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Abstract

Since discovering that ketamine has robust antidepressant effects, the glutamatergic system has been proposed as an
attractive target for the development of novel antidepressants. Among the glutamatergic system, metabotropic glutamate
(mGlu) receptors are of interest because mGlu receptors play modulatory roles in glutamatergic transmission, consequently,
agents acting on mGlu receptors might not exert the adverse effects associated with ketamine. mGlu receptors have eight
subtypes that are classified into three groups, and the roles of each mGlu receptor subtype in depression are being
investigated. To date, the potential use of mGlu5 receptor antagonists and mGlu2/3 receptor antagonists as antidepressants
has been actively investigated, and the mechanisms underlying these antidepressant effects are being delineated. Although the
outcomes of clinical trials using an mGlu5 receptor negative allosteric modulator and an mGlu2/3 receptor negative allosteric
modulator have not been encouraging, these trials have been inconclusive, and additional trials using other compounds with
more appropriate profiles are needed. In contrast, the roles of group Ill mGlu receptors have not yet been fully elucidated
because of a lack of suitable pharmacological tools. Nonetheless, investigations of the use of mGlu4 and mGlu7 receptors as
drug targets for the development of antidepressants have been ongoing, and some interesting evidence has been obtained.
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Introduction

Major depressive disorder (MDD) is a highly prevalent,
recurrent, and debilitating disorder that affects millions
of people worldwide. Clinically available medications
such as selective serotonin reuptake inhibitors (SSRIs)
and serotonin and noradrenaline reuptake inhibitors
(SNRIs) only improve symptoms in about two thirds of
patients after several weeks of treatment."* This implies
that the dysfunction of other neurotransmitter systems
besides monoaminergic systems is important for the
manifestation of depression. Glutamate, the major exci-
tatory neurotransmitter in the mammalian central ner-
vous system, plays a number of important roles in
physiological conditions but also in the pathophysiology
of depression.”

Glutamate is basically released presynaptically into the
synaptic cleft and acts via two distinct classes of recep-
tors: ionotropic glutamate (iGlu) receptors and metabo-
tropic glutamate (mGlu) receptors. iGlu receptors are

pharmacologically divided into three receptor types
(a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA), kainate, and N-methyl-D-aspartate
(NMDA)), each of which is formed by heteromeric
assemblies of multiple subunit proteins (AMPA:
GluAl-4; kainate: GluK1-5; and NMDA: GIuNI,
GIluN2A-D, GIuN3A, B). mGlu receptors, which are
seven-transmembrane domain G-protein-coupled recep-
tors are divided into three major functional subgroups.
mGlu receptors regulate intracellular signals via both
cAMP and phosphatidyl inositol cascades and modulate
the capacity of the neuronal membrane potential. Group
I mGlu receptors, which include the mGlul receptor and
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the mGlu5 receptor, are predominantly expressed at the
postsynaptic terminal and can activate the inositol-1,4,5-
trisphosphate-calcium and diacylglycerol-protein kinase
C cascades. In addition, postsynaptic mGlu5 receptors
are functionally linked to NMDA receptors to modulate
their activity. The presynaptic group I mGlu receptor can
facilitate neurotransmitter release upon activation.
Group II mGlu receptors include the mGlu2 and
mGlu3 receptors that reside predominantly on the pre-
synaptic terminal and can inhibit presynaptic glutamate
release through the inhibition of adenylyl cyclase.
Astrocytes also express the mGlu3 receptor, but its func-
tion in neurotransmission has not been fully investigated.
Group III mGlu receptors include the mGlu4, 6, 7, and 8
receptors, which have a negative feedback function in
presynaptic glutamate release via the inhibition of adeny-
Iyl cyclase. The localization and pharmacological proper-
ties of each mGlu receptor subtype are summarized in
Table 1.

In addition to the excitatory synaptic transmission
mentioned above, the activation of glutamatergic recep-
tors contributes to many forms of synaptic plasticity. The
activity-dependent modifications of the strength and effi-
cacy of synaptic transmission at synapses are thought
to play a key role in learning and memory. Synaptic
plasticity is also considered to be a potential target for
neuropsychiatric disorders including depression.

The glutamatergic system has recently received much
attention as a potential therapeutic target for depression
since the discovery of the antidepressant effect of keta-
mine, a non-competitive NMDA receptor antagonist;*
this discovery stands out as one of the most important
findings in the history of the discovery of antidepressants.
Ketamine shows rapid and robust antidepressant effects
that have been reproduced across institutes and even in
patients with treatment-resistant depression who have
failed to respond to currently available treatments mul-
tiple times.>® However, ketamine has some adverse
effects such as the induction of psychotomimetic/dissocia-
tive symptoms and the potential for abuse. Therefore,
much effort has been invested in finding an alternate
treatment that has a similar therapeutic action but
avoids the adverse effects of ketamine. Given that each
of the mGlu receptors has a unique expression pattern
and function, mGlu receptors have been recognized
as attractive and potential therapeutic targets for
depression.
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effects in rodent models of depression.” '° Consistent
with these pharmacological studies, the genetic deletion
of the mGlu5 receptor also results in an antidepressant-
like phenotype, supporting the hypothesis that mGluS
receptor blockade can exert antidepressant
effects.''Moreover, a seven-day treatment with DSR-
98776, an mGlu5 receptor NAM, induced antidepressant
effects in a forced swimming test (FST) using male Wistar
rats, while paroxetine, an SSRI, required two weeks of
treatment before the manifestation of its effects,'” sug-
gesting that DSR-98776 has a faster acting antidepressant
efficacy. On the other hand, although repeated treatments
with MTEP have exerted antidepressant effects in an
olfactory bulbectomy model of depression in rats and
treatments with basimglurant have exerted antidepressant
effects in a chronic mild stress model of depression in
mice, either of these studies provided any evidence that
mGluS5 receptor NAMs exert their effects faster than typ-
ical antidepressant agents.>® Thus, more studies are
needed to elucidate whether mGluS receptor NAMs
have a faster onset of antidepressant action, compared
with currently prescribed antidepressants. In addition
to their antidepressant effects, mGlu5 receptor NAMs
have been reported to improve the comorbidities of
MDD, including anxiety and pain as well as daytime
sleepiness, without affecting locomotion in rodents.”*!?
Of note, effective treatment for comorbidities of MDD is
also beneficial for the treatment of depression.
Collectively, these findings suggest that mGlu5 receptor
NAMs could be potent agents for the treatment of
depression.

However, full blockade or inverse agonist activity by
full mGlu5S NAMs has been reported to induce adverse
effects, including psychosis in humans and psychotomi-
metic-like effects in animals.'*'> Recent studies have
demonstrated that MTEP, a full mGlu$ receptor NAM,
potentiated phencyclidine (PCP)-induced hyperlocomo-
tion in rodents, which was presumably associated with
the blockade of the NMDA receptor, while partial
NAMs, which reduce the maximal glutamate response
by 50% in vitro, did not exacerbate the psychotomi-
metic-like effects even at doses at which nearly all
mGlu5 receptors were occupied.'*!® Importantly, partial
NAMs of the mGluS receptor exerted their antidepres-
sant effects without affecting PCP-induced hyperlocomo-
tion.'* Therefore, these findings suggest that mGlu5
receptor partial NAMs are more suitable as new anti-
depressants than full NAMs.

Synaptic and Neural Basis of the Antidepressant
Effects of mGlu5 Receptor Antagonists
The mechanisms of the antidepressant effects of mGlu5

receptor NAMs reportedly differ from those of ketamine.
Unlike the effects of ketamine, the antidepressant/

anxiolytic effects of mGlu5 receptor NAMs were not
fully blocked by a tropomyosin receptor kinase B
(TrkB) inhibitor, a mechanistic target of rapamycin com-
plex 1 (mTORC]I) inhibitor,"* nor by an AMPA receptor
antagonist.'” Moreover, an mGlu5 receptor NAM did
not change the mTORCI1 signal and synaptic protein
levels.'” Therefore, the activation of AMPA receptor/
TrkB/mTORCI signaling is not involved in the anti-
depressant effects of mGlu5 receptor NAMs. This sugges-
tion is also supported by the finding that an mGlu5
receptor NAM, unlike ketamine, did not induce sustained
antidepressant effects in the FST.!"-'*

In contrast to synaptic mechanisms, serotonergic sys-
tems have been reported to play an important role in
the antidepressant effects of mGlu5 receptor NAM:s.
The antidepressant/anxiolytic effects of mGlu5 receptor
NAMs were blocked by 5-HT depletion and a 5-HT24 2¢
receptor antagonist, suggesting that the stimulation of 5-
HT,4 )¢ is involved in the actions of mGlu5 receptor
NAMs. "% However, there is an inconsistent finding:
the antidepressant effects of an mGlu5 receptor NAM
were not blocked by a 5-HT-depleting agent.'?
Therefore, further research is needed to elucidate the
involvement of the serotonergic systems in the antidepres-
sant effects of mGlu5 receptor NAMs. Notably, we
reported that ketamine induced its antidepressant effects
through stimulation of the 5-HT; o receptor but not the 5-
HT,a ¢ receptor. Therefore, serotonergic systems are
involved in the antidepressant effects of mGlu5 receptor
NAMSs in a manner that differs from that which occurs in
the case of ketamine.'*?!

The cell-specific deletion of the mGlu5 receptor in par-
valbumin-positive gamma-aminobutyric acid (GABA)
interneurons, which negatively regulate glutamatergic
neurons, has been reported to induce antidepressant
effects, presumably through an increase in glutamatergic
activity in the medial prefrontal cortex (mPFC).??
Interestingly, glutamatergic activation has been con-
sidered to be involved in the antidepressant actions of
ketamine.”> However, there are opposite reports that
mGIluRS5 antagonists inhibit glutamate release and that
mGIluR5 NAMs downregulate excessive glutamate trans-
mission.>**> These differences in the effects of mGlu5
receptor NAMs on glutamatergic transmission may
reflect the expression diversity of mGlu5 receptors and
their modulatory functions in addition to differences in
their blockade efficacies.

Notably, transplantation of bone marrow from knock-
out mice lacking mGluS receptor has recently been
reported to exhibit antidepressant effects, and the effects
may be ascribed to reduced releases of pro-inflammatory
cytokines such as interleukin (IL)-1B, tumor necrosis
factor o, and IL-6.%° Therefore, reduced inflammatory
response may also be involved in the antidepressant
actions of mGlu5 receptor antagonists.
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Clinical Studies

Studies using positron emission tomography (PET) and
postmortem brain have been performed to examine the
involvement of the mGlu5 receptor in the pathophysi-
ology of depression and antidepressant effects.
Although the mGluS receptor level was found to be
unchanged in postmortem brain?’ 2’ and in another
PET study® in MDD patients, lower levels of mGlu5
receptor binding in several brain regions have been
observed in patients with MDD, and this change is con-
sidered to be a compensatory change.?’ Likewise, in post-
mortem studies, lower levels of mGlu5 receptor protein
have been reported in the PFC (Brodmann’s area 10
[BA10]) and cerebellum in patients with MDD,>"?
although regional variability has been recognized.
Consistent with these studies, recent study, by combin-
ation of a selective mGlu5 receptor PET ligand and rest-
ing-state functional magnetic resonance imaging, also
indicated lower mGlu5 receptor availability and related
functional connectivity alterations in drug-naive young
adults with MDD without comorbidity.®' Recently, keta-
mine has been reported to reduce mGlu5 receptor avail-
ability, which is associated with an antidepressant
response in patients with MDD, suggesting that the
attenuation of mGlu5 receptor activity plays an import-
ant role in the antidepressant effects of ketamine.*

The mGlu5 receptor NAM basimglurant, which has
been used as an adjunctive therapy to ongoing SSRI or
SNRI treatment, has been reported to not have any effect
on the change in the primary end point of the clinician-rated
Montgomery-Asberg Depression Rating Scale (MADRS)
between baseline and the end of treatment when adjunctive
basimglurant versus a placebo were compared in a six-week,
double-blind, placebo-controlled study in MDD patients.*
In contrast, the same study demonstrated that basimglurant
enabled an improvement across secondary and exploratory
end points, particularly in patient-rated measures.*?
However, another mGlu5 NAM AZD2066 did not induce
significant effects on the MADRS change between baseline
and week 6, compared with a placebo, in a phase II clinical
trial in patients with MDD, although this trial can be
regarded as having failed because duloxetine, which was
used as a positive comparator, also did not have any
effect (see results at the http://clinicaltrials.gov website:
NCTO01145755). Collectively, whether mGlu5 receptor
NAMs are effective clinically has yet to be determined,
and further clinical studies are needed.

Group Il mGlu Receptor for Depression
Antidepressant Effects in Rodents

Unique antidepressant effects of mGlu2/3 receptor block-
ade have been demonstrated in rodent models of

depression. LY341495, an orthosteric mGlu2/3 receptor
antagonist, reversed the decreased sucrose preference
caused by chronic unpredictable stress (CUS) in rats
within 48h after a single dose.>* Another orthosteric
mGlu2/3 receptor antagonist, MGS0039, ameliorated
depressive-like behaviors observed in socially defeated
mice within 24 h after a single injection.*® Low doses of
ketamine also exerted antidepressant effects within 24 h
after drug administration in both models.*>*® On the
other hand, traditional antidepressants took weeks to
reach antidepressant efficacy.>’*® These findings suggest
that mGlu2/3 receptor antagonists have rapid antidepres-
sant effects. In addition, the reversal of depression-like
behaviors was still observed for at least 7 to 10 days
after a single dose of ketamine and mGlu2/3 receptor
antagonists in both models,*** indicating that mGlu2/3
receptor antagonists also have the ability to produce
long-lasting antidepressant actions. Interestingly, similar
to ketamine, orthosteric mGlu2/3 receptor antagonists
were shown to exert antidepressant effects in animal
models resistant to current antidepressants,®> *! suggest-
ing that orthosteric mGlu2/3 receptor antagonists poten-
tially produce antidepressant effects similar to those of
ketamine for treatment-resistant depression. The anti-
depressant effects of mGlu2/3 receptor antagonists have
also been observed in several behavioral assays using
naive rodents. Ketamine and mGlu2/3 receptor antagon-
ists reportedly decreased the immobility time in the tail
suspension test (TST) and FST at 30 min as well as at 24 h
after injection.>®** #¢ Both ketamine and LY341495 have
been shown to shorten the latency to feed in the novelty-
suppressed feeding test within 30min, and the effects
lasted for at least 24 h after treatment.>'***’ The oppor-
tunity to detect the unique antidepressant effects of keta-
mine and mGlu2/3 receptor antagonists even in naive
rodents is an additional impetus to facilitate investiga-
tions of the mechanism underlying those antidepressant
actions.

In addition to orthosteric mGlu2/3 receptor antagon-
ists, RO4491533, an mGlu2 receptor NAM, binds to the
allosteric site of the mGlu2/3 receptor and has been
shown to exert antidepressant effects in rodents,*
although the potencies of mGlu2/3 receptor NAMs are
weaker than those of orthosteric antagonists.*’ The
reason for this might be at least partly due to the different
mechanisms of antagonistic action against the mGlu2/3
receptor (orthosteric vs. allosteric). Indeed, different
numbers of bindings of mGlu2/3 receptor-radiolabeled
ligands were reported between ligands that bind to
orthosteric sites and those that bind to allosteric sites.™

Notably, LY3020371, an orthosteric mGlu2/3 receptor
antagonist, showed an antidepressant effect in preclinical
assays but did not produce ketamine-like adverse effects,
such as psychotomimetic-like behavior and the potential
for abuse.’! Moreover, MGS0039 and RO4432717


http://clinicaltrials.gov

Chaki et al.

enhanced social and object recognition in rats, respect-
ively.”*>* In addition to pro-cognitive effects, mGlu2/3
receptor antagonists also exert anxiolytic effects in some
animal models.>* Therefore, mGlu2/3 receptor antagon-
ism could prove to be a safer therapeutic approach, com-
pared with ketamine. Furthermore, mGlu2/3 receptor
antagonists may have additional benefits, as cognitive
impairments and anxiety symptoms are often observed
in depressive patients. Interestingly, LY341495 reportedly
enhanced the antidepressant effects of ketamine,” sug-
gesting that a combination therapy consisting of keta-
mine and mGlu2/3 receptor antagonists might be able
to reduce the adverse effects of ketamine by decreasing
the required dose of ketamine. Collectively, these results
suggest that blockade of the mGlu2/3 receptor can pro-
duce ketamine-like antidepressant actions while enabling
the unpleasant adverse effects of ketamine to be avoided.

Synaptic and Neural Basis of the Antidepressant
Effects of mGlu2/3 Receptor Antagonists

Studies using rodents have revealed several molecular and
structural alternations that contribute to the antidepres-
sant effects of mGlu2/3 receptor antagonists. These over-
lapping mechanisms underlie the antidepressant effects of
low subanesthetic doses of ketamine. The facilitation of
glutamate signaling is thought to be a trigger that induces
the antidepressant effects of mGlu2/3 receptor antagon-
ists, since the mGlu2/3 receptor negatively regulates glu-
tamate release at presynaptic terminals. Extracellular
glutamate within the mPFC of rodents is transiently
increased by ketamine,’® possibly via the disinhibition
of pyramidal neurons upon the blockade of NMDA
receptors on GABA interneurons.’’Pretreatment with
NBQX, an AMPA receptor antagonist, has been reported
to prevent the antidepressant effects of both mGlu2/3
receptor antagonists and ketamine.***>*® The necessity
of AMPA receptor stimulation, presumably through glu-
tamate release, suggests that the antidepressant effects of
those compounds are activity dependent. Preclinical
investigations have reported that postsynaptic AMPA
receptor stimulation increases brain-derived neurotrophic
factor (BDNF) release and subsequently activates
mTORCI signaling and extracellular regulated kinase,
leading to the upregulation of synaptic proteins in the
mPFC.>® These signal cascades triggered by AMPA
receptor stimulation are necessary for the sustained anti-
depressant effects of mGlu2/3 receptor antagonists and
ketamine as demonstrated by the pharmacological and
genetic inhibition of those effectors, which blocked the
antidepressant effects of both compounds.3¢:44:47:39-60
Interestingly, the expression of GluR1, an AMPA recep-
tor subunit, in the mPFC and hippocampus was upregu-
lated within 24h after treatment with ketamine and
mGlu2/3 receptor antagonists.>>>%®! Consistent with

the expression change, the AMPA receptor-mediated cur-
rent was enhanced in the mPFC of ketamine-treated rats
at 24h after injection,®” suggesting that upregulated
GluR1 is functionally integrated into the excitatory trans-
mission in the mPFC. This strengthened the assumption
that AMPA receptor-mediated transmission in the mPFC
contributes to the antidepressant effects of ketamine and
mGlu2/3 receptor antagonists. Indeed, NBQX injection
30min before the FST prevented the antidepressant
effects of ketamine and LY341495, the effects of which
were assessed 24 h after treatment.*®® Therefore, these
findings suggest that AMPA receptor stimulation is
responsible for the antidepressant effects of ketamine
and mGlu2/3 receptor antagonists in two different
ways: one is via glutamate release immediately after the
injection and the other is via the upregulation of AMPA
receptor expression and neurotransmission, though the
former triggers the latter. In addition to GluR1, increases
in the expressions of other synaptic proteins that are pro-
posed to induce synaptic remodeling, such as synaptogen-
esis, are critical for the antidepressant effects, as the
inhibition of BDNF and mTORCI signaling prevents
the increased expression of synaptic proteins and spine
density.””®® The causal relevance has yet to be demon-
strated. However, a key role in synaptic remodeling in the
mPFC is supported by the findings that a decreased den-
dritic spine density in the PFC in animal models of
depression was associated with depressive behaviors and
that these behaviors were ameliorated by MGS0039 and
ketamine.*>>® The proposed synaptic mechanisms of the
mGlu2/3 receptor described above are illustrated in
Figure 1.

Currently prescribed antidepressants improve depres-
sive symptoms by globally increasing the concentrations
of monoamine neurotransmitters in the brain. Both ser-
otoninergic and dopaminergic systems have also been
proposed to mediate the antidepressant effects of the
mGlu2/3 receptor antagonists and ketamine, but their
cellular and circuit mechanisms are different from those
of current antidepressants. mGlu2/3 receptor antagonists
increased the spontaneous firing rates of serotonergic
neurons in the dorsal raphe nucleus (DRN) and 5-HT
release in the mPFC.** The antidepressant effects of
LY341495 and ketamine were blocked by the pharmaco-
logical depletion of 5-HT and a 5-HTA receptor antag-
onist, suggesting that the serotonergic system, especially
5-HT;A receptor stimulation, is necessary for mGlu2/3
receptor antagonists to exert their antidepressant
effects.'® The local injection of LY341495 and NBQX
in the mPFC of mice revealed that mGlu2/3 receptor
blockade within the mPFC activated the subpopulation
of 5-HT neurons in the DRN, the activation of which was
caused by AMPA receptor stimulation in the mPFC.'8
Furthermore, a 5-HT o receptor antagonist injected in
the mPFC prevented the antidepressant effects of
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Figure 1. Synaptic mechanisms underlying the antidepressant effects of mGlu2/3 receptor antagonists. mGlu2/3 receptor antagonists,
which act via the blockade of perisynaptic autoreceptors, increase glutamate release into the synaptic craft and stimulate postsynaptic
AMPA receptors, while ketamine is proposed to increase glutamate release by disinhibition of GABA interneurons. Stimulation of the
AMPA receptor increases BDNF synthesis or secretion, which subsequently activates TrkB receptor signaling. The activation of TrkB
signaling then activates AKT/mTORCI signaling, leading to an increase in the synthesis of synaptic proteins, such as GluR| and PSD95. The
increased expression of GIuR| (and its insertion into the membrane) is also necessary for mGlu2/3 receptor antagonists to exert sustained
antidepressant effects. In a depressed state, it is hypothesized that these pathways are disrupted, which eventually reduces the dendritic
spine density. mGlu2/3 receptor antagonists reverse these spine deficits by allowing the disrupted pathways to resume. AMPA: a-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid; NMDA: N-methyl-D-aspartate; GABA: gamma-aminobutyric acid; BDNF: brain-derived

neurotrophic factor.

LY341495.9 Of note, these neural mechanisms are also
necessary for the antidepressant effects of ketamine.'®%¢
These findings suggest that mGlu2/3 receptor antagonist
and ketamine initially activate mPFC neurons in an
AMPA receptor-dependent manner, resulting in the acti-
vation of DRN serotonergic neurons projecting to the
mPFC; the subsequent release of 5-HT in the mPFC acti-
vates postsynaptic 5-HT; 5 receptors to exert their anti-
depressant effects. In addition, mGlu2/3 receptor
antagonists and ketamine have been reported to increase
the number of spontaneously active dopamine neurons in
the ventral tegmental area and, accordingly, to elevate
dopamine release in the mPFC and nucleus accum-
bens.*'"*” NBQX prevented these events, indicating an
AMPA receptor stimulation dependency.*'*” However,
although the stimulation of dopamine D1 receptor on
the pyramidal neurons in the mPFC was required for
the antidepressant effect of ketamine in the FST and

NFST,®® to date, no direct evidence exists demonstrating
that dopaminergic transmission contributes to the anti-
depressant actions of mGlu2/3 receptor antagonists.
Collectively, these findings suggest that not only the syn-
aptic mechanisms but also the neural mechanisms of
mGlu2/3 receptor antagonists are shared with ketamine.

Although mGlu2 receptor blockade is likely involved
in the antidepressant effects of mGlu2/3 receptor antag-
onists, the roles of the individual subtypes (mGlu2 or
mGlu3 receptors) are still under discussion. LY341495
no longer exerted antidepressant effects in knockout
mice lacking the mGlu2 receptor but not possessing the
mGlu3 receptor,® suggesting that the mGlu2 receptor
rather than the mGlu3 receptor plays a critical role in
the actions of mGlu2/3 receptor antagonists. This finding
is consistent with the finding that knockout mice lacking
the mGlu2 receptor displayed increased reward activity
and an antidepressant-like phenotype in the FST.®
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In contrast, selective mGlu3 receptor NAMs and mGlu2
NAMs have been recently synthesized, and interesting
results were reported using these pharmacological tools.
A selective mGlu3 NAM exerted an antidepressant effect
in the FST and anxiolytic effects on marble-burying
behavior.”” It was further reported that a selective
mGlu3 receptor NAM exerted antidepressant effects in
the TST comparable to those of ketamine, while a select-
ive mGlu2 receptor NAM did not have a significant effect
at an appropriate exposure level.”' These findings suggest
that mGlu3 blockade has a larger contribution to the
antidepressant effects of mGlu2/3 receptor NAMs. It
would be interesting to further investigate how mGlu3
receptor blockade leads to these antidepressant effects.

Clinical Studies

The etiological link between mGlu2/3 receptor levels and
depression has been investigated using postmortem sam-
ples from MDD patients. An autoradiographic binding
study using [PH]JLY341495 reported reduced binding
levels to mGlu2/3 receptors in the anterior cingulate
cortex, BA24, in subjects with MDD but not in those
with schizophrenia or bipolar disorder.”” In contrast,
a study using western blotting demonstrated increased
levels of mGlu2/3 receptor expression in the PFC con-
taining BA10 in MDD patients.”> Thus, there have
been mixed findings across brain regions in MDD but
selective changes in the expression of the mGlu2/3 recep-
tor across psychiatric disorders. Of note, these alterations
cannot be ascribed to antidepressant treatment, as no
obvious differences in the mGlu2/3 receptor expression
levels in monkey and rat brains were observed following
the chronic administration of antidepressants, such as
fluoxetine and imipramine.”*”

The antidepressant effects of the mGlu2 NAM deco-
glurant administered as an adjunct to ongoing treatment
have been evaluated in patients with MDD who were
inadequately treated with SSRIs and SNRIs. In a phase
IT double-blinded, placebo-controlled study, decoglurant
demonstrated an insufficient efficacy on both primary
(mean change in MADRS score) and secondary out-
comes (proportion of patients exhibiting remission or
response based on the MADRS score).”* Consequently,
decoglurant was withdrawn from the Roche pipeline.
However, whether appropriate doses were used in this
trial were not clarified, making the results of the trial
inconclusive in terms of the potential of mGlu2/3 recep-
tor antagonists. A human study using magnetic reson-
ance spectroscopy recently showed the putative presence
of a glutamate surge in human PFC after ketamine infu-
sion,”> possibly contributing to synaptic plasticity.
Indeed, ketamine has also been reported to increase
global signal regression in the PFC at 24 h post-infusion
and to show a positive relationship with the treatment

response in MDD patients.’® Therefore, mGlu2/3 recep-
tor antagonists may exert antidepressant actions at opti-
mized doses affecting a glutamate surge in the PFC of
MDD patients.

Antidepressant Potential of mGlu2
Receptor Stimulation

In contrast to the finding that mGlu2/3 receptor blockade
exerts the antidepressant effects, some reports have
shown that mGlu2 receptor stimulation may lead to anti-
depressant effects. THIIC, which is an mGlu2 receptor
positive allosteric modulator (PAM), has been reported
to exert antidepressant effects in three animal models of
depression (mouse FST, the rat differential reinforcement
of a low-rate 72-s assay, and the rat dominant-submissive
test).”” The antidepressant effects of THIIC were no
longer observed in knockout mice lacking the mGlu2
receptor, suggesting that this effect is mediated through
the mGlu2 receptor. Notably, this is the only mGlu2
receptor PAM to demonstrate an antidepressant efficacy,
and antidepressant effects have not been reported for
other mGlu2 receptor PAMs or mGlu2/3 receptor agon-
ists. The potential of mGlu2 receptor enhancement for
antidepressant activity has been demonstrated by a
series of studies on L-acetylcarnitine (LAC). LAC exerted
antidepressant effects earlier (after 3 days of treatment)
than current medications (14 days of treatment) in both
genetic (Flinders sensitive line) and environmental (CUS
model) animal models.”® LAC increased mGlu2 receptor
expression in the hippocampus and PFC by increasing
the levels of acetylated H3K27 bound to the GRM2 pro-
moter, thereby enhancing the transcription of the GRM2
gene that encodes for the mGlu2 receptor. Moreover, the
antidepressant effects of LAC were partially attenuated in
mGlu2 receptor-knockout mice or mGlu2/3 receptor
antagonist LY341495-treated mice. Collectively, LAC
may exert its antidepressant effects at least partly through
an increase in mGlu2 receptor expression. Consistent
with this result, Cuccurazzu et al.”® also reported that
chronic treatment for three weeks with LAC reversed
the depressive-like behavior induced by chronic unpre-
dictable mild stress (CUMS), and the treatment with
LAC increased mGlu2 receptor expression in the hippo-
campus without changing the expression of the mGlu3
receptor. Moreover, a lower level of mGlu2 receptor
has been proposed to play a critical role in susceptibility
to stress. Knockout mice lacking the mGlu2 receptor are
more susceptible to CUS, and a lower level of mGlu2
receptor expression in the hippocampus was observed in
stress-susceptible mice than in resilient mice.*
Stimulation of the mineral corticoid receptor, but not
the glucocorticoid receptor, has been proposed to medi-
ate the stress-induced reduction in hippocampal mGlu2
receptor expression via a decrease in the level of
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acetylated H3K27 bound to the GRM2 promoter.*® The
role of LAC in depression is interesting since the plasma
LAC level was recently reported to be reduced in patients
with MDD, compared with age- and sex-matched healthy
controls, at two independent study centers.®’ However,
increased mGlu2 receptor expression in the hippocampus
may not be solely responsible for the effects of LAC, and
evidence for the antidepressant effects of mGlu2 receptor
agonists/PAMs is limited. Therefore, the role of mGlu2
receptor stimulation in antidepressant actions needs to be
further investigated.

Group Il mGlu Receptors for Depression

The roles of group III mGlu receptors in depression and
the antidepressant potential of agents acting on group II1
mGlu receptors have not been fully explored, mostly
because of the limited access to selective ligands for
each receptor. Among the group III mGlu receptors,
nonetheless, both the mGlu4 receptor and the mGlu7
receptor have been proposed as potential therapeutic tar-
gets for depression.

LSP4-2022, an mGlu4 receptor agonist, has been
reported to induce a pro-depressive effect, which was no
longer observed in knockout mice lacking the mGlu4
receptor but not in knockout mice lacking the mGlu7
receptor, suggesting that the stimulation of the mGlu4
receptor may induce depressive-like behavior.®* In con-
trast, a selective and brain-penetrant mGlu4 receptor
PAM, ADXS88178, exerted an antidepressant effect.®’
Moreover, an mGlu4 receptor agonist (LSP1-2111) and
PAM (Lu AF21934) did not have any antidepressant
effects in the mouse FST and TST, while they exhibited
anxiolytic effects in rodents.***> Since LSP1-2111
decreased the basal locomotor activity at the doses that
were used, the results need to be cautiously assessed.
Therefore, the roles of the mGlu4 receptor in depres-
sion/antidepressant actions need to be studied further
using potent and selective ligands for the mGlu4 receptor.
Other than pharmacological studies, the roles of the
mGlu4 receptor in depression have been reported from
studies using microRNAs (miRNAs), which constitute a
class of small non-coding RNA molecules whose function
is to regulate the transcription and translation of down-
stream-related genes. miR-1202 was identified as the most
dysregulated miRNA, with decreased expression in the
ventrolateral PFC of depressed subjects. In addition,
the gene encoding metabotropic glutamate receptor 4
(GRM4) was found to be negatively correlated with the
expression of miR-1202 in depression. Indeed, GRM4
was upregulated in the PFC of depressed subjects.®
A role for the mGlu4 receptor in the action of ketamine
has been suggested.®” Although CUMS, which caused
depressive-like behavior in rats, decreased miR-29b-3 p
in the PFC of rats, ketamine administration reversed

the depressive-like behavior as well as the reduction of
miR-29b-3 p. Consistent with the fact that miR-29b-3 p
negatively regulates the gene expression of GRM4, both
the mRNA and protein levels of GRM4 in the PFC were
significantly increased in the CUMS rats, and these levels
decreased after ketamine treatment. Interestingly, the
overexpression of miR-29b-3p relieved the depressive
behaviors in the CUMS rats and lowered the expression
of GRM4. Collectively, the increased mGlu4 receptor
level may be related to depressive-like behavior and
depressive symptoms, which is supported by the finding
that mGlu4 receptor stimulation results in pro-depres-
sive-like behavior,*? while mGlu4 receptor blockade
may possibly exert antidepressant effects.

An mGlu7 receptor allosteric agonist, AMNOS2, has
been reported to exert an antidepressant effect in some
animal models,*®®! and the antidepressant effects of
AMNO082 were blocked by the mGlu7 receptor antagonist
MMPIP?? or by mGlu7 receptor-knockout,” suggesting
that mGlu7 receptor stimulation may play an important
role in the antidepressant effects. Notably, a major
metabolite of AMNO0S2 has been reported to exhibit affin-
ity for monoamine transporters,”> and MMPIP only par-
tially blocked the antidepressant effects of AMN082.*
Therefore, the antidepressant actions of AMNO82
should be interpreted with caution.

The synaptic and neural mechanisms underlying the
antidepressant effects of AMNO82 have not been fully
characterized. The rapid antidepressant effect of
AMNO82 was reported to be mediated by mTOR signal-
ing, leading to an increase in the levels of the synaptic
proteins in the PFC, similar to the case for ketamine.!”
However, unlike ketamine, the antidepressant effect of
AMNO82 was not observed at 23 h after administration."’
Moreover, the role of the AMPA receptor in the effect of
AMNO82 remains controversial, since contradictory
results that its antidepressant effect was blocked®® or
not blocked'” by NBQX have been reported. Therefore,
the underlying mechanisms of mGlu7 receptor agonists
may differ from those of ketamine and mGlu2/3 receptor
antagonists. Regardless of the similar functional property
that mGlu2/3, mGlu4, and mGlu7 receptors work as pre-
synaptic glutamate autoreceptors, the dissimilarity lies in
the fact that while mGlu2/3 receptor antagonists (and
possibly mGlu4 receptor antagonists) exert antidepres-
sant effects, mGlu7 receptor agonists show antidepressant
effects. This discrepancy may be explained by the differ-
ential cell-type expressions of these receptors. mGlu7
receptors are predominantly expressed on GABAergic
terminals,” where mGlu7 receptor stimulation inhibits
GABA release.” As a result, this event may result in
the activation of glutamatergic transmission via the dis-
inhibition of GABAergic inputs. Therefore, both mGlu7
receptor activation and mGlu2/3 receptor blockade (and
possibly mGlu4 receptor blockade) may converge the
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Figure 2. Proposed synaptic mechanisms underlying the
antidepressant effects of an agent acting on each mGlu receptor
subtype. mGlu2/3, mGlu4, and mGlu7 receptors are located in
presynaptic terminals, and the blockade of these receptors leads to
an increase in release of neurotransmitters. Both mGlu2/3 receptor
antagonists and mGlu4 receptor antagonists increase glutamate
release via autoreceptor blockade, while mGlu7 receptor

agonists may predominantly act on heteroreceptors on GABAergic
terminals to reduce GABA release, leading to the disinhibition of
inhibitory inputs to the pyramidal neurons. On the other hand,
mGlu5 receptor antagonists block extrasynaptic mGlu5 receptors,
which positively regulate extrasynaptic NMDA receptor function
to reduce BDNF expression. As a result, all of these mGlu
receptor ligands (mGlu2/3 receptor antagonists, mGlu4 receptor
antagonists, mGlu7 receptor agonists, mGlu5 receptor antagonists)
may converge to increase BDNF signaling, which eventually
enhances synaptic transmissions. NMDA: N-methyl-D-aspartate;
GABA: gamma-aminobutyric acid; BDNF: brain-derived neuro-
trophic factor; AMPA: a-amino-3-hydroxy-5-methyl-4-isoxazole-
propionic acid.

activation of pyramidal neurons, although this hypothesis
needs to be proven. Moreover, the mGlu7 receptor
expressed on glial cells has recently been reported to
exert neuroprotective effects,”® which may partly contrib-
ute to the antidepressant effects of mGlu7 receptor stimu-
lation. The proposed synaptic mechanisms described
above are illustrated in Figure 2.

Conclusion and Future Directions

As described above, accumulating evidence suggests the
antidepressant potential of both mGlu5 receptor antag-
onists and mGlu2/3 receptor antagonists. In particular,
mGlu2/3 receptor antagonists have been demonstrated to
exert antidepressant effects via underlying mechanisms
that are similar to those of ketamine. On the other

hand, mGlu2/3 receptor antagonists may be devoid of
ketamine-like adverse effects, such as psychotomimetic/
dissociated behavior and the potential for abuse.
Therefore, mGlu2/3 receptor antagonists may provide a
useful means of pharmacotherapy, retaining ketamine’s
rapid and sustained antidepressant effects without the
drawbacks associated with ketamine treatment. An
mGlu2/3 receptor NAM, decoglurant, was tested in clin-
ical trials for patients with depression who had been inad-
equately treated with ongoing antidepressants, but the
results were not encouraging. However, the appropriate-
ness of this study, including the properties of decoglurant,
the doses used, and patient stratifications, must be care-
fully examined, and differences in the pharmacological
properties between orthosteric and allosteric antagonists
need to be considered. Therefore, clinical trials with
appropriate compounds and optimized study designs
are needed before a conclusion can be made regarding
the efficacy of mGlu2/3 receptor antagonists.

Regarding mGluS receptor NAMs, although basim-
glurant failed to show any efficacy in terms of the primary
outcomes in clinical trials, recent studies have provided
alternative approaches. mGlu5 receptor partial NAMs
have been reported to exhibit the same antidepressant
potency as mGlu5 receptor full NAMs but with a lower
likelihood of causing psychotomimetic-like behavior.
Therefore, the efficacy of mGlu5 receptor partial NAMs
at doses capable of achieving a sufficient receptor occu-
pancy in clinical trials needs to be tested.

Compared with mGlu5 receptor antagonists and
mGlu2/3 receptor antagonists, the roles of group III
mGlu receptors in depression have not been evaluated
because of the lack of selective pharmacological tools.
In future studies, it will be important to clarify whether
stimulation or blockade is required for each receptor sub-
type and whether agents acting on these receptors are
likely to have an antidepressant potential similar to that
of ketamine.

Since mGlu receptors play critical roles regulating glu-
tamatergic tones which may be disrupted in depression,
and some mGlu receptors are uniquely distributed in
brain regions associated with depression, targeting
mGlu receptors for the development of novel antidepres-
sants is a very exciting field that deserves further
attention.
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