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Abstract

Tobacco smoking, driven by the addictive properties of nicotine, continues to be a worldwide
health problem. Based on the well-established role of glutamatergic neurotransmission in drug
addiction, novel medication development strategies seek to halt nicotine consumption and prevent
relapse to tobacco smoking by modulating glutamate transmission. The presynaptic inhibitory
metabotropic glutamate receptors (mGIuR) 2/3 are key autoreceptors on glutamatergic terminals
that maintain glutamate homeostasis. Accumulating evidence suggests the critical role of
mGIuR2/3 in different aspects of nicotine addiction, including acquisition and maintenance of
nicotine taking, nicotine withdrawal, and persistent nicotine seeking even after prolonged
abstinence. The involvement of mGIuR2/3 in other neuropsychiatric diseases, such as anxiety,
depression, schizophrenia, Alzheimer’s disease, Parkinson’s disease and pain, provides convincing
evidence suggesting that mGIuR2/3 may provide an effective therapeutic approach for comorbidity
of smoking and these disorders. This focused review article highlights that mGluR2/3 provide a
promising target in the search for smoking cessation medication with novel mechanisms of actions
that differ from those of currently FDA-approved pharmacotherapies.
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Tobacco smoking causes major global health problems including lung cancer and
cardiovascular disease, resulting in approximately one-tenth of all worldwide premature
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adult deaths (1).The development of novel more effective smoking cessation treatments is
essential, because currently available therapies remain largely ineffective in the majority of
people that attempt to quit (2, 3). Recent studies on the neurophysiological mechanisms
involved in drug addiction highlight potential targets for the development of effective
medications. The well-established role of glutamatergic transmission in the acquisition,
development and expression of dependence to different drugs of abuse (4-6) provides
converging evidence indicating that modulation of glutamate neurotransmission could
provide a promising way to intervene in the development of drug addiction at different
points along the causal chain.

Inhibition of glutamatergic transmission through various means has been found to attenuates
nicotine-induced behavioral effects in measures of the reinforcing and motivational effects,
reward enhancement, and reinstatement of nicotine-seeking (4, 6-14). However, approaches
using direct ionotropic glutamate receptor (iGIuRs) antagonists exhibit serious limitations,
including neurotoxicity and severe adverse behavioral effects (15). Metabotropic glutamate
receptors (MGIuURs) are functionally slow-acting modulators of glutamate transmission, and
targeting these receptors may therefore entail less risk of unwanted side effects (16). Group
Il (mGIuR2/3) receptors are the key autoreceptors maintaining glutamate homeostasis (17,
18). Accumulating studies demonstrated that activation of mGIuR2/3, specifically mGIuR2,
inhibits the rewarding and motivational effects of multiple drugs of abuse, such as cocaine,
morphine, heroin, nicotine and alcohol, with an acceptable side-effect profile (18-23). This
review article summarizes our current knowledge of mGIuR2/3 in nicotine addiction
supporting therapeutic interventions targeting these receptors for smoking cessation.

NEUROBIOLOGY OF MGLUR2/3

Protein and mRNA expression studies reveal mGluR2/3 to be distributed in brain regions
and circuits associated with neuropsychiatric disorders, including drug addiction. High
density of mGIuR2/3 has been identified in brain areas related to processing of reward,
motivated behaviors, learning, memory and emotion, including the nucleus accumbens
(NAC), dorsal striatum, hippocampus, amygdala, prefrontal cortex (PFC), thalamus, and
olfactory bulb (24-26). Although the distributions of mGIuR2 and mGIuR3 are overlapping
in many brain regions, mGIuR3 has broader distributions than mGIluR2. Moreover, the
cellular locations of these two receptor subtypes are different; mGIuR2 is extensively
expressed on presynaptic axon terminals, whereas mGIuR3 is located on both presynaptic
and postsynaptic elements as well as on glia cells (24-26).

mGIuR2/3 performs a modulatory role on synaptic neurotransmission by coupling to Gi/o
proteins which negatively regulate adenylyl cyclase activities and directly regulates ion
channels and other downstream signaling partners via liberation of Gg,, subunits (27).
mGIuR2/3 controls neurotransmitter release through different mechanisms including
inhibition of presynaptic Ca+ channels, activation of presynaptic K+ channels, or direct
interference with vesicular release (27). They function as autoreceptors to regulate the
release of glutamate and as heteroreceptors to regulate the release of -y-aminobutyric acid
(GABA) and dopamine (28). Several electrophysiological studies support this conclusion.
Specifically, the mGIluR2/3 agonists L-CCG1 and (1S,3S)-ACPD increased paired pulse
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facilitation, decreased miniature excitatory post synaptic currents (EPSCs) frequency
without affecting the amplitude in rat NAc slices (29), suggesting mGIuR2/3 activation
decreases glutamate release from the presynaptic terminal. In addition, the mGIuR2/3
agonists DCG IV and APDC increased the paired pulse ratio and the coefficient of variation
of the EPSCs in both excitatory and inhibitory neurons in mouse thalamocortical slices, and
this effect was blocked by the mGIluR2/3 antagonist LY 341495 (30). Moreover, DCG IV and
L-CCG1 decreased EPSCs in rat subthalamic nucleus slices, and this effect was reversed by
LY341495 (31).

Consistent with these /n vitro electrophysiological findings, /7 vivo microdialysis studies
found that intra-NAc infusion of APDC reduced extracellular glutamate levels in the NAc
(32). Intra-NAc infusion of the agonists LY 379268, DCG-IV, and LY 354740 reduced
extracellular dopamine levels in the NAc (28, 33, 34). Interestingly, several lines of evidence
suggest that mGIuR2/3 activity regulates basal glutamate and dopamine levels. Specifically,
intra-PFC infusion of the antagonist LY341495 augmented basal glutamate levels not only in
the PFC itself, but also in the downstream projection areas including the NAc and ventral
tegmental area (VTA) (35, 36). Similarly, intra-NAc of LY 341495 increased basal NAc
glutamate levels (32). Furthermore, intra-NAc of another mGluR2/3 antagonist MGS0039
increased extracellular NAc dopamine levels (34). Altogether, these data suggest mGIuR2/3
activation may provide an important negative feedback mechanism to prevent excessive
glutamate and dopamine neurotransmission in the mesocorticolimbic system implicated in
the pathophysiology of neuropsychiatric disorders, including substance use disorders. Given
the well-established role of these neurotransmitters in mediating nicotine reward,
withdrawal, and seeking behavior (4-6), pharmacological interventions directed at
mGIuR2/3 may have therapeutic potential in the treatment of nicotine addiction through an
action on several underlying mechanisms.

MGLUR2/3 AND NICOTINE REWARD

Nicotine addiction is characterized by the persistence of compulsive nicotine taking, the
emergence of aversive withdrawal symptoms upon abstinence from smoking (e.g.,
anhedonia, anxiety, craving and irritability), and relapse to tobacco smoking even after
periods of abstinence (37). Tobacco smoking or nicotine administration produces mild
euphoria, increased arousal, relaxation and decreased fatigue in humans. The rewarding
effects and conditioned reinforcement of nicotine drive the acquisition and maintenance of
tobacco use (38). Animal studies demonstrate that mGIluR2/3 activation attenuated nicotine
reinforcement. Specifically, systemic administration of the agonist LY379268 decreased
nicotine self-administration in rats (14) and squirrel monkeys (39), suggesting that
mGIuR2/3 activation inhibits the primary reinforcing effects of nicotine. These effects are at
least partially medicated by mGIluR2/3 in the mesolimbic pathway because local injection of
LY 379268 into the VTA and NAc produced similar inhibitory effects (14). These effects
appear dose dependent: 3 mg/kg LY 379268 decreased both nicotine and food taking,
suggesting nonspecific locomotor effects or cognitive impairment at high dose. However, 1
mg/kg LY 379268 selectively decreased nicotine but not food taking, suggesting that low
dose of LY379268 specifically inhibits the reinforcing effects of nicotine but not those of a
natural reinforcer. Similar effects were observed with the mGIuR2 positive allosteric
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modulators (PAM), which differ from full agonists by binding to the sites distinct from the
orthosteric binding site and potentiate the potency and maximal efficacy of agonists, such as
endogenously released glutamate. Specifically, the mGluR2 PAM AZD8418 and AZD8529
inhibited nicotine self-administration but had no effect on food-maintained responding in
rats (40). AZD8529 also inhibited nicotine and, to a lesser extent, food self-administration in
squirrel monkeys (41). Furthermore, another mGluR2 PAM from different class (i.e., a
benzothiazolone derivative) attenuated nicotine self-administration in rats (42). Altogether,
these results highlight the important role of mGIuR2/3 in the mesolimbic pathway in
nicotine reinforcement and suggest that mGIuR2 activation alone may be sufficient to
produce a therapeutic effect. Moreover, selective mGIuR2 ligands may produce fewer
unwanted side effects than the ligands targeting both receptors.

The agonist LY 314582 blocked nicotine-induced decreases in intracranial self-stimulation
(ICSS) thresholds. However, LY 314582 itself also elevated ICSS thresholds (43). Similarly,
the mGIluR2 PAM BINA elevated ICSS thresholds (44). Although its effect on nicotine-
enhanced brain reward is unknown, BINA blocked cocaine-induced decrease in ICSS
thresholds (44). These findings indicate that mGIuR2/3 activation attenuates nicotine-
enhanced brain reward function. However, this action is most likely due to the intrinsic
aversive effect of this compound, rather than directly reversing the reward-enhancing effects
of nicotine.

The mesocorticolimbic dopamine pathway that originates in the VTA and projects to the
NAc and PFC play a key role in mediating the reinforcing and motivational properties of
nicotine (Figure 1) (45-47). Nicotine augments the firing frequency of VTA dopamine
neurons through complex interactions among acetylcholine, glutamate, GABA and
dopamine, leading to increased dopamine in the NAc (6, 48-53). The mechanisms of these
interactions have been described in detail by Markou’s group previously (6). Among them,
two mechanisms are most relevant to the topic addressed in this review. First, nicotine
directly activates dopamine neurons by binding to a4p2-containing nicotinic acetylcholine
receptors (NAChRs) (48, 54, 55). Second, nicotine indirectly activates dopamine neurons by
enhancing presynaptic glutamate release via binding to a7 nAChRs on glutamate terminals
(56-58) and by promoting the induction of NMDA-dependent long-term potentiation at
excitatory synapses (59). Glutamatergic afferents from the PFC, lateral hypothalamus,
ventral pallidum and amygdala regulate VTA dopamine cell activity (60). Based on this
interplay of effects, nicotine-enhanced glutamate neurotransmission, at least in part,
mediates the reinforcing and incentive motivational properties of tobacco smoke or acute
nicotine administration (8, 61, 62). /n vivo microdialysis studies found that the mGIluR2/3
agonist LY379268 and the mGIuR2 PAM AZD8529 attenuated nicotine-induced increases in
NAc dopamine levels in nicotine-naive and nicotine-experienced animals (41, 63). Thus, it
appears that pretreatment with mGIluR2/3 agonists trigger presynaptic negative feedback on
glutamatergic neurotransmission, preventing further release of nicotine-induced glutamate
and dopamine, therefore blocking the reinforcing effects of nicotine.

Biol Psychiatry. Author manuscript; available in PMC 2019 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cross et al. Page 5

MGLUR2/3 AND NICOTINE WITHDRAWAL

In humans, nicotine withdrawal is associated with negative affective symptoms, such as
anxiety, depression and irritability (37). In contrast to the somatic signs that are primarily
peripherally mediated, the centrally-mediated negative affective withdrawal signs are
hypothesized to critically contribute to the persistence of nicotine taking and relapse to
smoking after abstinence (61, 64—68). Hence, amelioration of these affective signs of early
nicotine withdrawal may prevent relapse to smoking when the urge to reinitiate nicotine use
is the strongest (69-71).

In rodents, nicotine withdrawal is associated with aversive affective signs, such as anhedonia
and anxiety-like behavior (74-478). However, these affective signs of nicotine withdrawal
are difficult to detect reliably in most of the tests used to model such states, such as the
forced swim, elevated plus maze and light-enhanced startle tests. (74). On the other hand,
the anhedonic aspect of nicotine withdrawal (i.e., a reward deficit) has been reliably
measured using the ICSS procedure. Since the first successful application of ICSS to assess
the anhedonia during nicotine withdrawal by Dr. Markou two decades ago (77), several lines
of evidence have suggested the potential involvement of glutamate receptors in the
anhedonic-like signs of nicotine withdrawal using this procedure. Specifically, the AMPA/
kainate receptor antagonist NBQX (9) and the mGIuR5 antagonist MPEP (78) aggravated
brain reward deficits associated with nicotine withdrawal. Importantly, the mGIuR2/3
antagonist LY 341495 reversed, while the agonist LY 314582 exacerbated, the affective signs
of nicotine withdrawal in rats (79). However, another mGluR2/3 agonist LY 379268 had no
significant effect on nicotine withdrawal-induced reward deficits (80).

Compared to the well-documented neuromechanisms underlying nicotine reward and
reinstatement of nicotine seeking, the neuromechanisms underlying nicotine withdrawal are
largely unknown. It is generally accepted that repeated drug administration results in cellular
and molecular adaptations in the same systems that mediate the reinforcing effects of drugs
(6, 81). Thus, glutamatergic neurotransmission within the mesocorticolimbic system is likely
involved in the development of drug dependence, withdrawal, and expression of drug
seeking (81, 82). Chronic nicotine exposure induced a downregulation in cysteine-glutamate
exchange (83), increased expression of postsynaptic AMPA and NMDA receptor subunits
(9, 84), areduction in the glutamate transporter-1 and an enduring increase in dendritic spine
head diameter (85). Strikingly, daily nicotine self-administration resulted in wide-spread
downregulation of mGIuR2/3 function in most cortical and limbic brain sites, including the
PFC, NAc, VTA, amygdala, hippocampus and hypothalamus (14), indicating an impaired
negative feedback control on glutamatergic terminals and suggesting the crucial role of
mGIuR2/3 in the development of nicotine addiction. These observed changes are likely to be
adaptations developed to counteract the decreased glutamatergic tone (i.e.,
hypoglutamatergic state) upon abrupt cessation of nicotine administration (6, 21, 85-88).
Altogether, these findings suggest that early nicotine withdrawal symptoms may be driven,
in part, by these neuroadaptations in glutamatergic transmission (6, 21, 85, 88).

This hypoglutamate hypothesis may explain why compounds that decrease glutamate
transmission (e.g., the AMPA/kainate receptor antagonist NBQX, the mGIuR2 agonist
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LY 314582 or the mGIuR5 antagonist MPEP) worsened, while compounds that increase
glutamate release (e.g., the mGIuR2 antagonist LY 341495) ameliorated, early nicotine
withdrawal-induced reward deficits as indicated above. However, given that LY 314582 or
MPEP itself also elevated brain reward thresholds (43), it is most likely that the actions of
mGIuR modulation on early nicotine withdrawal-induced reward deficits are due to additive,
rather than synergistic, effects on ICSS thresholds. It is interesting that brain reward deficit
after nicotine removal is short lasting in animal studies, with an effect peaked at 24 hours
after nicotine removal and returned back to baseline within 36 hours (79). The dynamic
changes of glutamatergic neurotransmission in the brain during the course of nicotine
withdrawal is unknown; how long do the hypoglutamate status and nicotine-induced
receptor/transporter adaptations last and how does this hypoglutamate status contribute to
early relapse? A better understanding of these questions will increase our knowledge of
nicotine dependence.

It is noteworthy that while early nicotine withdrawal contributes to smoking relapse soon
after quitting, the conditioned-craving induced by smoking-associated cues may be another
important factor underlying relapse even after prolonged abstinence when baseline craving
and early withdrawal symptoms have progressively subsided (89). Human studies have
shown that smoking-cue-provoked cigarette craving time-dependently increases within the
first 35 days of abstinence (89). We (90) and others (91) have assessed the impact of nicotine
withdrawal periods on vulnerability to cue-induced nicotine seeking in rats. We found that
cue-induced nicotine craving is long-lasting and persists even after 42 days of forced
withdrawal in the home cages, with highest levels of nicotine-seeking responding around 7—
21 days of withdrawal (90). The neurobiological mechanisms underlying incubation of
nicotine craving are largely unknown. Increased Fos expression in different brain areas (e.g.,
amygdala, PFC, orbitofrontal cortex and NAc) were observed after 14 days of nicotine
withdrawal (91). Due to the important role of glutamate system in nicotine withdrawal and
nicotine seeking, assessment of the involvement of glutamate receptors including mGIuR2/3
on incubation of nicotine craving may be warranted. Interestingly, recent studies by Caprioli
et al show that the mGIuR2 PAM AZD8529 attenuated incubation of methamphetamine
craving (92).

MGLUR2/3 AND REINSTATEMENT OF NICOTINE SEEKING

High rate of relapse to smoking is a major hurdle to long-term quitting. Maintenance of
tobacco smoking is largely driven by conditioned motivational effects of environmental
stimuli (e.g., the sight and smell of a lit cigarette or contexts within which smoking occurs)
previously associated with smoking (93, 94). These conditioned cues also play an important
role in relapse to smoking in humans (95-97). Smokers report strong urges to smoke after
being exposed to specific environments in which they used to smoke (98).

In animal studies, nicotine administration facilitates the formation of strong associations
between environmental cues and nicotine. Specifically, conditioned stimuli (e.g., light or
tone) paired with nicotine delivery enhanced acquisition and maintenance of nicotine self-
administration (99, 100). Moreover, rats with contingent presentation of nicotine-associated
cues during extinction training required longer periods to extinguish those behaviors
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compared with those animals not presented with such cues (100, 101). In addition, nicotine-
seeking behavior can be reinstated by presenting response-contingent nicotine-paired stimuli
(14, 102, 103).

The mGIuR2/3 agonist LY 379268 attenuated cue-induced reinstatement of nicotine seeking
in rats (14) and blocked both nicotine priming-induced and cue-induced reinstatement of
nicotine-seeking behavior in squirrel monkeys (39). Similarly, the mGIuR2 PAMs
AZD84188 and AZD8529 blocked cue-induced reinstatement of nicotine seeking in rats
(40). Moreover, AZD8529 attenuated both nicotine priming- and cue-induced reinstatement
of nicotine seeking in squirrel monkeys (47). Interestingly, pretreatment with A-
acetylcysteine, a ligand that increases extrasynaptic levels of glutamate by stimulating
cysteine-glutamate exchange, attenuated cue-induced reinstatement of nicotine seeking (104,
105). This effect was completely blocked by the mGIluR2/3 antagonist LY 341495,
suggesting increased glutamatergic tone at presynaptic mGluR2/3 by A-acetylcysteine-
induced glutamate release underlying the observed behavioral effect. Activation of
mGIuR2/3 has been shown to inhibit different forms of drug seeking reinstatement induced
by conditioned cues/contexts associated with the self-administration of cocaine, heroin,
alcohol, and methamphetamine (13, 47, 64, 106-109). Moreover, both the agonist LY 379268
and the PAMs AZD84188 and AZD8529 also blocked cue-induced reinstatement of food
seeking (14, 39, 47). Thus, there appears to be potent effects of mGIuR2/3 activation on
conditioned behavioral responses, regardless of the reinforcers. Again these studies suggest
that mGIuR2 activation alone may be sufficient to generate a therapeutic effect. In nicotine-
experienced rats, LY 379268 blocked nicotine-induced increases in NAc dopamine only
when nicotine was self-administered in the presence of the cues/context previously
associated with nicotine intake (63), further confirming the critical role of mGIuR2/3 in
conditioned responding. Considering the high rates of comorbidity between smoking and
dependence to other drugs of abuse, the broad efficacy of mGIuR2/3 in preventing relapse to
wide and different classes of abused drugs is extremely promising for medication
development for the treatment of individuals with poly-drug addiction.

Glutamate projections from the PFC to the NAc have been identified as the final common
pathway driving relapse to drug seeking (5). Chronic nicotine-related neuroadaptations in
glutamatergic neurotransmission, as indicated above, play a role in relapse vulnerability (5).
After chronic nicotine self-administration, re-exposure to nicotine-associated cues increases
extracellular glutamate levels that are superimposed on the hypoglutamatergic state
associated with nicotine withdrawal (6, 85). This glutamate overflow state was associated
with rapid, transient synaptic plasticity as illustrated by cue-induced increases in dendritic
spine head diameter and augmentation of the ratio of AMPA to NMDA currents (85).
Similar to the role of mGIuR2/3 activation on nicotine reinforcement, pretreatment with
agonists/PAMs triggers presynaptic negative feedback inhibition of glutamate
neurotransmission, thus, preventing nicotine priming- or cue-induced release of glutamate
and blocking the reinstatement of nicotine-seeking behavior.
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MGLUR2/3 AND SMOKING-ASSOCIATED PSYCHIATRIC DISORDERS

As the primary excitatory neurotransmitter in the brain, glutamate is implicated in a wide
range of brain functions. In addition to drug addiction, imbalances in glutamate
neurotransmission have been implicated in the pathophysiology of different neurological and
psychiatric disorders, such as anxiety disorders, major depression, schizophrenia, and
chronic pain. As the key regulators of glutamate homeostasis, mGIuR2/3 appear to be
critically involved in these disorders and have been considered as promising
pharmacological targets for the treatment of these conditions (110).

Specifically, mGluR2/3 agonists exhibited anxiolytic effects in animal models evaluating
anxiety-like behaviors, such as the elevated plus maze, conflict drinking, four-plate test,
stress-induced hyperthermia, light-dark box and fear potentiated startle tests; and in clinical
studies in individuals with panic disorder and generalized anxiety disorder (110, 111).
Interestingly, the antidepressant-like effects of mGIuR2/3 was observed with both agonists
and antagonists in a variety of rodent models of depression (110). While the negative
feedback on presynaptic glutamate release is considered to contribute to the anti-depressant
efficacy of mGIuR2/3 activation, the modulation of neurochemical and molecular pathways
underlying depression is considered to contribute to the anti-depressant efficacy of
mGIuR2/3 blockade (110). Regardless of the exact mechanisms, the intriguing findings of
anxiolytic and anti-depressant profiles of mGIluR2/3 modulators suggest that mGIluR2/3
modulation may ameliorate the depression-like anhedonia and anxiety-like behavior of
nicotine withdrawal, therefore facilitate smoking cessation. This notion is supported by the
studies showing that the mGIluR2/3 antagonist LY 341495 reversed spontaneous nicotine
withdrawal-precipitated brain reward deficit in rats (79).

Studies in animal models of schizophrenia showed that mGIuR2/3 agonists reversed some
schizophrenia-like symptoms induced by phencyclidine or amphetamine (e.g., blocked
locomotor hyperactivity and stereotypy, improved sensorimotor gating and social novelty
recognition, and ameliorated attention and working memory deficits) (112). Both an
mGIuR2/3 agonist and PAM have been assessed in phase 1 clinical trials in patients with
schizophrenia. However, findings are inconclusive, with an initial report of significant
improvement (113) not being replicated in more recent studies with other mGIuR2 agonists
or modulators (114, 115).

Extensive studies demonstrated that individuals with neuropsychiatric disorders are more
likely to smoke, smoke more heavily, and are more likely to develop nicotine dependence
and have lower abstinence rates than those without neuropsychiatric illness (116).
Historically, individuals with major depressive disorder, generalized anxiety disorder,
schizophrenia or other psychiatric diseases were not usually recruited in Phase 2 and 3
clinical trials assessing the efficacy of smoking cessation medications. The shared glutamate
mechanisms underlying nicotine addiction and some neuropsychiatric disorders offer a new
avenue for potential therapeutic intervention for smokers with these comorbidities.
Modulation of glutamatergic neurotransmission through mGIluR2/3 may not only aid
smoking cessation, but also improve some of the core symptoms related to these disorders,
thus, providing a novel treatment for these “difficult-to-treat” smokers.
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MEDICATION DEVELOPMENT TARGETING MGLURZ2/3

Due to the high level of conservation within the extracellular orthosteric binding site of
mGIuR2 and mGIuR3 (117), all the well-validated compounds currently commercially
available bind with similar affinity to both receptors, making it impossible to distinguish the
function of each receptor with these pharmacological tools. In recent years, selective
mGIuR2 PAMs that act on less well-conserved allosteric receptor sites within
transmembrane spanning domains have been synthesized (40, 41, 118). PAMs are devoid of
substantial intrinsic activity in the absence of the orthosteric agonist. Instead, PAMs
potentiate the potency and efficacy of full agonists, thus offering more physiological means
to activate the receptors than agonists. Studies using these PAMs have increased our
knowledge of the relative contribution of mGIuR2 vs. mGIuR3 in drug addiction and other
neuropsychiatric disorders. As indicated above, while mGIuR2/3 agonists inhibited the
reinforcement of both drug and food (13, 14, 119), mGIluR2 PAMs (e.g., AZD8418,
AZDB8529 and BINA) specifically inhibited nicotine or cocaine self-administration without
affecting food-maintained responding (40, 44). Furthermore, chronic administration of the
agonist LY 379268 decreased nicotine self-administration only during the first week of the
14-day treatment period (14). However, the inhibitory effects of repeated AZD8529
treatment on nicotine self-administration persisted for 14 days, without the development of
tolerance in rats (40). Similarly, no tolerance developed after repeated AZD8529 treatment
for three consecutive sessions in nicotine self-administered monkeys (41). These findings
suggest that compared with mGIuR2/3 agonists, (i) selective activation of mGIuR2 alone
may produce specific effects on drug-related behaviors, but not inhibit the reinforcement of a
nature reinforcer (i.e., food); and (ii) PAMs have better subtype selectivity and fewer side-
effects, and are less likely to develop tolerance after chronic treatment. Hence, it seems that
selective mGIuR2 ligands, especial PAMs, may be more promising for medication
development. Based on the innovative and promising preclinical studies of mGIuR2/3 on
nicotine dependence by Markou’s group and others, the National Institute in Drug Abuse
initiated the first clinical trial assessing the efficacy of mGIluR2/3 ligands on smoking
cessation in 2015. This ongoing multi-center, randomized, phase 11 study (NCT02401022)
examines the efficacy of AZD8529 (1.5 and 40 mg) in smoking cessation (120). Findings
from this clinical trial would provide initial insight into the potential validity of mGIuR2/3
as therapeutic target for smoking cessation aid.

In conclusion, significant progress has been made in understanding the involvement of
mGIuR2/3 in different aspects of nicotine addiction. Compelling evidence from preclinical
and clinical studies suggests that mGluR2/3 may provide a promising target in the search for
smoking cessation medication with novel mechanisms of actions that differ from those of
currently FDA-approved pharmacotherapies.
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Figure 1.
Glutamate, GABA and dopamine interactions that are involved in the development of

nicotine dependence. Nicotine binds to excitatory nicotinic acetylcholine receptors (not
shown in figure) that are located throughout the brain as auto- or heteroreceptors at
presynaptic terminals that regulate the release of several neurotransmitters, including
dopamine, glutamate and -y-aminobutyric acid (GABA). The mesolimbic dopaminergic
neurons (depicted as yellow lines) mediate the reinforcing effects of several drugs of abuse
including nicotine. These dopaminergic neurons originate in the ventral tegmental area and
project to several limbic and cortical regions, including the nucleus accumbens, prefrontal
cortex, amygdala, hippocampus, and habenula. The activity of these dopaminergic neurons
is regulated by reciprocal glutamatergic (excitatory; depicted as blue) and GABAergic
(inhibitory; depicted as red lines) projections that originate from the aforementioned cortical
and limbic brain regions. AMY, amygdala; LHb, lateral habenula; HC, hippocampus; NAc,
nucleus accumbens; PFC, prefrontal cortex; RN, raphe nucleus; VP, ventral pallidum; VTA,
ventral tegmental area. [(6), with permission with Neuropharmacology]
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