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Abstract

Metabotropic glutamate receptors (mGIuRs) are heavily expressed throughout the basal ganglia
(BG), where they modulate neuronal excitability, transmitter release and long term synaptic
plasticity. Therefore, targeting specific mGIuR subtypes by means of selective drugs could be a
possible strategy for restoring normal synaptic function and neuronal activity of the BG in
Parkinson disease (PD). Preclinical studies have revealed that specific mGIuR subtypes mediate
significant neuroprotective effects that reduce toxin-induced midbrain dopaminergic neuronal
death in animal models of PD. Although the underlying mechanisms of these effects must be
further studied, there is evidence that intracellular calcium regulation, anti-inflammatory effects,
and glutamatergic network modulation contribute to some of these neuroprotective properties. It is
noteworthy that these protective effects extend beyond midbrain dopaminergic neurons to include
other monoaminergic cell groups for some mGIuRs. In this review, we discuss evidence for
mGIuR-mediated neuroprotection in PD and highlight the challenges to translate these findings
into human trials.
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Introduction

Parkinson’s disease (PD) is the second most common age-related neurodegenerative disorder
clinically characterized by motor disturbances such as resting tremor, slowness of movement
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(bradykinesia), difficulty in initiating movements (akinesia), rigidity and postural instability.
The motor symptoms largely arise through the progressive degeneration of dopamine (DA)
neurons in the substantia nigra pars compacta (SNC). These DA neurons are a key
component of the basal ganglia (BG), a highly organized network of brain nuclei implicated
in motor, limbic and cognitive functions that receive massive extrinsic glutamatergic
projections from the cortex and thalamus (Fig. 1). The onset of parkinsonian motor
symptoms appears only after a critical threshold of 50-60% DA neurons loss in SNC and
70-80% degeneration of striatal DA terminals has been reached [1]. This lag between the
development of motor deficits and the protracted extent of the nigrostriatal degenerative
process provides an opportunity for neuroprotective intervention that could slow down the
degeneration of the DA system, thereby delay or prevent the development of parkinsonian
motor symptoms.

It is well recognized that PD symptoms extend beyond motor deficits, and include cognitive,
psychiatric and autonomic dysfunctions. These non-motor signs are increasingly recognized
as being part of the wider clinical syndrome of PD and a major source of decreased quality
of life for PD patients [2]. There is compelling evidence that some of these non-motor
deficits result from the degeneration of noradrenergic neurons in the locus coeruleus (LC)
and adjoining areas, a pathological feature described in the post-mortem brain of PD patients
[3,4]. To date, the most effective treatment for parkinsonian motor symptoms relies on DA
replacement therapy. However, as the disease advances, there is an emergence of
complications related to long-term symptomatic treatment, including motor and non-motor
fluctuations, dyskinesia, and psychosis [5]. Thus, there is an urgent need to develop
therapies that slow down the progression of neurodegeneration in PD.

The development of therapeutic approaches that could slow down the death of midbrain
DAergic neurons has been of great interest during the past decades. Although there is
preclinical evidence that blockade of AMPA and NMDA ionotropic glutamate receptors
protects midbrain dopaminergic neurons from toxin-induced degeneration in rodent and
monkey models of PD [6], chronic administration of ionotropic glutamate receptor
antagonists elicits unwanted side effects in humans, thereby limiting their usefulness as
therapeutics [6].

Because of their modulatory effects, localization specificity and potential for drug targeting
at allosteric modulatory sites, the G protein-coupled metabotropic glutamate receptors have
generated significant interest as new therapeutic targets for brain diseases, including PD
[6,7].

In this review, we will discuss evidence for neuroprotective properties of different subtypes
of mGIuRs in PD and the challenges that need to be overcome to translate the findings of
preclinical neuroprotection studies in animal models to the human diseased condition.
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Anatomical localization and function of mGIuRs in the basal ganglia

circuitry

The mGIluRs family comprises eight receptor subtypes classified into three groups: group |
(mGIuR1 and 5), group Il (mGIuR2 and 3), and group 11 (mGIuR4, 6, 7 and 8), based on
their sequence homology, signal transduction mechanisms and pharmacological profiles [7].

The group | mGluRs, mGIuR1 and mGIuR5, are widely expressed in basal ganglia nuclei,
including DAergic neurons of the SNC, striatal projection neurons and interneurons [7-9],
globus pallidus (GP) [10] and subthalamic nucleus (STN) [9] (Fig. 1). The mGIuR5 is also
expressed in astrocytes and microglia in rats [7,10]. At the subcellular level, the two receptor
subtypes are mainly found post-synaptically in dendritic spines and shafts, where they
enhance excitability through various post-synaptic mechanisms that involve regulation of
intracellular calcium, functional interactions with NMDA receptors and modulation of
voltage-gated calcium channels [7,11,12]. In addition, these receptors are coupled to Gq
proteins and positively modulate neuronal excitability through activation of phospholipase C
leading to an increase in intracellular Ca2+ and protein kinase C [7,12].

Group Il mGIuRs (mGIuR2 and mGIuR3) are differentially expressed within BG nuclei
(Fig. 1), the striatum being the most enriched nucleus, where they are found in glutamatergic
axons and terminals, cholinergic interneurons and astrocytes [7-9]. Functionally, striatal
group Il mGIluRs regulate glutamate release from the cortex and thalamus and dopamine
release from the ventral midbrain, through direct or indirect pre-synaptic mechanisms [8,13].
Other BG nuclei display low to moderate levels of neuronal group 11 mGluRs mRNA [9] and
protein immunoreactivity [8]. Electrophysiological studies have shown that activation of
group Il mGIuRs reduces glutamatergic transmission in the STN [14], the GP and the SN
[7]. Thus, group Il mGIuUR agonists could help restore BG circuitry imbalance in the
parkinsonian state by reducing the output of glutamatergic corticostriatal and
subthalamofugal synapses and by inhibiting cholinergic neurons in the striatum (Fig. 1)

The Group Il mGluRs, mGluR4, mGIuR7 and mGIuR8, are expressed throughout the BG
circuitry (Fig. 1), but mGIuRS8 is expressed at a lower level than mGluR4, and mGIuR?7. In
the striatum, mGIluR4 and mGIuR7 are mainly located pre-synaptically in glutamatergic
corticostriatal terminals (Fig. 1). At the level of GPe, GPi, and SNr, mGIluR4 and mGIuR?7
are abundantly expressed in striatal GABAergic terminals [15,16]. In addition, significant
presynaptic mGIluR4 expression has been reported on putative STN glutamatergic terminals
in the GP and SNr of both rodents and nonhuman primates [15,16] (Fig. 1).

Activation of group 111 mGIuRs reduces the excitatory glutamatergic drive to the STN and
the SNC through presynaptic mechanisms [17]. It has been suggested that this
downregulation of glutamatergic transmission upon SNC neurons may contribute to the
neuroprotective effects of mGIuR4 orthosteric agonists (or positive allosteric modulators-
PAM) against toxin-induced degeneration of midbrain DAergic neurons in models of PD
[18].
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Thus, because of their pre-synaptic localization and Gi/o-mediated dampening effects upon
glutamate release, the potential neuroprotective properties of group Il (mGluRs 2 and 3) and
group Il (mGluRs 4, 6, 7 and 8) mGIuRs have generated significant interest [19,20].

Neuroprotective effects of group | mGIuRs

Battaglia et al. first showed that systemic administration of the mGIuR5 antagonist, 2-
methyl-6-(phenylethynyl) pyridine (MPEP), protected striatal dopaminergic terminals
against toxicity caused by methamphetamine [21], a psychostimulant that also leads to
nigro-striatal degeneration in humans. Further evidence for mGluR5-mediated
neuroprotection of the nigrostriatal dopaminergic system came from MPEP-treated or
mGIuR5 knockout mice which both displayed increased survival of nigrostriatal DA neurons
after administration of the dopaminergic neurotoxin 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) [22]. Recently, we have shown that systemic administration of
the mGIuR5 negative allosteric modulator, 3-[(2-methyl-1,3- thiazol-4-yl) ethynyl] pyridine
(MTEP), is highly protective against MPTP-induced neurodegeneration in non-human
primates [23]. Furthermore, these data also showed that MTEP treatment protects
noradrenergic and serotonergic neurons of the locus coeruleus (LC) and dorsal raphe (DR)
against MPTP toxicity [23] (Figs 2 and 3). These observations are particularly relevant
because degeneration of the LC and DR has been associated with non-motor symptoms of
PD, such as depression, REM sleep behavior disorder, autonomic dysfunction, and pain [3].
Altogether, these rodent and monkey data suggest that the use of mGIuR5 antagonists may
be a useful strategy to reduce degeneration of monoaminergic neurons in PD. Taking into
consideration evidence that mGIuR5 antagonists also have significant anti-dyskinetic effects
in rodent and non-human primate models of PD [24,25] and some anti-parkinsonian effects
in 6-OHDA-treated rats [26], these findings provide additional support for the potential use
of mGIuR5 antagonist as PD-relevant therapeutic.

The evidence that various mGIuR5 antagonists (AFQO056-mavoglurant; ADX-48621-
dipraglurant) currently being tested in human trials as anti-dyskinetic drugs are well
tolerated and do not worsen PD motor symptoms [27] is encouraging, and provides further
support towards the chronic use of mGIluR5-related compounds as potential neuroprotective
drug in PD.

Although the exact mechanisms by which mGIuR5 antagonists mediate their neuroprotective
effects upon catecholaminergic neurons in toxin-based models of PD remain to be
established, some interesting possibilities have been raised. In light of evidence that calcium
dysregulation, mitochondrial respiration impairment and excitotoxic insults contribute to the
degeneration of nigral dopaminergic neurons in PD [7,20,23], the blockade of mGIuR5 may
provide its protective effects through reduction of intracellular calcium levels in
dopaminergic neurons via decreased mGIluR5-mediated activation of intracellular IP3
receptors [7,11,12,20] and/or reduction of the potentiating effects of mMGIuR5 upon NMDA
receptor function [7,11,20]. An alternative mechanism could involve the reduction of
overactive glutamatergic inputs from the STN to SNC neurons in the PD state [131,134—
139]. Finally, because glial mGIuR5 expression is up-regulated in some inflammatory
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processes [7,20], the blockade of these receptors may reduce these harmful effects and
attenuate MPTP-induced toxicity towards midbrain dopaminergic neurons.

Neuroprotective effects of Group Il mGIuRs in PD

It has been suggested that selective Group Il mGIuR agonists might be a good target for PD
therapy because they can pre-synaptically reduce excitatory glutamatergic neurotransmission
at cortico-striatal synapses, known to be overactive in models of PD [28]. Pharmacological
activation of mGIluR2/3, indeed, reduces akinesia in reserpine-treated animal models of PD
[29]. Furthermore, activation of group Il mGIuRs at the glutamatergic STN-SNC synapses
reduces the amplitude of excitatory postsynaptic currents in rat SNC neurons [30]. In line
with these observations, systemic treatment or intranigral administration of the group 11
mGIuR agonists LY379268 and (2R,4R)-4-aminopyrrolidine-2,4-dicarboxylate (2R,4R-
APDC) reduces the extent of 6-OHDA-induced toxicity of dopaminergic neurons in the rat
SNC [31]. In addition, activation of group Il mGIuRs by dual mGIuR2/3 receptor agonist
LY379268 or DCG-1V reduces SNC degeneration in mice after intrastriatal MPP+ or
systemic MPTP administration, further supporting a role for group Il mGIuR agonists as
disease-modifying agents in PD. The exact role played by mGIuR2 vs mGIuR3 in the
neuroprotective benefits of group Il mGIuRs activation is not clear. The development of
subtype selective agonists may help further address this issue. Through the use of the
mGIuR2/3 receptor agonist LY 379268 in mGIluR2 and mGIuR3 receptor knockout mice,
Corti et al. suggested that the neuroprotective properties of LY379268 in MPTP-treated mice
were entirely mediated by activation of the astrocytic mGIuR3 receptor and that these effects
were amplified in the absence of neuronal mGIuR2 receptors, suggesting that mGIuR2
activation might be harmful to toxin exposure. Additional studies are needed to assess the
neuroprotective properties of these specific mGluR2-related compounds in animal models of
PD.

Studies of the neuroprotective properties of the selective mGIuR3 receptor agonist, N-
acetylaspartylglutamate (NAAG) [32], have been limited by the poor blood-brain barrier
permeability of this compound [33]. There is evidence that activation of mGIuR3 enhances
the production of several neurotrophic factors, including TGF-p and glial derived nerve
growth factor (GDNF) [34], which is highly relevant because GDNF has potent neurotrophic
and neuroprotective effects upon nigral dopaminergic neurons in a variety of preclinical
models of parkinsonism [35]. Future studies using mGIluR3-related drugs with better brain
access are warranted to assess the relevance of mGIuR3 as a potential target for
neuroprotection of dopaminergic neurons in PD.

Neuroprotective effects of Group Il mGluRs in PD

The recent development of highly specific and potent group Il mGluR-related allosteric
modulators and orthosteric agonists has enabled the testing of the neuroprotective properties
of specific group 111 mGIuR subtypes in various PD models [7,36]. There is evidence that
the pharmacological activation of group 111 mGIuRs protects against NMDA-induced
toxicity in cultured neurons and in vivo, an effect that is absent in mice lacking mGIluR4,
suggesting that mGIuR4 is an important mediator of neuroprotection against excitotoxic
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insult [37]. Consistent with the prediction that group 11l mGIuRs activation has
neuroprotective effects in PD, both acute and subchronic intranigral infusion of the group Il
mGIuRs agonist L-AP4 reduced the extent of 6-OHDA toxicity in the rat SNC [31,36].
Furthermore, systemic or intrapallidal administration of the mGIuR4 allosteric potentiator,
PHCCC (Phenyl-7-(hydroxyimino) cyclopropopa[b] chromen-la-carboxamide), reduced the
extent of nigrostriatal MPTP toxicity in wild type mice, but not in mice lacking mGIuR4,
further supporting the selective activation of mGIuR4 as a therapeutic strategy for
neuroprotection in PD [18].

Various potential mechanisms have been suggested through which group 111 mGIuRs
activation could mediate their neuroprotective effects in PD models. The anatomical,
electrophysiological and pharmacological data certainly point towards direct or indirect
inhibition of glutamate release in the SNC [7,20,36,37]. Activation of mGIluR4 inhibits
GABA release at the striatopallidal synapse, an effect that likely underlies some of the
antiparkinsonian effects of mGluR4 PAM on bradykinesia and other motor symptoms
associated with PD [7]. Because the over-activity of the indirect pathway is implicated not
only in the pathophysiology of motor symptoms, but also in the ongoing degeneration of
nigral dopaminergic neurons induced by the possible excitotoxic effects of over-active
glutamatergic projections from the STN [7,36], the downregulation of GABAergic
striatopallidal transmission may be another means through which mGluR4 PAM could
mediate their neuroprotective effects upon SNC neurons in PD.

Activation of group 111 mGIuRs also mediates anti-inflammatory effects [38]. For example,
lipopolysaccharide (LPS)-induced microglial activation in vitro is attenuated by the group Il
mGIuR agonists L-AP4 and RS-PPG [38]. Activation of glial mGluR4 reduces the
production of RANTES, a chemokine involved in neuro-inflammation that circulates at
higher levels in humans with PD compared with age- and sex-matched controls [39]. L-AP4
is similarly protective against neuronal death induced by myelin-exposed microglia, a
finding attributable to the mGluR-mediated inhibition of soluble toxin production by
activated microglia [40]. Similarly, oligodendrocyte precursor cells found in lesion sites are
particularly vulnerable to cytotoxic and pro-inflammatory factors released by activated
microglia, and stimulation of group 11l mGIuRs by L-AP4 prevents microglial-induced
inhibition of oligodendrocyte precursor cell proliferation [41]. Although these mechanisms
have yet to be explored in animal models of PD, given that gliosis and inflammation are
increasingly recognized as features of PD pathology [42], it is very likely that some
component derived from activation of astroglial group 111 mGIuRs contributes to the overall
protective potential of targeting these receptors in PD.

Furthermore, studies using group 111 mGIluR-selective agonists (ACPT-1, L-AP4) and
mGIuR4 orthosteric agonists and PAMs (PHCCC, VU0155041) demonstrated their
antiparkinsonian effects in various rodent models of PD, which provide additional support
for the potential use of mGIuR4 potentiators as PD-relevant therapeutic [43,44].

In contrast to mGIluR4, much less is known about the anti-parkinsonian and neuroprotective
properties of other group 111 mGIuR subtypes (mGIuR7 and mGIuR8). [45,] [46].
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Pre-clinical Neuroprotection data to Clinical Trials: Challenges and Hopes

Efforts to translate these preclinical data about mGluR-mediated neuroprotection to the
human trials face some challenges because of the constant failure of previous
neuroprotective trials in PD [47]. Although the failure of these trials is not fully explained,
various suggestions have been made including the choice of patients with profound
dopaminergic cell loss [48], lack of precise knowledge of the mechanisms responsible for
cell death, lack of relevant animal models, uncertainty as to drug dosing, and the lack of a
clinical trial methodology that can unequivocally define a disease-modifying therapy which
is not confounded by symptomatic or pharmacological effects of the study intervention [49].

Future trials of any putative neuroprotective drugs (including mGluR-related compounds)
should be aimed at patients chosen at an early stage of the disease, prior to the appearance of
motor symptoms and severe dopaminergic depletion. Because of the lack of PD biomarkers,
the recruitment of such patients faces challenges. However, current efforts at identifying PD
biomarkers such as the Parkinson’s Progression Marker Initiative (PPMI) hold promise for
future PD neuroprotective trials [50]. The use of animal models that more faithfully mimic
PD pathology to test potential neuroprotective drugs is also warranted. The current efforts at
developing alpha-synuclein-based nonhuman primate models of PD may provide the
necessary tools to achieve this goal [51].
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Figure 1.
Localization of metabotropic glutamate receptors (mGIuR) subtypes in the basal ganglia

motor circuit. Eight mGIuR subtypes (mGIuR1-mGIuR8) have been cloned and divided into
three groups (Groups I-111). Group | mGluRs (mGIuR1 and 5) are predominantly expressed
post-synaptically in dendrites and spines. Pre-synaptic expression in nigrostriatal dopamine
terminals has also been reported in the primate striatum. Group Il (mGIuRs 2 and 3) and
group 111 (mGIuRs 4, 6, 7 and 8) are mainly localized pre-synaptically in glutamatergic and
non-glutamatergic terminals, where they act as auto- or hetero-receptors that reduce
neurotransmitter release. The blockade of group | receptors and activation of groups Il and
111 mGIuRs can reduce glutamatergic signalling and dampen neuronal excitability giving
them potential neuroprotective properties.
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Figure 2.
Photomicrographs of TH-immunostained coronal sections at the level of the midbrain

dopaminergic cell groups (A—C) and post-commissural striatum (D-F) of a control (left
column), MPTP/vehicle-treated (middle column) and a MPTP/MTEP-treated (right column)
monkey. Abbreviations: SNC: substantia nigra compacta, Th: thalamus; VTA: ventral
tegmental area. CA: caudate nucleus; PU: putamen GPe: globus pallidus, external segment;
GPi: globus pallidus, internal segment. Scale bars: A—-C =1 mm, D-F =4 mm. G.
Stereological estimate of the total number of TH-positive neurons (means + SD) and H:
Densitometry analysis in SNC and VTA regions of control, MPTP/vehicle and MPTP/MTEP
treated monkeys. **, p < 0.001 and *, p< 0.05 for differences from control and MPTP/
vehicle. #, p < 0.05 for differences between the vehicle and MTEP-treated animals. There
were no significant difference found in the VTA between control and MPTP/MTEP treated
monkeys. (See Masilamoni et al., 2011 for additional details)
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Figure 3.
Photomicrographs of TH- and 5SHT-immunostained coronal sections at the level of the

noradrenergic cells groups (A—C) and serotonergic cell groups (D-F) of a control (left
column), MPTP/vehicle treated (middle column) and MPTP/MTERP treated (right column)
monkey. Abbreviations: A5, A7: Noradrenergic cell groups A5 and A7; DR: dorsal raphe;
MnR: Scale bars: A—-F = 2 mm. (G) Stereological estimate of the total number of tyrosine
hydroxylase-positive (TH+) and (5 HT+) neurons (means = SD) in the LC, A7, A5 and DR
regions of control, MPTP/vehicle and MPTP/MTEP-treated monkeys. *P < 0.001; **P <
0.05 for differences between control, MPTP/vehicle and MPTP/MTEP-treated animals by
using one-way ANOVA with Tukey’s post hoc test. (See Masilamoni et al., 2011, 2016 for
additional details)
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