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Nicotine is a psychoactive ingredient in tobacco that significantly contributes to the harmful tobacco
smoking habit. Nicotine dependence is more prevalent than dependence on any other substance.
Preclinical research in animal models of the various aspects of nicotine dependence suggests a critical
role of glutamate, y-aminobutyric acid (GABA), cholinergic and dopamine neurotransmitter
interactions in the ventral tegmental area and possibly other brain sites, such as the central nucleus
of the amygdala and the prefrontal cortex, in the effects of nicotine. Specifically, decreasing glutamate
transmission or increasing GABA transmission with pharmacological manipulations decreased the
rewarding effects of nicotine and cue-induced reinstatement of nicotine seeking. Furthermore, early
nicotine withdrawal is characterized by decreased function of presynaptic inhibitory metabotropic
glutamate 2/3 receptors and increased expression of postsynaptic glutamate receptor subunits in limbic
and frontal brain sites, while protracted abstinence may be associated with increased glutamate
response to stimuli associated with nicotine administration. Finally, adaptations in nicotinic
acetylcholine receptor function are also involved in nicotine dependence. These neuroadaptations
probably develop to counteract the decreased glutamate and cholinergic transmission that is
hypothesized to characterize early nicotine withdrawal. In conclusion, glutamate, GABA and
cholinergic transmission in limbic and frontal brain sites are critically involved in nicotine dependence.
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1. TOBACCO, NICOTINE AND NEURONAL
NICOTINIC ACETYLCHOLINE RECEPTORS
Nicotine is one of the main psychoactive ingredients in
tobacco that contributes to the harmful tobacco
smoking habit (Stolerman & Jarvis 1995; Royal College
of Physicians of London 2000) leading to high
morbidity and mortality throughout the world
(Murray & Lopez 1997). Nicotine dependence is
more prevalent than dependence on any other substance
of abuse (Anthony ez al. 1994). Unfortunately, quit rates
remain low despite the availability of several pharma-
cological treatments aimed at cessation of tobacco
smoking (Haas et al. 2004). This article will summarize
our current knowledge of the neurobiology of nicotine
dependence, with emphasis on the glutamate and
v-aminobutyric acid (GABA) neurotransmitter systems.
Although other ingredients in tobacco smoke and
metabolites, such as monoamine oxidase inhibitors
and nornicotine, are recognized to contribute to tobacco
addiction (DeNoble & Mele 1983; Crooks & Dwoskin
1997; Bardo et al. 1999; Belluzzi et al. 2005; Guillem
et al. 2006), most neurobiological research has focused
on delineating the neurobiology of nicotine dependence
as a first step towards discovering the neurosubstrates
of tobacco addiction.
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Nicotine is an alkaloid that acts as an agonist at brain
and peripheral nicotinic acetylcholine receptors
(nAChRs). Neuronal nAChRs are ligand-gated ion
channels comprising five membrane-spanning subunits
that combine to form a functional receptor (Changeux &
Taly 2008) and include nine isoforms of the neuronal
d-subunit (¢2-210) and three isoforms of the neuronal
B-subunit (B2—f4). These subunits combine with a
stoichiometry of two a- and three -, or five a7-subunits
to form nAChRs with distinct pharmacologic and
kinetic properties. Acetylcholine is the endogenous
neurotransmitter that binds and activates nAChRs.
Many nAChRs are situated on presynaptic terminals
and modulate neurotransmitter release (Wonnacott
1997). Nevertheless, nAChRs also are located at
somatodendritic, axonal and postsynaptic sites. Owing
to the wide distribution of nAChRs, administration of
nicotine stimulates the release of most neurotransmitters
throughout the brain (McGehee & Role 1995). There-
fore, as discussed below, various transmitter systems are
probably involved in the rewarding effects of nicotine
and the adaptations that occur in response to chronic
nicotine exposure that gives rise to dependence and
withdrawal responses.

2. BEHAVIOURAL EFFECTS OF ACUTE NICOTINE
AND NICOTINE WITHDRAWAL

In humans, acute nicotine administration produces
positive effects, including mild euphoria and mildly
enhanced cognition. Such subjective positive effects
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support reliable intravenous nicotine self-administration
behaviour in a variety of species, including rats, mice,
non-human primates and humans (e.g. Markou &
Paterson 2001; for a review, see Picciotto & Corrigall
2002). Persistent nicotine use leads to tolerance that is
mediated by neuroadaptations occurring in response to
chronic nicotine exposure. Thus, within hours upon
cessation of nicotine exposure, a nicotine withdrawal
syndrome emerges characterized by depressed mood,
irritability, mild cognitive deficits and physiological
symptoms (Shiffman ez al. 2004).

The avoidance of these withdrawal syndromes, as
well as the positive subjective effects of nicotine,
motivates nicotine use (Kenny & Markou 2001). In
addition, similar to other psychomotor stimulants,
nicotine enhances the reward value of other stimuli
(Harrison et al. 2002). Owing to the relatively mild
euphorigenic properties of nicotine, the contribution of
the reward-enhancing effects to maintaining depen-
dence is hypothesized to be greater for nicotine than
other drugs of abuse (Chaudhri ez al. 2006; Kenny &
Markou 2006). Finally, learning processes also
contribute to nicotine dependence. Environmental
stimuli predictively associated with either the positive
subjective effects of nicotine or the induction of
nicotine withdrawal motivate nicotine seeking and
eventually drug consumption (Paterson er al. 2004;
Kenny ez al. 2006).

In rats, nicotine withdrawal is characterized by both
increases in somatic signs of withdrawal and affective
changes analogous to the effects observed in humans.
These affective changes include increased anxiety-like
behaviour and reward deficits. A method that is used to
assess the effects of stress in rats is the light-potentiated
startle procedure. In this procedure, baseline startle
responding to a loud startling stimulus in the dark is
compared with startle responding when the chamber is
brightly lit. Bright illumination is aversive for rats and
potentiates the startle response, reflecting increased
reactivity to a noxious environmental stimulus under
stressful conditions. Hence, this procedure allows
comparisons of withdrawal effects on startle reactivity
between relatively neutral and stressful contexts.
Spontaneous withdrawal from chronic nicotine
exposure enhanced light-potentiated startle compared
with control vehicle-treated rats, while baseline startle
reactivity remained unaffected (Jonkman ez al. 2007).
These results suggest that spontaneous nicotine with-
drawal selectively potentiates responses to anxiogenic
stimuli but does not by itself produce a strong
anxiogenic-like effect.

A procedure that assesses brain reward function and
potentially depression-like reward deficits characterizing
nicotine withdrawal is the intracranial self-stimulation
(ICSS) procedure. Brief electrical stimulation of brain
reward sites, commonly applied along the medial
forebrain bundle, is extremely rewarding. Rats will
readily perform an operant task to self-stimulate specific
brain reward sites. Nicotine enhances the reward value
of such electrical stimulation, resulting in the rats
requiring lower current intensities than under baseline
conditions to perceive the stimulation as rewarding after
the administration of nicotine (Harrison ez al. 2002).
By contrast, withdrawal from chronic nicotine exposure
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results in elevations in brain reward thresholds,
reflecting a reward deficit and indicating that the rats
require higher current intensities to perceive the stimu-
lation as rewarding (Epping-Jordan ez al. 1998). Similar
reward deficits are seen when nAChR antagonists
are administered to rats that are chronically treated
with nicotine, while the same doses of the nAChR
antagonists have no effect in control vehicle-treated rats
(Epping-Jordan et al. 1998; Watkins ez al. 2000). Such
reward deficits can also be associated through classical
conditioning processes to environmental stimuli and
come to elicit a conditioned nicotine withdrawal state.
Pairing of environmental stimuli, such as a flashing light,
with the effects of the nAChR antagonist dihydro--
erythroidine (DHBE) in nicotine-dependent rats
resulted in the presentation of the light alone leading to
small, but statistically significant and reliable, elevations
in brain reward thresholds (Kenny & Markou 2006;
figure 1). Such effects were not seen in rats that had equal
exposure to the light, nicotine and the nAChR antagonist
but without explicit pairings of the effects of the nAChR
antagonist and the cue lights. These findings are highly
relevant to the learning mechanisms that contribute to
the maintenance of drug dependence because they
indicate that environmental stimuli predictively paired
with drug withdrawal may lead to a conditioned drug
withdrawal state (Kenny & Markou 2006) that can
motivate increased drug use (Kenny ez al. 2006).

3. NEUROSUBSTRATES OF NICOTINE REWARD,
DEPENDENCE AND WITHDRAWAL
In the midbrain of mammals, interconnected brain
structures are referred to as the mesocorticolimbic
brain system. This system has been shown to be
critically involved in the effects of several drugs of
abuse. A component of this system is the dopaminergic
projection from the ventral tegmental area (VTA) to
the nucleus accumbens, amygdala and frontal cortex.
The activity of these VTA dopamine neurons is
regulated by the release of the excitatory neurotrans-
mitter glutamate that is released from projections
originating from several sites, including the nucleus
accumbens and the frontal cortex. Other inputs that
also regulate mesolimbic system activity are GABA
inhibitory interneurons located within the VTA and the
nucleus accumbens, and cholinergic projections from
brainstem nuclei to the VTA. The latter projections
release the endogenous neurotransmitter acetylcholine
that acts on excitatory nAChRs located on glutamate
and GABA neuronal terminals in the VTA (figure 2).
Extensive research findings demonstrate a critical role
of glutamate—GABA—-dopamine—acetylcholine inter-
actions, particularly in the VTA (a brain region that
has been studied extensively), in several behavioural
and affective responses to nicotine. Nevertheless, other
brain sites not researched as extensively as the VTA are
likely to also contribute to nicotine dependence.
Exogenously administered nicotine increases dopa-
mine transmission by direct stimulation of nAChRs,
primarily a«4B2-containing and o7 homomeric
nAChRs within the VTA. Nicotine stimulates nAChRs
on glutamatergic terminals that release glutamate, an
excitatory neurotransmitter, which results in increased
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Figure 1. Reward thresholds in nicotine-dependent rats
treated with nAChR antagonist + cues. Conditioned nicotine
withdrawal decreased the activity of brain reward systems.
Rats trained in the ICSS procedure were prepared with
subcutaneous osmotic minipumps containing nicotine
(3.16 mgkg ™! per day base) or saline. Several days were
allowed to elapse so that nicotine dependence would develop
in the nicotine-treated rats. Then, all rats were treated with
the nAChR antagonist DHBE and allowed to perform in the
ICSS procedure again while a flashing light was on for the
duration of the ICSS session. In this graph, only data from
rats that were nicotine dependent and were treated with
DHBE paired with the flashing lights are presented (n=38).
The results indicated a gradual increase in nAChR antagonist
precipitated nicotine withdrawal with repeated pairings of the
cue flashing lights with DHBE administration. On the test
day, rats were injected with saline and presented with the cue
lights. The presentation of the cue light alone was sufficient to
induce a small but statistically significant elevation in brain
reward thresholds, similar in direction but smaller in
magnitude than nicotine withdrawal precipitated by admin-
istration of the nAChR antagonist. Data from three control
groups, including a group that was not nicotine dependent
and did not experience explicit pairings of the cue lights with
the nAChR antagonist injection, did not show such
conditioned effects. Data are shown as per cent change
from baseline ICSS thresholds (+s.e.m.) in paired rats on the
preconditioning day (pre), during the cue/injection pairings
(DHBE+cues), and on the test day when rats were pre-
sented with the cues and injected with saline. ***p<0.001,
**p<0.01, *p<0.05, compared with thresholds obtained on
the preconditioning day ( post hoc test after significant one-way
analysis of variance); *p<0.05, compared with precondition-
ing day (paired rtest). Adapted from Kenny & Markou (2005).

dopamine release in the nucleus accumbens and the
frontal cortex. Nicotine also excites nAChRs on
GABA-releasing terminals. Thus, the levels of GABA,
an inhibitory neurotransmitter, are increased by
nicotine as well. However, the interplay between
the quick desensitization of nAChRs on the GABA
neuron and the higher doses of nicotine required to
desensitize the o7 homomeric nAChRs on the
glutamate neuron results in a greater overall increase
in dopamine levels (figure 2). Interestingly, nAChRs
in the VTA play a more important role than those in
the nucleus accumbens in the effects of nicotine on the
release of nucleus accumbens dopamine (Nisell ez al.
1997). Consistent with these neurochemical data,
behavioural data indicated that injections of the
competitive nAChR antagonist DHBE into the VTA
but not into the nucleus accumbens (Corrigall ez al.
1994), or lesions of the mesolimbic dopaminergic
projections from the VTA to the nucleus accumbens
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Figure 2. Nicotine—acetylcholine—glutamate—-GABA—
dopamine interactions in the VTA. Schematic depicting
neurotransmitter interactions in the VTA, which are
hypothesized to be critically involved in mediating various
effects of nicotine with relevance to nicotine dependence and
withdrawal. Neuroadaptations have been shown to develop
to several of these receptor and transmitter systems with
the development of nicotine dependence. Adapted from
Mansvelder & McGehee (2002); see text for details.

(Corrigall er al. 1992), or cholinergic lesions of the
brainstem pedunculopontine nucleus that projects to
the VTA (Langa ez al. 2000), or systemic adminis-
tration of dopamine receptor antagonists (Corrigall &
Coen 1991) decreased intravenous nicotine self-
administration in rats. In terms of nAChR subtypes,
studies suggest an involvement of a4f2-containing
nAChR subtypes in both the nicotine-induced release
of dopamine and nicotine reinforcement (Picciotto
et al. 1998). In addition, mutant mice with hypersensi-
tive a4-containing nAChRs show a 50-fold increase
in sensitivity to the reinforcing effects of nicotine
measured by a conditioned place preference procedure
(Tapper er al. 2004). The role of o7 homomeric
receptors in the reinforcing effects of nicotine remains
unclear, with conflicting data provided by studies in
mutant mice lacking the a7 receptor and rats injected
with the relatively selective a7 nAChR antagonist
methyllycaconitine (Markou & Paterson 2001; Besson
et al. 2007).

(a) Glutamate

Glutamate is the major excitatory neurotransmitter in
the brain, which plays a critical role in the acute and
long-term effects of nicotine. The actions of glutamate
are regulated by ionotropic and metabotropic
glutamate (mGlu) receptors. Ionotropic glutamate
receptors are primarily located postsynaptically, are
glutamate-gated ion channels that when activated
increase cellular excitability, and comprise the
following receptor subtypes: N-methyl-D-aspartate
(NMDA), a-amino-3-hydroxy-5-methyl-4-isoxazole-
propionate (AMPA) and kainate. Eight mammalian
mGlu receptor subtypes have been identified and
classified into three groups (I, II and III) based on
sequence homology, signal transduction pathways and
pharmacological selectivity (for review, Kenny &
Markou 2004). Group I (mGlul and mGlu5) receptors
are predominately located postsynaptically where they
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couple to Gg-proteins to activate phospholipase C. In
addition, group I receptors couple to intracellular
Homer proteins that play an important role in
trafficking mGlu receptors in and out of the synapses
and functionally connect metabotropic to ionotropic
glutamate receptors. Group II (mGlu2 and mGlu3)
receptors are primarily found presynaptically and also
on glial cells and couple to G;,, proteins to negatively
regulate adenylyl cyclase activity. Group III (mGlu4,
mGlu6, mGlu7 and mGlu8) receptors are predomin-
ately presynaptic autoreceptors coupled to Gy,-proteins
to decrease adenylyl cyclase activity. Thus, mGlu
receptors are slow acting and modulate glutamate
transmission. They are also widely, but differentially,
expressed in the brain. Hence, these receptors offer
unique opportunities to alter in pharmacologically subtle
ways glutamate transmission, and thus affect motivated
behaviour and affective processes without producing
gross undesirable or toxic side effects (Markou 2007).
As discussed above, nicotine increases glutamate
release by agonist actions at excitatory presynaptic
nAChRs on glutamatergic terminals in various brain
sites, including the VTA, nucleus accumbens, pre-
frontal cortex and hippocampus (for reviews, see
Mansvelder & McGehee 2002; Kenny & Markou
2004). Furthermore, glutamatergic afferents project
from areas such as the frontal cortex, amygdala and
hippocampus to brain site that contain dopaminergic
cell bodies or terminals, such as the VTA and the
nucleus accumbens (for a review, see Kenny & Markou
2004). Indeed, experimenter-administered nicotine
has been shown to increase glutamate levels in the
VTA (Fu et al. 2000), which presumably acts at
metabotropic and ionotropic glutamate receptors
on postsynaptic dopamine neurons and increases
their bursting activity and neurotransmitter release.
Considerable evidence suggests that these actions partly
mediate the reinforcing effects of acute nicotine.
Specifically, the blockade of postsynaptic mGlu5
receptors with 2-methyl-6-(phenylethynyl)-pyridine
(MPEP) decreased intravenous nicotine self-
administration in rats and mice (Paterson ez al. 2003)
and also decreased the motivation to self-administer
nicotine assessed by the progressive ratio schedule of
reinforcement (Paterson & Markou 2005). Further-
more, the blockade of postsynaptic NMDA receptors
either globally via systemic administration of an
NMDA receptor antagonist or via injections of
the NMDA receptor antagonist directly into the VTA
or the central nucleus of the amygdala decreased
intravenous nicotine self-administration in rats
(Kenny er al. in press). The effects of mGlu5 and
NMDA receptor antagonists on intravenous nicotine
self-administration are both seen at doses that have no
effects on responding for food reinforcement under
similar schedules of reinforcement or reinforcement
schedules that equate overall rates of responding for
nicotine and food. The effects of the glutamate
compounds on nicotine self-administration are likely
to be mediated by attenuation of nicotine-stimulated
glutamate transmission in the mesolimbic system via
the blockade of postsynaptic mGlu5 or NMDA
receptors. Finally, the administration of 1.Y379268,
an mGlu2/3 receptor agonist, systemically or directly

Phil. Trans. R. Soc. B (2008)

into the posterior VITA or the nucleus accumbens
shell dose-dependently decreased nicotine self-
administration at doses that had no effect on respond-
ing for food. Considering that mGlu2/3 receptors are
located presynaptically and negatively modulate
glutamate release, the latter data are consistent with
the NMDA and mGlu5 receptor data that indicate that
decreasing glutamate transmission blocks the reward-
ing effects of nicotine, thus leading to decreases in
nicotine self-administration. Unfortunately, however,
rapid tolerance occurred to the 1.Y379268-induced
decreases in nicotine self-administration, possibly
attributable to the rapid adaptations in function that
these receptors have been shown to exhibit (see below).
This potential tolerance is unfortunate and may limit
the potential usefulness of mGlu2/3 receptors as targets
for the treatment of nicotine dependence. Medications
for smoking cessation, therefore, would need to be
administered chronically to humans to aid in smoking
cessation. The chronic effects of repeatedly adminis-
tering other glutamate compounds that have been
shown to decrease nicotine self-administration in rats
have not yet been investigated.

As discussed previously, in addition to the primary
rewarding effects of nicotine, it also enhances the reward
value of other rewarding stimuli (Harrison ez al. 2002).
Nicotine enhances the reward value of brain stimulation
reward so that rats require lower current intensities
than under baseline conditions to perceive the stimu-
lation as rewarding (Harrison ez al. 2002). Similarly to
the primary rewarding effects of nicotine, the reward-
enhancing effects of nicotine were also blocked by the
administration of an mGlu5 receptor antagonist or an
mGlu2/3 receptor agonist, compounds that both
decrease glutamate transmission (Harrison ez al. 2002).
However, this ‘blockade’ of the reward-enhancing
effects of nicotine may be a ‘non-specific effect’. The
effects of nicotine and glutamatergic compounds are
additive. That is, nicotine enhances brain reward
function, and the glutamate compounds decrease
brain reward function, resulting in an apparent
blockade of the reward-enhancing effects of nicotine.
Although these effects appear to be pharmacologically
additive coupled with the ability of these compounds to
decrease nicotine self-administration, these additive
effects on nicotine-induced enhancement of reward
may be clinically relevant. These compounds may
block the ability of tobacco smoking to enhance the
reward value of environmental stimuli and thus remove
a source of motivation to smoke tobacco.

With chronic exposure to nicotine and the develop-
ment of nicotine dependence, adaptations in glutamate
neurotransmission occur, which are likely to mediate
the behavioural signs of nicotine withdrawal. In a series
of studies, we investigated adaptations in glutamate
receptors that may mediate the deficits in brain reward
function measured by elevations in ICSS thresholds
associated with nicotine withdrawal in rats. The
mGlu2/3 receptor agonist 1.Y314582 precipitated
withdrawal-like elevations in ICSS thresholds, a
sensitive measure of reward function, in nicotine-
dependent but not in control rats. 1.Y314582 did not
affect response latencies, a measure of performance in
the ICSS paradigm. These effects were seen either
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Figure 3. Effects of 24-hour withdrawal from nicotine or food self-administration on functional coupling of mGlu2/3 receptors
to G-proteins. Stimulation of [*>’S]GTPyS binding by the mGlu2/3 receptor agonist LY354740 was significantly decreased in
rats self~administering nicotine (filled circles) compared with animals responding for food (open circles), suggesting mGlu2/3
receptor downregulation in all assessed brain areas (1.Y354740Xreward interactions, *p<0.05, *#p<0.001, *p<0.05,
**p<0.01, ***p<0.001, difference from food). Data are expressed as mean +s.e.m., n==6. Adapted from Liechti ez al. (2007).
(a) Prefrontal cortex, (b) nucleus accumbens, (¢) VTA, (d) amygdala.

when 1.Y314582 was injected systemically or when
microinfused directly into the VTA (Kenny er al.
2003). These behavioural data suggest that altered
function/number of mGlu2/3 receptors, particularly in
the VTA, after chronic exposure to nicotine renders
them more sensitive to the effects of an agonist. This
interpretation is corroborated by recent findings
demonstrating that 24 hours after the last daily
intravenous nicotine self-administration session,
mGlu2/3 receptor function was downregulated,
demonstrated by decreased coupling of mGlu2/3
receptors to G-proteins in the [>>S]GTPyS-binding
assay in all brain sites assessed, including the VTA,
prefrontal cortex, nucleus accumbens, amygdala,
hippocampus and hypothalamus (figure 3). Because
mGlu2/3 receptors mainly function as inhibitory
autoreceptors to control glutamate release, this
decrease in mGlu2/3 receptor function indicates
impaired negative feedback control on glutamatergic
terminals, possibly to counteract the decreased
glutamate transmission that probably characterizes
early nicotine withdrawal. Consistent with this
interpretation, a single injection of the Glu2/3 receptor
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antagonist 1.Y341495 attenuated the threshold elevations
observed in rats undergoing spontaneous nicotine with-
drawal (Kenny ez al. 2003).

To further explore whether alterations in mGlu2/3
receptor function contribute to nicotine withdrawal by
decreasing glutamatergic transmission, we examined
whether direct blockade of postsynaptic glutamate
receptors precipitated withdrawal-like reward deficits
in nicotine-dependent rats. Indeed, the AMPA/kainate
receptor antagonist NBQX precipitated withdrawal-
like threshold elevations in nicotine-dependent but not
in control rats, indicating that decreased glutamate
neurotransmission through these receptors contributes
to the reward deficits associated with nicotine with-
drawal. This conclusion is corroborated by findings
showing that 24 hours after nicotine self~administration,
increased postsynaptic expression levels of the following
were observed: (i) NMDA receptor NR2A subunit in
the VTA, (ii) NR1, NR2A and NR2B subunits in the
central nucleus of the amygdala, (iii) AMPA receptor
GluR1 and GluR2 subunits in the central nucleus of
the amygdale, and (iv) GluR1 subunit in the nucleus
accumbens (Kenny ez al. in press). Additionally,
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decreased expression levels of the NR2A, NR2B and
Glu2 subunits were observed in the prefrontal cortex,
and these effects were similar to those seen previously
in rat brains immediately after prolonged nicotine self-
administration sessions (Wang ez al. 2007). This
increased expression of ionotropic glutamate receptor
subunits may reflect compensatory changes in the
glutamatergic system to counteract the effects of
decreased glutamate transmission associated with the
nicotine withdrawal state. Interestingly, the opposite
effects (i.e. decreases rather than increases) in the
expression of postsynaptic glutamate receptor subunits
were seen in the prefrontal cortex in these same
subjects, indicating that different brain sites may
mediate different aspects of nicotine dependence. For
example, increased activity of glutamatergic pro-
jections from the prefrontal cortex to the nucleus
accumbens has been shown to play an important role in
cocaine seeking (Moran er al. 2005) and the same
appears to be true for nicotine (Liechti ez al. 2007).
Thus, increased glutamate neurotransmission appears
to occur during nicotine self-administration and
perhaps during nicotine seeking, while decreased
glutamate transmission occurs during early nicotine
withdrawal that probably mediates the reward deficits,
and perhaps other behavioural effects, associated with
nicotine withdrawal and low nicotine seeking. Inter-
estingly, however, MPEP or dizocilpine, antagonists at
mGlu5 and NMDA receptors, respectively, did not
precipitate reward deficits in nicotine-dependent rats.
Overall, these data demonstrate that mGlu2/3
receptors play an important role in generating the
reward deficits associated with nicotine withdrawal, in
part by decreasing glutamate transmission at AMPA/
kainate receptors (Markou 2007). Nevertheless,
although antagonists at mGlu5 receptors decrease the
rewarding effects of nicotine self-administration
(Paterson et al. 2003; see above) and block cue-
induced reinstatement (Bespalov ez al. 2005; see
below), these receptors do not appear to show adap-
tations in function/number with the development of
nicotine dependence.

Finally, glutamate appears to play an important role
in the reinstatement of nicotine-seeking behaviour seen
during protracted abstinence. Systemic administration
of the mGlu5 receptor antagonist MPEP (Bespalov
et al. 2005) or the mGlu2/3 receptor agonist
LY379268 (Liechti er al. 2007) decreased cue-induced
reinstatement of nicotine seeking in rats. In the case of
MPEP, no effects on cue-induced reinstatement of
food were observed. In the case of L.Y379268, similar
doses decreased cue-induced reinstatement of either
nicotine or food seeking, suggesting that stimulatory
actions at presynaptic inhibitory mGlu2/3 receptors
have general effects on the motivational impact of
conditioned reinforcers. Thus, protracted abstinence
may be associated with an enhanced glutamate
response to environmental stimuli that have motiva-
tional significance, and this response may be blocked
by compounds that directly (e.g. antagonists at
postsynaptic glutamate receptors) or indirectly (agon-
ists at presynaptic inhibitory glutamate receptors)
diminish the glutamate response to the stimuli
(Moran et al. 2005).
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(b) y-Aminobutyric acid

GABA is the major inhibitory transmitter in the brain
and another transmitter system critically involved in the
reinforcing effects of acute nicotine administration.
GABAergic afferents to the VTA from the pedunculo-
pontine tegmental nucleus, ventral pallidum and nucleus
accumbens, as well as GABA interneurons within the
VTA and medium spiny GABA neurons in the nucleus
accumbens, inhibit dopaminergic mesocorticolimbic
activity (Klitenick er al. 1992). As discussed previously
and depicted in figure 1, complex interactions occur
between the GABA, dopaminergic and glutamatergic
systems in the VTA (Mansvelder & McGehee 2002).
Increased GABAergic transmission abolishes both the
nicotine-induced dopamine increases in the nucleus
accumbens and the reinforcing effects of nicotine
(Dewey et al. 1999; Brebner ez al. 2002). y-Vinyl
GABA (GVG; also referred to as vigabatrin) is an
irreversible inhibitor of GABA transaminase, the
primary enzyme involved in GABA metabolism. Thus,
administration of GVG increases GABA levels, and
accordingly decreases nicotine self-administration
(Paterson & Markou 2002) and abolishes both the
acquisition and the expression of conditioned place
preference (Dewey er al. 1998). GVG administration
also dose dependently lowered nicotine-induced
increases in nucleus accumbens dopamine in both
naive and chronically nicotine-treated rats and blocked
nicotine-induced increases in striatal dopamine in
primates as measured by positron emission tomography
(Brebner ez al. 2002).

The use of receptor-selective agonists suggests the
involvement of GABAg receptors in these effects. Two
receptors bind the endogenous neurotransmitter GABA:
GABA, ionotropic receptors and GABAg metabotropic
receptors. Both GABA, and GABAg receptors are
inhibitory and both are found presynaptically and
postsynaptically. Systemic injections or microinjections
of baclofen or CGP44532 [(3-amino-2[S]-hydroxypro-
pyl)-methylphosphonic acid], two GABAg receptor
agonists, into the nucleus accumbens shell, VTA or
pedunculopontine tegmental nucleus that sends cholin-
ergic, GABAergic and glutamatergic projections to the
VTA (but not injections into the caudate—putamen)
decreased the reinforcing effects of nicotine (Shoaib ez al.
1998; Corrigall er al. 2000, 2001; Fattore ez al. 2002;
Paterson er al. 2004; figure 4a). These decreases in
nicotine self~-administration persisted even after chronic
administration of CGP44532 for 14 days, indicating
little tolerance to this effect of the GABAg receptor
agonist with this length of treatment (Paterson er al.
2005b). The issue of tolerance is important because drug
therapies currently need to be administered chronically
to humans for smoking cessation. However, in studies of
rats, GVG and GABAg receptor agonists also decreased
responding for food, although at higher doses than the
threshold doses for inducing decreases in nicotine self-
administration (Paterson & Markou 2002; Paterson ez al.
2004, 2005b; figure 4a). These effects on responding
for food may reflect non-specific performance effects of
the GABAergic compounds or specific effects on food
intake. The latter possibility is intriguing because
abstinence-associated weight gain is often a concern
for smokers, especially women, who wish to quit
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Figure 4. Acute administration of the GABAg receptor agonist CGP44532 decreased nicotine self-administration and cue-
induced reinstatement of nicotine seeking. (@) Primary rewarding effects: nicotine was available for self~-administration at either
of two doses (0.01 or 0.03 mg kg~ ! per infusion base). Rats were trained to respond for nicotine or food under a fixed ratio 5,
time out 20 s schedule of reinforcement. CGP44532 administration decreased both nicotine and food self-administration but
affected nicotine self~administration at doses lower than those that decreased food self-administration. Data are expressed as
percentage of baseline responding (mean+s.e.m.). *p<0.05, difference from vehicle pretreatment condition. *p<0.05,
difference from the group that responded for food and received the same CGP44532 dose. Adapted from Paterson ez al. (2004).
Open bars, 0.03 mg kg ™! per infusions of nicotine (z=10); hatched bars, 0.01 mg kg~ ! per infusions of nicotine (n=8); filled
bars, food (n=12). (b) CGP44532 administration blocked cue-induced reinstatement of nicotine seeking in rats. A within-
subjects design was used where all rats (r=238) received all doses of CGP44532. Between drug treatments, rats were returned to
extinction conditions. *p<0.05, **p<0.01, difference from saline pretreatment. *p<0.05, difference between the test day and
the preceding 3-day baseline. Data are expressed as mean number of lever presses +s.e.m. Adapted from Paterson ez al. (20055).

Open bars, extinction conditions (n=_8); filled bars, conditioned stimulus presentation.

smoking cigarettes. Finally, the GABAg receptor agonist
CGP44532 also blocked cue-induced reinstatement of
nicotine-seeking behaviour (figure 4b). Thus, increased
GABA transmission through GABAg receptor activation
blocks the reinforcing effects of nicotine.

Nonetheless, GABAg receptor agonists have undesir-
able side effects, including disruption of performance on
the rotarod test, a measure of locomotor impairment
(Cryan et al. 2004), and decreased responding for non-
drug rewards, such as food and electrical brain
stimulation (Macey er al. 2001; Paterson er al. 2005a;
Slattery et al. 2005). Interestingly, GABAg receptor-
positive allosteric modulator compounds, such as
GS39783 and the more recently synthesized BHF177,
are likely to have more subtle effects than GABAg
receptor agonists, due to their modulatory, rather than
full agonist, properties at the receptors (Guery ez al.
2007). Accordingly, such compounds do not impair
performance in the rotarod test when administered
alone (Cryan ez al. 2004). In a series of recent studies,
we demonstrated that several GABAp receptor
positive allosteric modulators decreased nicotine self-
administration, decreased break points for nicotine
under a progressive ratio schedule of reinforcement
and blocked the reward-enhancing effects of nicotine
(Paterson et al. in press). These effects were seen at a
range of doses that did not affect behaviours reinforced
by food. Thus, GABAg receptor-positive allosteric
modulators may decrease the rewarding and reward-
enhancing effects of nicotine with a better side effect
profile than full GABAg receptor agonists.

(c) Adaptations in nAChR function

Chronic nicotine administration leads to an interesting
paradoxical change in the function of nAChRs, which
consists of receptor desensitization leading to receptor
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upregulation (Marks et al. 1983; Schwartz & Kellar
1983; Changeux et al. 1984; Wonnacott 1990; Flores
et al. 1997; Perry et al. 1999; Mansvelder ez al. 2002).
Complex theoretical speculations have been put forth
about the role of nAChR desensitization and upregula-
tion in the subjective effects of acute nicotine and in the
development and maintenance of nicotine dependence
(Marks er al. 1992; Dani & Heinemann 1996;
Buisson & Bertrand 2002; Quick & Lester 2002).
Long-term exposure to nicotine induces an increase in
the number (Wonnacott 1990; Marks er al. 1992;
Buisson & Bertrand 2001) and function (Rowell &
Wonnacott 1990) of nAChRs. Nevertheless, this
finding is not consistently demonstrated; others have
observed a decrease in nAChR number (Gentry ez al.
2003) and function (Marks et al. 1993) with chronic
exposure to nicotine. Most studies reporting changes in
nAChR number and function have been conducted in
in vitro experimental designs, and the functional
significance of these changes iz vivo is unknown
(Buisson & Bertrand 2002) and needs to be explored
(Kellar et al. 1999). Behavioural findings are most
readily explained by decreased number and/or function
of nAChRs with the development of nicotine depen-
dence that counteract the continuous agonist actions of
nicotine on the receptors. Specifically, administration of
a variety of nAChR antagonists induces withdrawal-like
changes in rats exposed to nicotine at doses that have no
effect in saline-treated subjects (Epping-Jordan ez al.
1998; Watkins et al. 2000; Markou & Paterson 2001;
Skjei & Markou 2003). Furthermore, different subtypes
of nAChRs desensitize and upregulate at different rates,
which may explain the seemingly opposite effects seen
in some studies (Kellar ez al. 1999; Buisson & Bertrand
2002; Levin 2002; Mansvelder et al. 2002). For
example, Mansvelder & McGehee (2002) have shown
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rapid desensitization of the a4B2 nAChR located on
GABAergic terminals and no changes in a7 nAChR
function located on glutamatergic terminals in the VTA.
Behaviourally, we observe the net effect of these
complex adaptations in different receptor types and
brain sites. Thus, adaptations in nAChR number and
function probably contribute to the various aspects of
nicotine dependence and the difficulty in achieving and
sustaining nicotine abstinence.

4. CONCLUSIONS

Ample evidence indicates that cholinergic—glutamater-
gic—cGABAergic—dopaminergic interactions in limbic
brain sites, such as the VTA (figure 2), are critically
involved in the primary rewarding effects of nicotine,
and possibly the reward-enhancing effects of nicotine.
Although many investigations have been conducted
that focus on the VTA, it should be emphasized that
other brain sites, such as the central nucleus of the
amygdala and the frontal cortex, are probably involved
in the behavioural effects of nicotine with relevance to
dependence. Nicotine-induced changes in these brain
sites have started to be investigated, as well as how
manipulations of these brain sites may impact on the
effects of nicotine (e.g. Liechti er al. 2007; Wang ez al.
2007; Kenny ez al. in press). Accordingly, compounds
that decrease glutamate transmission either through
presynaptic or postsynaptic action, or enhance GABA
function through GABAg receptors, decrease the
primary rewarding effects of nicotine, the motivation
to self-administer nicotine and the reward-enhancing
effects of nicotine, as well as the motivational impact of
stimuli previously associated with nicotine adminis-
tration. Furthermore, neurochemical and behavioural
evidence demonstrates profound changes in glutamate
transmission in limbic brain sites, such as the VTA,
nucleus accumbens, amygdala and frontal cortex,
which are likely to be critically involved in the
development of dependence and the expression of
affective signs of nicotine withdrawal upon cessation of
drug administration. As anticipated, the changes in
nAChR receptor number and function are also
observed with the development of nicotine depen-
dence, with different receptors showing differential
changes in response to chronic nicotine exposure. By
contrast, no evidence has shown adaptations in GABA
function with the development of nicotine dependence,
although this system is critically involved in the acute
effects of nicotine. Thus, compounds that modulate
glutamate and/or GABA transmission are likely to have
therapeutic potential for treating various aspects of
nicotine dependence and withdrawal.
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