 2.3 � 1.3
1.8 � .9 2.0 � 1.2 2.0 � 1.1 1.8 � .3
1.5 � .9 1.3 � .8 .5 � .5 0
4.5 � 1.3� 5.5 � 1.3**��� 7.8 � 1.2**��� 6.6 � 1.1**���

2.1 � .6� 3.8 � .9**��� 4.8 � .7**��� 3.8 � .7**���

2.1 � .6� 2.6 � .7**��� 2.3 � .8**��� 3.2 � .9**���

5.7 � 1.3 6.2 � 1.4 9.7 � 2.2��� 9.0 � 1.1
7.0 � 1.2 10.5 � 3.7 9.5 � 1.0��� 9.2 � 1.9
6.0 � .8 8.2 � .8 7.0 � 1.8��� 10.0 � 1.9
6.7 � 1.1 8.2 � 1.1 9.8 � 1.4��� 9.3 � .9
4.9 � .6 6.4 � .8 7.1 � 1.2��� 8.3 � 1.1
5.4 � .7 5.2 � .7 7.2 � .8��� 7.5 � .5
2.5 � .5��� 5.2 � 1.7��� 7.0 � .7��� 10.0 � 0
1.2 � 1.2��� 2.5 � 1.6��� 7.2 � .2��� 9.3 � .8
3.2 � .2��� 5.7 � .8��� 5.7 � 1.2��� 10.0 � 0
4.0 � .9��� 6.3 � .4��� 7.3 � .6��� 9.3 � .3
4.8 � .8��� 6.8 � .5��� 8.5 � .4��� 10.0 � 0
3.0 � .7��� 5.2 � .6��� 6.5 � .7��� 10.0 � 0

an-Keuls). �p � .05, ��p � .001, mecamylamine vs. vehicle administration
8), an
Nicot

.57

� .5
0
� .3
� .2
� .1
� .1
� 1.5
� 1.0
� .3
� .8
� .6
� .4
� 1.7
� .5
� 1.8
� .9
� .6
� .8
� .7
0
0
� .3
� .3
� .2
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tudies could account for this discrepancy. First, whereas only
hree pairings were done in the Watkins study (15), we used five
airings to obtain a robust place aversion that would allow us to
xamine the evolution of this place aversion across repeated
esting. Second, the order of vehicle and mecamylamine injec-
ions was not counterbalanced across subjects in the present
tudy. Because of this fixed order of vehicle and mecamylamine
dministrations, it is possible that there was an association
etween the cues paired with mecamylamine injections and a
ime of day artefact that could have led to place aversion in
ehicle-infused rats.

Moreover, in contrast to the study of Watkins et al. (15),
ecamylamine induced some somatic signs in vehicle-infused

ats in the present work. Mecamylamine is a noncompetitive
onselective nicotinic acetylcholine receptor antagonist and is
cting both centrally and peripherally (25). Thus, it is possible
hat mecamylamine injection by itself might produce a discom-
ort that is expressed behaviorally both by some somatic signs
nd conditioned place aversion in the vehicle-infused animals.

However, the severity of withdrawal signs was higher in
icotine- than in vehicle-infused animals. At the lowest dose of
ecamylamine (.57 mg/kg), few behavioral signs, such as mis-

ellaneous signs, were observed, and there was no significant
ifference between nicotine- and vehicle-infused animals. In
ddition, scores of this category of signs were similar to those
btained after vehicle injection. Thus, at a low dose of meca-
ylamine, the physical manifestations observed might represent

igns of stress that develop in the experimental condition. At the
.14-mg dose of mecamylamine, other signs such as abdominal
onstrictions and facial fasciculation appeared, and the scores of
hese signs are significantly higher in nicotine-infused animals
ompared with vehicle-infused rats. Moreover, mecamylamine
ose-dependently increased abdominal constrictions and facial
asciculation in nicotine-infused rats, whereas no dose-depen-
ent effect was found in vehicle-infused animals. Thus, in
icotine-infused animals, mecamylamine induced somatic signs
hat were selectively observed for abdominal constrictions and
acial fasciculation categories, indicating that these two catego-
ies of somatic signs were specific for nicotine withdrawal.

Furthermore, the results showed that chronic MAOI treatment
lightly decreased the severity of the overall somatic manifesta-
ions of mecamylamine-precipitated nicotine withdrawal. Al-
hough it is clear that both central and peripheral cholinergic
ystems have been hypothesized to modulate the somatic with-
rawal syndrome, other neurotransmitter systems also might be
nvolved. For example, the aversive manifestations of nicotine
ithdrawal have been related to the inhibition of the dopamine

elease (26,27). Monoamine oxidase inhibitor administration has
een reported to increase extracellular dopamine levels (28),
hich could explain the ability of MAOI treatment to attenuate

he somatic signs of nicotine withdrawal in the present work.
It is generally assumed that craving for nicotine and the

ysphoric mood that accompanies nicotine withdrawal play a
uch more important role in nicotine recidivism than the

elatively mild somatic symptoms of nicotine withdrawal (29).
ccordingly, we studied nicotine withdrawal with the condi-

ioned place aversion paradigm. We found that in contrast to the
elatively low doses of mecamylamine (1.14 mg/kg) required to
nduce somatic signs of withdrawal, significantly higher doses (4
g/kg) were required to induce conditioned place aversion.

imilarly, low doses of dihydro-�-erythroidine (DH�E; 4 mg/kg), a
ompetitive and selective nicotinic acetylcholine receptor antago-

ist, increased the number of somatic signs, whereas higher doses

ww.sobp.org/journal
(10 mg/kg) induced conditioned place aversion (8,15). This
phenomenon seemed fundamentally different from other drugs
of abuse, such as opiates, for which the doses of naloxone
required to induce conditioned place aversion were much lower
than those producing somatic signs of withdrawal (30).

Moreover, it has been shown that relatively high doses of
mecamylamine (4–6 mg/kg) or DH�E (10 mg/kg) were required
to produce conditioned place aversion compared with lower
doses of mecamylamine (.57 mg/kg) or DH�E (2 mg/kg) re-
quired to precipitate elevations in brain reward thresholds (8,15).
This observation suggests that dissociation might exist in the
underlying mechanisms mediating conditioned place aversions
compared with those mediating elevations in brain reward
thresholds observed during nicotine withdrawal.

It has recently been shown that, consistent with the present
work, conditioned cues repeatedly paired with nicotine with-
drawal significantly decrease the activity of brain reward systems,
mimicking the reward deficit observed during unconditioned
nicotine withdrawal (31). These results suggest that withdrawal-
paired conditioned stimuli gained negative affective valence and
such cues could contribute to a low-level reward dysfunction that
could make drugs or stimuli associated with drugs even more
motivationally significant (32).

Relapse to smoking can occur after many months of absti-
nence, when acute withdrawal symptoms cannot account for
reinstatement of drug-seeking behavior, suggesting that nicotine
withdrawal induced long-lasting adaptations in the brains of
smokers. Therefore, we studied the duration of conditioned
place aversion, once established, with repeated measures of
conditioned place aversion. Mecamylamine-induced place aver-
sion was dramatically longer lasting in nicotine-infused than in
vehicle-infused rats without modifying the intensity of the aver-
sion. Indeed, in vehicle-infused animals place aversion lasted 2
weeks, whereas it persisted for 6 weeks in nicotine-infused rats
treated with vehicle. This result, together with the recent finding
that nicotine self-administration induces a long-lasting reward
hypersensitivity for at least 36 days after nicotine intake had
ceased (33), suggest that both nicotine and nicotine withdrawal
induced persistent neuroadaptations that might induce relapse
even after long periods of abstinence.

Moreover, MAOI treatment in the present study dramatically
increased the duration of place aversion in nicotine-infused
animals. Indeed, place aversion remained with tranylcypromine
and phenelzine during the entire post-dependence period tested
when rats no longer had chronic nicotine administration (absti-
nence). It has been shown that, consistent with this finding, low
baseline MAO activity significantly predicted the intensity of craving
and anxiety reported after smoking cessation, suggesting that there
was an association between severity of affective symptoms after
cigarette withdrawal and extent of MAO inhibition (34).

Monoamine oxidase inhibitor treatments have previously
been shown to prolong behavioral sensitization to nicotine and
enhance the rewarding effects on nicotine (35–36,23). However,
here we show that MAOI treatments also prolonged place
aversion conditioning associated with nicotine withdrawal in
drug-free animals. One hypothesis to explain these results is that
MAOI treatments during the conditioning phase might have
facilitated memory consolidation or storage of withdrawal-
related stimuli and its manifestation continued to be present
months after animals were drug free (5 and 8 months for
tranylcypromine and phenelzine, respectively). Indeed, by in-
creasing functional levels of monoamines, it is possible that

MAOI treatments interact with the conditioning of environmental
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timuli and augment the persistence of negative reinforcement
erived from those stimuli. Whether such drug-induced memo-
ies are encoded and processed in a similar way as other
motional memories or have some unique drug neuropharma-
ological imprints remains to be determined.

Another explanation resides in the fact that these MAOI treat-
ents have been shown to alter nicotine metabolism (37), thereby

mplifying the nicotine dose the rats received. However, we have
reviously shown that no difference in the pharmacokinetics of
icotine and cotinine was found after a single administration of
ranylcypromine and phenelzine (23). Thus, it seems unlikely that
AOI-influenced nicotine metabolism could account for MAOI-

ncreased place aversion in nicotine-infused rats.
Together, the present results suggest that, in nicotine-infused

nimals treated with MAOI, conditioned place aversion persists for
–8 months after nicotine abstinence. Such a long-lasting motiva-
ional effect might serve as a powerful negative stimulus motivating
he continued administration of the drug or relapse after abstinence.
nimal models of the aversive state associated with nicotine with-
rawal might be important tools for understanding the neurobio-
ogical bases of nicotine dependence and for developing more
ffective treatment strategies to facilitate nicotine abstinence.
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