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ABSTRACT

The successful pharmacotherapy for drug addiction is a challenge for pharmacology in XXI century. We still do not have any registered
medication for cocaine by FDA, alcohol therapies are not enough successful. High hopes concern metabotropic glutamate 7 receptor asa
target for pharmacotherapy development of drug dependence. It is well documented the role of the mGluR?7 in rewarding and motiva-
tional effects of cocaine and alcohol. The mGluR?7 allosteric agonist AMNO082 and antagonist MMPIP have become new tools in preclini-
cal studies. AMNO082 attenuated cocaine-enhanced electrical Brain Stimulation Reward (eBSR) in rats and decreased cocaine
self-administration too, probably by counteracting cocaine-induced inhibition of the ventral pallidal GABA release. The mGluR7 activa-
tionreduced alcohol intake and preference in rats. The mGIuR?7 receptors take part in reinstatement of drug-seeking behavior after absti-
nence. The investigations showed that AMNO82 suppressed cocaine-induced reinstatement of self-administrated rats via mGluR2/3
mechanism. It was mentioned also that mGluR?7 allosteric agonist inhibited reinstatement of ethanol-induced CPP. Moreover, activa-
tion of the mGluR7 receptor exhibits less adverse reaction in comparison to other mGluRs and may give a promise for further develop-
ment of drug dependence therapies in humans. However, some nonspecific effects of the mGluR7 in ethanol addiction have been
recognized, so there are further investigations needed to explain the mechanisms of the mGluR7 action in rewarding and motivational

effects of drugs.
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INTRODUCTION

Drug addiction is a chronic disorder characterized by
craving and relapse to drug use after abstinence. Depend-
ence occurs due to long-term neuroadaptation that leads to
changes in motivational and emotional area of brain function
as well as learning memory [32, 53]. Many neurotransmitters
are involved in mechanisms of drug addiction e.g. dopamine
(DA), noradrenaline, acetylcholine, glutamate (Glu) and
others, but interaction between them remains still unclear
[26]. The review is focused on recently published data con-
cerning the role of glutamate metabotropic receptors 7
(mGluR?7), one of the subtype of group III metabotropic glu-
tamate receptors (mGluRs), in drug addiction.

The glutamate is the most omnipresent excitatory neuro-
transmitter in the brain which participates in neuroplasticity
mediated to long term potentiation, depression, extinction
and memory related toreward [11, 36, 61]. It has been recog-
nized that reward processing depends on mesocorticolimbic
DA systems, comprising DA neurons in the ventral tegmen-
tal area (VTA) and their projections to nucleus accumbens
(NAc), amygdala, prefrontal cortex (PFC), and other fore-
brain regions. However, most drugs of abuse have been
shown to stimulate excitatory glutamatergic transmission
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throughout brain reward circuitries [30, 71]. Increases in
glutamatergic transmission have been shown to play an im-
portant role in mediating the positive reinforcing actions of
addictive drugs [27]. Glutamate acts by two types of recep-
tors: ionotropic and metabotropic. The ionotropic receptors
(iGluRs): activated by N-methyl-D-aspartate (NMDA), 2-
amino-3-(5-methyl-3-o0xo0-1,2-0xazol-4-yl)propanoic  acid
(AMPA) and kainic acid (KA) are mediated to fast action by
ion channels while the mGluRs are responsible for slow glu-
tamate responses though G-protein [6]. mGluRs are divided
into three groups based on signals transduction mechanisms,
sequence homology and pharmacology properties [56]:
— group I: mGluR1 and mGIluRS
— group II: mGluR2 and mGIuR3
— group III: mGluR4, mGluR6, mGIluR7 and mGluRS.
Receptors from group I are primarily located postsynapti-
cally, while group II and III are largely situated presynap-
tically, acting as inhibitory autoreceptors regulating gluta-
mate releasing or heteroreceptors controlling the release of
other neurotransmitters. [51]. The group I receptors (mGIluR1
and 5) are responsible for stimulation of phospholipase C
which leads to release of Ca2" stores and increased gluta-
mate transmission whereas group II and group III mGluRs
inhibit adenylyl cyclase and decrease cAMP conversion
leading to a decrease in glutamate transmission [ 13, 23, 56].
The mGluR7, one of the subtypes of group III mGluRs, is
supposed to play very important role in the brain function
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[14], because of being the most conserved receptor subtype
among all metabotropic glutamate receptors in mammalian
species [22]. It suggests that an effective mGIuR7 agent in
experimental animals is likely to be effective at human lev-
els [42]. These receptors are largely located presynaptically
and act not only as autoreceptors, but also as heteroreceptors
to modulate release of a-aminobutyric acid (GABA) in par-
ticular [8, 10]. Generally, the main role of the mGIuR?7 is
modulation of release neurotransmitters. The high density of
the mGluR7 in reward-related brain region — the ventral pal-
lidum (VP), NAc, striatum, hippocampus, amygdala,
olfactory bulb, suggest the potential role of the mGIuR7 in
mechanisms of addictive drugs [33]. There is numerous evi-
dence that blockade of both group I mGluRs, mGluR1 and
mGIluRS5 or activation of presynaptic group Il mGluR2/3 de-
crease motivational and rewarding effects of addictive drugs
such as cocaine, alcohol, morphine, nicotine [37, 38, 43, 50,
53]. The mGIuR7 has been investigated the least among all
mGluRs because of long period with no selective agents
available. The mGluR7 appears to be involved in the devel-
opment and extinction of aversion and fear responses [21,
47]. Knockout animal studies as well as pharmacological ap-
proaches support the relevance of the mGluR7 receptor for
regulation of the hypothalamic-pituitary-adrenal axis (HPA
axis) and in mood disorders such as depression and anxiety
[9, 17, 49].

AMNO082 AND MMPIP AS NEW TOOLS
FOR MGLUR7 RESEARCH

In 2005 Mitsukawa et al. [48] identified AMNO82
(N,N’—dibenzhydrylethane—1,2-diamine dihydrochloride) —
selective allosteric agonist of the mGIluR7. This discovery
was critical for investigation of the role of these receptors in
drug dependence. AMNOS2 activates receptor by allosteric
site in the trans-membrane domain, different to extracellular
N-terminal domain for orthostetic agent like endogenous
glutamate [48]. In the absence of glutamate, this agent is de-
void of intrinsic activity [49]. Indirect allosteric activation
has the advantages over direct orthrostetic agents due to less
adverse reactions, e.g. excessive activation or desensitiza-
tion of receptors and pulsatile release of neurotransmitter
[44]. The influence of AMNO82 on glutamate level in the
NAc is complicated. On the one hand, AMNO82 inhibits
non-vesicular NAc Glu release, but on the other hand this
agent elevates vesicular Glu level in the NAc by indirect dis-
inhibition mechanism [39]. A detailed description of this
action is presented further in this review. AMNOS?2 is orally
active and penetrates the blood-brain barrier. It enhances the
levels of stress hormones corticosterone and ACTH in wild
type mice, but not in the mGluR7 knockouts [48]. AMNO0S2
was reported to induce anxiolytic-like and antidepressant ef-
fects, regulate emotion and cognitive processes [21, 54, 63,
64]. However, recently it has turned out that a metabolite of
AMNOS82, Met-1, is a monoamine transport inhibitor. This
means that data collected via systemic administration of
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AMNO82 needs to be interpreted with caution due to the po-
tential of effects being mediated through non-mGluR7
receptor mechanisms [65].

The next step in mGluR7 studies development included
selection of the new allosteric negative modulator of these
receptors, 6-(4-methoxyphenyl)-5-methyl-3-pyridin-4-ylisoxa-
zol[4,5-c]pyridin-4(SH)-one (MMPIP) [66]. This agent
penetrates into the brain after systemic administration in
mice and rats. Investigation showed that MMPIP selectively
impaired cognition process without any influence on loco-
motor activity, sensorimotor function, emotional responses,
nociception in mice and rats [28]. Researchers usually use
MMPIP to inverse AMNOS82 action in vivo to confirm that
mGlIuR7 activation in only one factor in investigating pro-
cess [2, 3, 40, 41].

Except numerous applications of mGluR7 in neuropsy-
chiatric disorders, these receptors are likely to take part in
the development of drug dependence. AMNO82 and MMPIP
have become useful tools to enable exploration the mGluR7
mechanisms in drug addiction in animals and discovery new
medication for humans in future. The investigation has taken
two main directions: the mGIluR7 in alcohol and psy-
chostimulants dependence, particularly cocaine.

THE MGLUR?7 IN COCAINE DEPENDENCE

Despite many research studies and efforts, there is no
medication available and approved by the Food and Drug
Administration (FDA) for the treatment of cocaine depend-
ence. Lack of success probably results from complicated
central effects of cocaine and its potent reinforcing action.
The exploration of pharmacological and behavioral effects
of cocaine is enabled by animal models of addiction in par-
ticular [26].

Li et al. [40] revealed that activation of the mGIuR7 by
AMNOS?2 inhibited the rewarding effect of cocaine, assessed
by electrical brain stimulation reward (eBSR). eBSR is a sen-
sitive animal model to determine the rewarding properties of
drug [69]. AMNOS2 attenuated cocaine-enhanced ¢BSR in
rats. This influence is selective only for cocaine, because of
the fact that AMNOS2, administered intraperitoneally (i.p.),
induced nor aversive- neither rewarding-like effect on
eBSR. Systematic administration as well as intracranial mi-
croinjection of AMNOS2 into the NAc or VP, but not the
dorsal striatum, inhibited intravenous cocaine self-admini-
stration under both fixed (FR) and progressive-ratio (PR).
So AMNO82 not only inhibited primary rewarding and moti-
vational effect of cocaine, but also reward-enhancing in PR
schedule [42]. It should be noted that AMNOS2 had no effect
on either locomotion or sucrose oral self-administration,
suggesting a selective inhibition of cocaine rewarding prop-
erties. This effect was blocked by co-administration of
MMPIP, suggesting that an effect is mediated by activation
of mGluR7s in the NAc-VP pathway. Additionally, micro-
dialysis showed that systemic administration of AMNO082
changed neither basal nor cocaine-enhanced extracellular
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DA in the NAc or VP, but attenuated cocaine-induced inhi-
bition of VP GABA release in both drug naive rats and
cocaine self-administration rats. The data suggest that the
NAc-VP GABAergic mechanism could contribute to mGIluR7
modulation of cocaine reward [40]. There is evidence that
the psychostimulant reward is related to the VTA-NAc-VP
pathway, including the NAc-VP GABAergic projection [36,
59, 70]. Therefore, any pharmacological strategy that in-
creases GABAergic transmission of reward circuit might
directly counteract psychostimulant-induced inhibition of
GABAergic neurons. [18, 72].

The previous studies of Li et al. showed that acute sys-
temic and local AMNOS82 administrations produced decrease
of GABA and slow onset, long-term increase of glutamate
level in NAc [39]. It is possible that GABA produces inhibi-
tory control over NAc glutamate releasing via presynaptic
GABAG receptors on glutamatergic terminals [64]. On the
other hand, the mGIuR7 acts either as auto-receptor regulat-
ing glutamate releases or as presynaptic heteroreceptor
regulating GABA release. In the consequence, AMNOS?2 in-
duces reduction in NAc GABA levels by mGIuR7 hetero-
receptor. After that, a lower GABA level unblocks the other
heteroreceptor GABAp on glutamatergic synapses. In con-
clusion, the direct inhibition mechanism by mGIuR7
autoreceptors is suppressed by disinhibiting mechanism via
GABAg receptors, resulting in an increase of NAc glutamate
release from vesicular sources [39]. These changes of
GABA and glutamate level in NAc are supposed to enhance
excitability of postsynaptic medium-spiny GABAergic pro-
jection neurons that counteract cocaine-induced GABAergic
inhibition in the VP [39]. It is consistent with the GABAer-
gic hypothesis of drug reward discussed previously [18, 72].

It is well documented that glutamate transmission in
cocaine-dependent individuals is deregulated. High doses of
cocaine (30 mg/kg) cause an increase in extracellular gluta-
mate in the NAc in drug naive rats [57, 62], but repeated
cocaine injections or cocaine self-administration produces
long-term depression in basal glutamate level in the mouse
and rat NAc [47, 67]. Moreover drug craving and reinstate-
ment (relapse) of cocaine-seeking behavior are supposed to
be related to repeated cocaine-induced reduction in basal
levels of glutamate transmission in the NAc during cocaine
abstinence and to enhanced glutamate responses to acute co-
caine priming [31, 55, 67, 72]. It should be noted that
glutamate projection from the PFC to the NAc plays a criti-
cal role in cue-, stress- and cocaine-primed reinstatement of
cocaine self-administration in animals after extinction [5,
16]. The problem of relapse to drug taking and drug-seeking
behavior is a challenge for pharmacotherapy of drug addic-
tion in human. The findings showed that systemic or local
administration of AMNOS2 in the NAc, VP but not dorsal
striatum (DS) inhibited cocaine-induced reinstatement of
drug-seeking behavior in rats. AMNO82 pre-treatment sup-
pressed cocaine-induced increases in NAc glutamate. These
two effects of AMNOS2 were blocked by intra-NAc micro-
injection of allosteric mGluR7 antagonist MMPIP and by
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systemic administration of the selective mGluR,/; antagonist
LY3411495 [41]. As it was described previously, AMNO082
alone increases extracellular glutamate in the NAc [39]. The
elevated level of the NAc Glu activates the presynaptic
mGluR2/3 on the PFC glutamatergic terminals. Next, the ac-
tivation of mGluR2/3 counteracts cocaine-enhanced glutamate
in the NAc. In results, pretreatment of AMNO82 inhibits
cocaine-induced reinstatement of drug-seeking behavior by
mGluR2/3 mechanism [41].

THE MGLUR7 IN ALCOHOL DEPENDENCE

The critical role of glutamate in alcohol dependence is
well known. Acute ethanol administration inhibits gluta-
matergic transmission by iGluRs (NMDA, AMPA) parti- cu-
larly and also affects mGluRs. [12]. However, chronic
alcohol exposure and abstinence induce glutamate system
hyperactivity. It is suggested that chronic ethanol drinking
causes reduction of number or activity of presynaptic II and
II group mGluRs, which control excessive neurotransmit-
ters release. In the consequence, glutamate system could be
less controlled. This hypothesis is supported by genetic studies.
Vadasz et al. [68] show that mGluR7-locus is cis-regulated
gene for alcohol consumption. The mGIluR7 knockout mice
represented more consumption of ethanol in comparison to
wild type littermates [25]. Moreover, there was evidence
that the level of intermediary molecules, which are neces-
sary for the production of mGluR7 proteins, were reduced in
the hippocampus of the ethanol-dependent rats. Many find-
ings emphasized mGluRs involvement in ethanol
dependence i.e. mGIluR2/3 agonist LY379268 as well as
mGIuRS5 antagonist MPEP decreased ethanol self-admini-
stration in mice and alcohol preferring in rats [4, 7, 29, 38].

The most findings about the mGluR7 in alcohol depend-
ence have been brought by studies of Bahi et al., who
investigated the mGluR7 in alcohol reinforcement and re-
warding processes. It was reported that allosteric agonist of
mGIuR7, AMNO82 specifically reduced alcohol intake and
preference in rats and mice in two-bottle free-choice para-
digm without affecting taste preference, ethanol metabolism,
and locomotor activity (at the doses used in inhibition of al-
cohol intake). Additionally, mGluR7 blockage with MMPIP
enhanced alcohol consumption and preference in rats. The
binge drinking was also suppressed by AMNO82 in drinking
in the dark (DID) model in mice [1, 2]. The author suggested
at least three mechanisms that may explain these mGluR7
effects in ethanol preference and consumption. First,
mGluR?7 are associated with brain structures contributed to
reinforcing effects of alcohol, such as the locus coeruleus,
amygdala, or PFC. The second reason may derive from
AMNO82-induced increase of stress hormones. The
mGIuR7 plays a role in the glucocorticoid receptor-related
negative feedback of the stress axis as well [48, 49]. Stress
hormones have an influence on human drinking models [15,
20]. The mGluR7 activation in the hippocampus and/or hy-
pothalamus may prevent excessive drinking of alcohol.
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Finally, AMNOS2 decreases GABA release in the NAc caus-
ing an increase of the NAc Glu level. These changes could
alter the occupancy of GABAg and NMDA receptors and
counteract ethanol’s allosteric modulating efficacy, result-
ing in reduced ethanol reward. Furthermore, the mGluR7
reduced ethanol-induced CPP without influence on locomo-
tion. It confirms a role of the mGIuR 7 in brain reward [40].

The mGIuR7 receptor is also regarded as modulator of
ethanol sensitivity in mice [1]. AMNOS2 suppressed a few
effects induced by acute ethanol exposure. This agent re-
duced sensitivity to ataxic effect of ethanol (assessed as the
rotarod performance) and ethanol-induced locomotor activity.
It is quite interesting that AMNO82 decreased ethanol-
induced acute withdrawal convulsions only when adminis-
tered before alcohol injection, not after. That finding
indicates that AMNO82 inhibits some aspects of the devel-
opment of ethanol dependence, but is not be able to
counteract the expression acute withdrawal [1].

The mGluR7 has been investigated in the other aspect of
alcohol addiction such as reinstatement to drug-seeking be-
havior after abstinence. It was reported that AMNOS82,
administered after period of extinction, inhibited the rein-
statement of ethanol-induced CPP and this effect was
reverse by MMPIP, a selective allosteric antagonist of the
mGIuR7 [3]. It means that the mGluR 7 takes part in memory
related brain regions function: the PFC, NAc, amygdala,
dorsal striatum, thalamus, hippocampus [33, 34]. AMNO0S2
had no influence on ethanol-CPP extinction. However, in the
other studies this agent facilitated extinction of conditioned
fear [24]. It shows that the mGluR7 is not involved in modu-
lation of negative learning in ethanol-extinction, but in
ethanol conditioned reward memory. This result suggests
that clinically activation of the mGluR7 in humans may pro-
mote alcohol abstinence and prevent relapse in the future. In
addition, it is consistent with previous studies that revealed
that AMNOS2 inhibited cocaine-induced reinstatement of
drug-seeking behavior in rats [41]. The glutamatergic sys-
tem seems to be a key of drug addiction and drug-related
memory. The relapse to drug-taking behavior is linked to
long-lasting drug effect such as neuroplasticity. Alcohol,
similar to cocaine, produces neuroadaptive changes of gluta-
matergic transmission in the NAc, which lead to the
development of drug-seeking behavior [45]. The mGluR7
may be able to maintain the normal balance of glutamatergic
neurotransmission and modulate unnatural changes in
neuronal excitability [12].

ADVANTAGE OF THE MGLUR7 OVER
OTHER MGLURS

The mGluR7s become more sensitive during periods of
intensive synaptic activity, for example after long-term drug
exposure. These properties are different from other mGluRs,
causing less adverse reactions [42]. Most findings showed
that allosteric agonist of the mGIluR7, AMNO0S82 had no ef-
fect on the natural reward. This agent, administered alone,
did not alter intracranial self-stimulation threshold [40],
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while the mGluR2/3 receptor agonist LY379268 and the
mGluRS5 receptor antagonist MPEP had aversive-like effect
on eBSR [43]. Moreover, AMNO82 did not interfere sweet
(saccharin) fluid intake in rats, the natural reward for rodents
[2]. The mGluR?7 allosteric agonist did not change either ba-
sal or cocaine-enhance locomotor activity in the same doses
that inhibited drug self-administration [2, 40]. Whereas
mGIluR2/3 agonist LY379268 attenuated alcohol self-
administration and reinstatement at doses that also de-
creased spontaneous locomotor activity [4]. Similarly, both
EMQMCM mGluR1 antagonist and MTEP mGIuRS an-
tagonist significantly reduced vertical motor activity [19].
The clash about influence of AMNOS82 on locomotor activity
and natural reward is notable. In contrast to the above stud-
ies, Sailing et al. [58] revealed AMNO82 reduced ethanol
self-administration in mice, but it is nonspecific action be-
cause of inhibitory effect on general locomotor activity and
natural reward (assessed in sucrose self-administration
schedule). This data indicates a need for more research to ex-
plain these discrepancies, but generally, mGIluR7 activation
produces less adverse reaction than other mGluRs.
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