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The efficacy of the majority of drugs currently used for treatment of
Parkinson’s disease is insufficient. Moreover, such therapeutics are not de-
void of serious side effects. Multiple studies on animal models of parkinson-
ism have shown that new class of drugs, acting selectively on metabotropic
glutamate receptors (mGluRs) might be very promising for the future ther-
apy of Parkinson’s disease.

This review briefly describes changes in glutamatergic transmission in
the neuronal circuitry of the extrapyramidal system that occur in parkin-
sonian patients, contains background information on structure, function and
distribution of mGluRs throughout the basal ganglia and concentrates on dis-
cussion of the results obtained from numerous animal model studies aimed
to establish potential antiparkinsonian properties of various mGluR ligands.
The reviewed literature data indicate that among these compounds group I
mGluR antagonists and group II mGluR agonists might be beneficial to the
treatment of parkinsonian akinesia and muscle rigidity.
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Abbreviations: AADC – aromatic amino acid
decarboxylase, AIDA – (RS)-1-aminoindan-1,5-di-
carboxylic acid, 1S,3R-ACPD – (1S,3R)-1-amino-

cyclopentane-1,3-dicarboxylic acid, AMPA – �-
amino-3-hydroxy-5-methyl-4-isoxazole propionate,
2R,4R-APDC – (2R,4R)-4-aminopyrrolidine-2,4-
dicarboxylic acid, L-CCG-I – (2S,1’S,2’S)-2-(car-
boxycyclopropyl)glycine, CHPG – (RS)-2-chloro-
5-hydroxyphenylglycine, COMT – catecholo-O-
methyltransferase, CPCCOEt – 7-(hydroxyimino)-
cyclopropa[b]chromen-1a-carboxylic acid – ethyl
ester, DCG-IV – (2S,2’R,3’R)-2-(2’,3’-dicarboxy-
cyclopropyl)glycine, DHPG – (S)-3,5-dihydroxy-
phenylglycine, L-DOPA – 3,4-dihydroxyphenyl-L-

alanine, GABA – �-aminobutyric acid, GAD – glu-
tamic acid decarboxylase, LY354740 – (+)-2-
aminobicyclo[3.1.0]hexane-2,6-dicarboxylic acid,

LY367385 – (S)-(+)-�-amino-4-carboxy-2-methyl-
benzeneacetic acid, MAO-B – monoamine oxida-
se-B, MPEP – 2-methyl-6-(phenylethynyl)pyridine,
MPTP – 1-methyl-4-phenyl-1,2,3,6-tetrahydropyri-
dine, NMDA – N-methyl-D-aspartate, 6-OHDA –
6-hydroxydopamine, PENK – preproenkephalin

Introduction

It is commonly accepted that progressive dam-
age to the dopaminergic neurons in the substantia
nigra pars compacta of the midbrain, sending their
projections to the striatum, leads to manifestation
of main symptoms of Parkinson’s disease due to
disturbance of dynamic balance between neuro-
transmitters, keeping of which is indispensable for
proper function of the extrapyramidal system [for
review see 61].

Clinical picture of the disease comprises mostly
muscle rigidity, passive tremor (frequently asym-
metric), hypokinesia, while its secondary signs are
shuffling gait and instability of body posture. As
neurodegenerative changes affect also neurons of
other, than nigrostriatal, dopaminergic pathways
and in advanced stages of the disease, function of
cholinergic, noradrenergic and serotonergic neuro-
nal groups [38] is impaired as well, often a number
of additional symptoms (other than disorganization
of motor functions) are observed, such as depres-
sion, dementia or sleep disorders.

The first drugs used in Parkinson’s disease be-
longed to a group of anticholinergic compounds,
which on the turn of the 1960s of the last century

were replaced by the most efficient antiparkin-
sonian drug so far, 3,4-dihydroxyphenyl-L-alanine
(L-DOPA), direct precursor of dopamine, supple-
menting deficits in this neurotransmitter in the mid-
brain and forebrain. However, shortly thereafter it
occurred that long-term therapy with L-DOPA was
accompanied by many burdensome side effects,
such as nausea, vomiting, arrhythmia, motor on-off
fluctuations connected with shortening of periods
of effectiveness of consecutive drug doses [see 61].
In addition, levodopa enters other dopaminergic
neurons, especially of the mesolimbic pathway,
which may cause psychotic symptoms and mood
disturbances in some patients treated with this drug
[38]. For these reasons, it was necessary to search for
new drugs capable of delaying onset of L-DOPA
therapy or which administered in combination with
L-DOPA would alleviate or abolish adverse reac-
tions. Consequently, a number of compounds able
to inhibit the enzymes participating in dopamine
metabolism were introduced into clinical practice
that included benserazide and carbidopa (inhibitors
of peripheral L-amino acid decarboxylase, AADC),
L-deprenyl (MAO-B inhibitor) or entacapone (COMT
inhibitor). Large group of agonists of dopamine D2

receptors (derivatives of ergot alkaloids, like bro-
mocriptine, cabergoline, and others, e.g. pramipexo-
le), is used preferentially in early stages of the dis-
ease in order to postpone requirement for L-DOPA
[32]. In addition, anticholinergic drugs have also
been used (the striatal cholinergic system is stimu-
lated in Parkinson’s disease), however, their appli-
cation is limited by many adverse reactions, e.g.
memory disorders [see 61].

Nowadays, numerous studies are in progress to
screen synthetic ligands of both ionotropic and me-
tabotropic glutamate receptors, which do not influ-
ence directly dopaminergic transmission, yet they
can potentially contribute to inhibition of distur-
bances of a balance between neurotransmitters in
the pathways engaged in development of parkin-
sonian symptoms.

Disturbance of a balance between

neurotransmitters in Parkinson’s disease

– overactivity of glumatatergic pathways

Although neuropathological picture of Parkin-
son’s disease is clear, neither a direct cause of atro-
phy of dopaminergic neurons in the substantia ni-
gra nor a mechanism of their progressive degenera-
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tion have been discovered. It has been proposed

that neuronal damage is caused by free radicals

generated during oxidative stress evoked by vari-

ous factors, e.g. inhibition of mitochondrial com-

plex I in the cells of the substantia nigra [76], but

other mechanisms are also being considered, like

toxic (effect of some pesticides and neurotoxins)

and genetic (particularly in the early-onset familial

Parkinson’s disease) influences, excitotoxicity and

other causes, including combination of several fac-

tors which culminate in triggering neurodegenera-

tive changes [see 57]. Animal models [see 12], ap-

plied in various studies, mostly those aimed to in-

vestigate pathogenesis of Parkinson’s disease, are

created by the use of a neurotoxin MPTP, rotenone

(pesticide), or paraquat (herbicide), sometimes given

jointly with other compounds, causing degenera-

tion of dopaminergic neurons [84]. Application of

3-nitrotyrosine has also been suggested to study

a role of oxidative stress in Parkinson’s disease

[51]. In addition, transgenic animals, showing ex-

pression of mutations of human �-synuclein gene

or wild type of this protein in excess, have been

used particularly to investigate genetic background

of Parkinson’s disease [24, 48].
In spite of insufficient knowledge of mecha-

nisms underlying development of primary changes

in Parkinson’s disease, consequences of the dam-

age to the nigrostriatal pathway neurons have been

thoroughly described. The most important of them

is a drop in dopamine level in the striatum (caudate

and putamen) down to about 10–20% of normal

level, that influences all connections of the path-

ways in the circuitry: striatum – cerebral cortex –

striatum (Fig. 1) and effecting many changes in

neuronal transmission (including glutamatergic

pathways) manifesting themselves as symptoms of

Parkinson’s disease [61].
A decrease in dopamine level in the substantia

nigra was also proved to have some impact on pa-

thophysiology of the altered neurotransmission in

the basal ganglia. In the substantia nigra pars re-

ticulata, dopamine modulates effects of group II

and III metabotropic glutamate receptors (mGluRs)

located in synapses of the subthalamo-nigral path-

way. A deficit of this neurotransmitter makes the

effect of group II mGluR activation in these syn-

apses much weaker than in the situation when do-

pamine level in this structure is normal [88].
The G protein-coupled dopamine receptors are

located on neurons of efferent striatal pathways,

with stimulatory D1 receptors present on the stria-
to-nigral pathway neurons and inhibitory D2 recep-
tors localized mostly on neurons of the striato-
pallidal pathway [25]. Thus, dopamine loss causes
inhibition of “direct” GABAergic striato-nigral
pathway and excessive activation of also GABA-
ergic but “indirect” striato-pallidal pathway (ex-
tending from the striatum to globus pallidus pars
externa) [25, 26]. The latter effect leads to lessen-
ing of the inhibitory effect of efferent GABAergic
neurons of the globus pallidus pars externa on nu-
cleus subthalamicus and superfluous activation of
glutamatergic transmission in the subthalamo-
nigral and subthalamo-pallidal pathways (Fig. 1).

Overstimulation of postsynaptic glutamate re-
ceptors (particularly NMDA) in both substantia ni-
gra pars reticulata and globus pallidus pars interna
results in activation of GABAergic pathways lead-
ing from these structures to the thalamus. The in-
creased supply of GABA in the thalamus inhibits
transmission in neurons conveying impulses from
the thalamus to the cerebral cortex. Disturbed trans-
mission of these pathways enhances stimulatory ef-
fect of glutamate released from endings of the
cortico-striatal pathway on neurons projecting from
the striatum [14]. Furthermore, it has recently been
demonstrated that unilateral destruction of dopa-
minergic system in rats decreased metabolic activ-
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Fig. 1. Parkinson’s disease. Scheme showing major changes in
synaptic transmission via the brain pathways engaged in devel-
opment of symptoms of Parkinson’s disease. Broken arrow de-
notes dopaminergic (DA) pathway, damaged in this disease, tri-
ple arrows show the stimulated pathways while the thinnest ar-
rows mark the inhibited pathways, D1(+) and D2(–) correspond
to stimulatory and inhibitory dopamine receptors, respectively,
Glu – glutamatergic pathways, GABA – GABAergic pathways.
GPe – globus pallidus pars externa, GPi – globus pallidus pars
interna, STH – nucleus subthalamicus. According to [61], with
author’s permission, modified



ity of certain cortical neurons, extending to the

subthalamic nucleus even by about 40% [59], hence,

activity of this pathway was also changed as a re-

sult of damage to dopaminergic neurons.
The model presented above was developed on

the basis of experimental studies in animals in

which dopaminergic system was lesioned by ad-

ministration of neurotoxins: 6-hydroxydopamine

(6-OHDA) or 1-methyl-4-phenyl-1,2,3,6-tetrahy-

dropyridine (MPTP) [26]. Many of its premises

have been confirmed in genetically modified mice

devoid of functional D2 receptors, which, however,

phenotypically do not express motor symptoms

characteristic of Parkinson’s disease [55]. Applica-

tion of the aforementioned substances for induction

of the symptoms mimicking parkinsonism has long

been accepted as a way to construct animal models

of Parkinson’s disease [see 12]. Such treatment

leads to changes in expression of genes encoding

neuropeptides, which coexist with GABA in the ef-

ferent striatal pathways, viz. level of striatal mRNA

coding for enkephalin precursor, preproenkephalin

(PENK) rises, while levels of prodynorphin and

preprotachykinin mRNAs, (dynorphin and sub-

stance P precursors, respectively) drops. Enkepha-

lin is co-expressed with GABA mostly in the

striato-pallidal pathway, whereas coexistence of

substance P and dynorphin was discovered in the

striato-nigral pathway neurons [25, 26]. This obser-

vation justified assumption that level of expression

of certain neuropeptide genes could be used as

a “quantitative” marker of activity of the above-

mentioned pathways. Hence, such techniques as in

situ hybridization in thin slices of animal brain al-

low for screening test substances for potential anti-

parkinsonian activity, which manifests itself as

their normalizing effect on activity of the striato-

pallidal pathway (they decrease PENK expression

in the striatum). Recent studies in MPTP-treated

monkeys have proven that the striatal prepro-

tachykinin mRNA expression is closely related to

manifestation of parkinsonian motor disorders, and

that the “direct” pathway can be more significant to

their appearance that suspected earlier [86].
Parkinsonian symptoms can be induced in ani-

mals without treatment with neurotoxins, e.g. by

administration of a classic neuroleptic, haloperidol

which blocks dopamine D2 receptors, resulting in

reversal of suppressive effect of dopamine on the

striato-pallidal pathway and its superfluous activa-

tion that is accompanied by elevation of striatal
proenkephalin mRNA level [3]. Analogous change
in expression of this neuropeptide has also been ob-
served in D2 receptor knock-out mice [55]. Besides
its antipsychotic action, haloperidol can trigger sym-
ptoms of drug-induced parkinsonism in the patients.
In animals, peripheral treatment with this therapeu-
tic leads to muscular rigidity, which is character-
ized by enhanced electromyographic activity of
limb muscles [44] or catalepsy (maintaining an in-
convenient, imposed by an experimenter body pos-
ture for a period of time) and hypolocomotion, con-
sidered as a model of parkinsonian akinesia [60].

It is commonly accepted that overactivity of the
glutamatergic pathways originating from the sub-
thalamic nucleus and projecting to the substantia
nigra pars reticulata or globus pallidus pars interna,
and excessive activation of the cortico-striatal path-
way are responsible for development of parkin-
sonian symptoms. Animal studies and clinical trials
in parkinsonian patients revealed that a damage to
the subthalamic nucleus alleviated or abolished
symptoms of Parkinson’s disease [11, 69] (which
was, however, associated with certain side effects –
see [7]), that corroborated a role of excessive acti-
vity of this structure in induction of motor distur-
bances observed in parkinsonism.

Findings described above could have been the
basis for suggestion that substances inhibiting glu-
tamatergic transmission by interaction with appro-
priate glutamate receptors have a potential to be
used as drugs tempering or eliminating the symp-
toms of thus far incurable Parkinson’s disease.

Therapeutic strategy related to NMDA

receptors

The NMDA receptors named after one of their
agonists, N-methyl-D-aspartic acid, belong to iono-
tropic glutamate receptors (whose agonists, besides
glutamate, include L-aspartate and L-homocysteic
acid) are associated with ion channel permeable to
Ca2+, Na+, and K+ [23]. In addition to glutamate
(and aspartate) binding sites, these receptors have
a number of modulatory sites binding such com-
pounds as glycine, that acts as a co-agonist, poly-
amines or Zn2+ ions [19, 23]. When NMDA recep-
tor channel is not activated, it is blocked by Mg2+,
whose removal, facilitating ion flow through the
channel after receptor stimulation by an agonist, re-
quires first membrane depolarization by e.g. stimu-
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lation of AMPA receptors, but also by an energy
deficit evoked, for instance, by brain ischemia [19].

Such double control of NMDA receptor allows
it to fulfill a key role in mediation of processes of
synaptic plasticity, connected inter alia with learn-
ing process, and particularly with consolidation of
memory traces [79]. Functioning of this receptor is
closely related to calcium ion influx to the cell.
Ca2+ ions play a role of signaling molecules, which
acting alone or after binding to proteins (e.g. cal-
modulin), activate numerous Ca2+-dependent enzy-
mes (kinases, phospholipases, Ca2+-dependent NO
synthase and others). Activation of these enzymes
leads to various structural (e.g. in cytoskeleton) and
functional changes (e.g. alterations in sensitivity of
other receptors, opening/closing ion channels, in-
duction of gene expression and many others) in
neurons [19, 23].

The NMDA receptors are located on neurons in
many brain structures, in the central nervous system
mostly postsynaptically, principally in the hippo-
campus (CA1 layer, dentate gyrus), cerebral cortex,
basal nuclei, septum and amygdala [19], so effects
of any disorders in their function or administration
of their potent agonists/antagonists affect not only
memory processes but also motor and psychic
functions. Animal studies have shown that strong
agonists of these receptors cause neurodegenera-
tion by excitotoxicity, convulsions and even death
[20]. Long-term and strong stimulation of NMDA
receptors and, consequently, rapid influx of large
quantities of calcium ions (which themselves cause
additional calcium release from endoplasmic re-
ticulum by stimulation of ryanodine receptors) in-
duce overproduction of free radicals by mitochon-
dria, drop in ATP synthesis and, thus, mobilization
of pathways leading to apoptosis or necrosis of
neurons [19].

Knowledge of the fact that glutamatergic path-
ways are excessively activated in Parkinson’s dis-
ease prompted researchers to search for potential
drugs among NMDA receptor blockers. Attention
was mostly focused on blockers of ion channel of
these receptors, which act as uncompetitive antago-
nists of phencyclidine (PCP) binding site located
inside this channel [23]. These compounds clearly
stimulate locomotor activity and produce stereo-
typies at high doses [19]. Many tested NMDA re-
ceptor antagonists suppressed neuroleptic-induced
catalepsy in rats and counteracted parkinsonian-
like muscle rigidity [see 60].

Very selective and potent blockers of NMDA
receptor channel complex, such as MK-801 (di-
zocilpine), exhibited unsatisfactory side effect pro-
file accompanying efficient alleviation of model
parkinsonian symptoms in animals [35, 77] and
lowering neuroleptic-induced elevation of previ-
ously altered striatal preproenkephalin mRNA level
[34, 56]. These effects included psychotomimetic
action, ataxia, walking and posture disturbances,
memory deficits, neurodegenerative changes and
addiction to these substances [20], which obviously
would preclude use of so strongly acting sub-
stances in clinical practice.

However, it was noticed that not all tested sub-
stances, blocking NMDA receptor channel, induced
so harmful effects. Studies of compounds belong-
ing to derivatives of 1-aminoadamantane, like aman-
tadine and memantine, exhibiting at therapeutic
concentrations only mild affinity for PCP binding
site and quickly dissociating from it [23] demon-
strated their feasibility for alleviation of dyskine-
sias observed after longer L-DOPA treatment in
animals and in patients suffering from Parkinson’s
disease [61].

However, amantadine and memantine, already
introduced into clinical practice, react not only with
NMDA receptors. The former drug at concentra-
tions measured in serum of patients, additionally
modulated function of nicotinic receptors and inter-
acted with sigma1 receptors, while the latter only at
higher concentrations influenced other receptors,
including nicotinic receptor, sigma1 receptors and
5-HT3 receptors [21]. Clinical trials showed that
amantadine reduced all major parkinsonian symp-
toms but its efficiency was rather weak in compari-
son with L-DOPA. Action of memantine was even
weaker [61].

Metabotropic glutamate receptors

In the nervous system, glutamic acid, besides
producing relatively quick reactions associated
with ion fluxes through ionotropic receptor chan-
nels, fulfills much more complex functions via re-
ceptors coupled to trimeric G proteins and second
messenger systems [67]. In addition, mGluRs regu-
late release of many classic neurotransmitters and
neuropeptides from nerve endings [see 18].

The mGluRs constitute a diverse group and dif-
fer in several characteristics from a majority of
other known G protein-coupled receptors. Until now
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8 types of mGluRs have been cloned and numbered
successively beginning from those discovered the
earliest (mGluR1–mGluR8). Further studies based
on intracellular effects of stimulation of these re-
ceptors, on their pharmacological profile and their
mutual amino acid sequence homology allowed for
assignment of individual mGluR types to three
main groups (Tab. 1) [67]. Moreover, a number of
isoforms of these receptors have been discovered,
which resulted from different posttranscriptional
modifications of mRNA (alternative splicing).

Table 1. The groups of mGluRs and intracellular effects of their
stimulation. Letters in parentheses indicate receptor isoforms

Group I mGluRs mGluR1 (a,b,c,d)

mGluR5 (a,b)

� [Ca2+]

� DAG, � IP3

Group II mGluRs mGluR2

mGluR3

� [Ca2+]

� cAMP

Group III mGluRs mGluR4 (a,b)

mGluR6

mGluR7 (a,b)

mGluR8 (a,b)

� [Ca2+]

� cAMP

� cGMP

Structure

Similarly as other G protein-coupled metabotro-
pic receptors, the mGluRs are built of one polypep-
tide chain with seven hydrophobic transmembrane
domains linked with hydrophilic segments forming
intra- and extracellular loops. N-terminal segment
is located outside the cell, while C-terminal domain
remains inside [67]. General structure of mGluRs
resembles other metabotropic receptors but more
detailed studies revealed a number of differences
between them, which allowed for classification of
mGluRs into the third family of G protein-coupled
receptors, together with e.g. GABAB receptors and
calcium-sensing receptors (sensitive to extracellu-
lar calcium) and several other receptors, e.g. con-
nected with taste perception [74]. Metabotropic re-
ceptors of this family are frequently characterized
by their ability to form homodimers linked with di-
sulfide bond [39, 74]. Protein chains of mGluRs are
much longer in comparison with typical meta-
botropic receptors (872–912 and 402–590 amino
acid residues, respectively) and do not show se-
quence homology with them [67].

One of specific structural features of all mGluR
subtypes is the presence of a very long N-terminal
segment, within which, as confirmed by crystallo-

graphic studies [39], polypeptide chain forms two

globular domains which are joined with a hinge re-

gion precluding changes in spatial orientation of

these domains in relation to each other, which as

a whole constitutes the binding site for glutamate

and competitive antagonists of these receptors

(Fig. 2). Extracellular segment of mGluR contains

also a very conservative (for all mGluR subtypes)

cysteine-rich region [67]. Intracellular C-terminal

segment is the most variable fragment of receptor

protein molecule, and it bears alterations caused by

alternative splicing of mRNA. This segment par-

ticipates in interactions with different proteins, e.g.

with Homer protein in case of mGluR1a (but not

mGluR1b,c,d) and mGluR5a,b, which may lead to

receptor activation in an agonist-independent way

[2] or with �-tubulin in case of mGluR7 [75]. The

second intracellular loop in cooperation with other

intracellular domains is probably mostly responsi-

ble for interaction with G protein coupled with the

receptor [28].

Mechanism of signal transduction

All mGluRs are coupled to respective G pro-

teins and secondary messenger systems, different

in group I mGluRs than in group II and III mGluRs

[67].
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Fig. 2. Scheme presenting a model of mGluR structure. TM –
transmembrane helical domain



Activation of postsynaptic mGluR1 and mGluR5

in the perisynaptic space by an endo- or exogenous

agonist leads to signal transmission to G protein,

and phospholipase C, which then hydrolyses mem-

brane-bound phospholipids, phosphatidylinositol-

(4,5)bisphosphate that results in formation of two

signaling molecules, i.e. second messengers: inosi-

tol 1,4,5-phosphate (IP3), able to diffuse throughout

the cytosol and diacylglycerol (DAG) anchored in

plasma membrane. The IP3 binding to a protein

forming calcium channel in endoplasmic reticulum

(ER) membrane, causes quick efflux of Ca2+ ions

accumulated in ER and dramatic increase in free

Ca2+ in cytosol. DAG remaining in plasma mem-

brane together with Ca2+ ions activates protein ki-

nase C, which can phosphorylate many target pro-

teins including various kinases [67].
It was proved that activation of group I mGluRs

in in vitro culture of striatal membranes by an ago-

nist leads to enhanced expression of c-fos gene,

used as an indicator of Ca2+-induced transcription

of different genes [45]. It has lately been discov-

ered that mobilization of calcium ions from intra-

cellular stores after stimulation of mGluRs can pro-

ceed via an IP3-independent pathway, in which cy-

clic ADP-ribose (cADPR) is engaged, interacting

with ryanodine receptor, that was demonstrated in

dopaminergic neurons [53]. Moreover, activation

of group I mGluRs predominantly suppresses K+

channels, although potentiation of these channels

by mGluRs has also been observed [19].
Group II and III mGluRs (located mainly pre-

synaptically) are negatively coupled with adenylyl

cyclase (AC) through Gi protein, whose free � sub-

unit inhibits this enzyme, which results in a drop in

cAMP level in cytosol [67]. Consequently, there is

a decrease in cytosolic pool of activated protein ki-

nase A, which indirectly (by phosphorylation of

gene regulatory proteins) participates in regulation

of transcription of many genes. Moreover, stimula-

tion of mGluRs of these groups suppresses N-type

calcium channels [67], which, considering presy-

naptic location of these receptors, can lead to a blo-

ckade of glutamate release in synapses (they act as

autoreceptors) [52].
In addition, activation of certain types of mGluRs

was observed to rise activity of phospholipase A2,

phospholipase D and cGMP phosphodiesterase [19].

In recent years, it was proved that regulation of

NMDA receptor function by mGluRs may involve

slightly different signal transduction pathway than

that described above. It was shown that stimulation
of mGluR1 by an agonist could amplify ion flux
through NMDA receptor channel in the way inde-
pendent of G protein, with activation of kinases of
Src family without involvement of protein kinase
C, which then phosphorylate respective NMDA re-
ceptor subunits, thereby increasing ion flow through
this receptor [10, 29]. However, in the case of
mGluR5, contribution of G protein, protein kinase
C, and then Src kinase was indispensable for en-
hancement of ion current through NMDA receptor
by mGluR5 [10]. Thus, it was proved that there are
two different pathways leading to activation of the
same effector protein by signals from mGluR1 or
mGluR5.

Potential role of mGluRs in therapy of Parkinson’s

disease

Immunohistochemical studies demonstrated
abundance of mGluRs in different brain structures
both on neurons and astrocytes [70, 71, 78]. High
expression of mGluR3 mRNA was observed in
glial cells in various brain regions [81]. Cortical as-
troglial cells cultured in vitro in strictly defined me-
dium were positive for mRNAs coding for mGluR3,
mGluR5 and mGluR8 while expression of receptor
protein was observed only for mGluR5 [33]. Some
amount of mGluR5a mRNA was found in the mi-
croglial cells cultured in vitro [13]. The presence of
mGluRs was also demonstrated in the heart, bones,
enteric plexuses and autonomic nervous system
[67]. However, the most important to therapy of
Parkinson’s disease has been identification of dif-
ferent mGluR subtypes in neuronal membranes in
the striatum, as well as in structures receiving glu-
tamatergic input from the subthalamic nucleus:
substantia nigra pars reticulata, and globus pallidus
pars interna [70, 71, 83], which play a modulatory
role in fast glutamatergic transmission connected
with ion channels.

Injection of NMDA receptor antagonists into
the aforementioned brain structures weakened par-
kinsonian symptoms in different animal models of
this disease (see [60]). These observations were the
basis for suggestion that potential drugs targeted at
mGluRs can also be efficient in alleviating such
symptoms in humans, the more so that they are de-
void of side effects characteristic of strong NMDA
receptor antagonists. Current investigations are fo-
cused on search for and characterization of selec-
tive compounds, that inhibit excitability of gluta-
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matergic neurons in the pathways overactivated in
Parkinson’s disease by influencing metabotropic
receptors. Hence, animals models are used to test
antagonists of “stimulatory” group I mGluRs and
agonists of presynaptic autoreceptors belonging to
group II and III (particularly to group II), that show
inhibitory effect both after peripheral administra-
tion (if a substance crosses blood-brain barrier) and
after direct injection to one of the brain structures
contributing to development of parkinsonian symp-
toms.

Research demonstrated high expression of
mGluR5 in the striatum and its lower level in the
other structures of the basal ganglia [83]. The
mGluR1 was also located on the most of striatal
neurons [36] but its density was lower in compari-
son with mGluR5. Moreover, considerable num-
bers of mGluR1 were found in the subthalamic nu-
cleus and substantia nigra (pars compacta and pars
reticulata) [4, 31]. As well mGluR1 as mGluR5 are
localized on cholinergic striatal neurons [9, 46],
whose excessive excitation is observed in Parkin-
son’s disease (which explains efficiency of anticho-
linergic drugs). The above-described observations
justify supposition that blockade of group I mGluRs
could weaken glutamatergic transmission most of
all in the overactivated cortico-striatal pathway, but
also in the subthalamo-nigral and subthalamo-
pallidal pathways (Fig. 1).

Some group II mGluRs are located presynapti-
cally on endings of the cortico-striatal neurons [83],
and their stimulation suppresses glutamate release
to synaptic cleft [6]. Furthermore, a portion of
group II mGluRs resides on neuronal endings of
axons of the subthalamo-nigral pathway reaching
the substantia nigra pars reticulata, so their stimula-
tion could lower superfluous activation of this
structure by glutamate (Fig. 1) [16]. On this basis,
it was hypothesized that group II mGluR agonists
could also show antiparkinsonian action.

However, in animals given 6-hydroxydopamine
(6-OHDA), some changes in expression of mRNA
coding for different mGluR subtypes were ob-
served in the brain structures engaged in develop-
ment of parkinsonian symptoms. Namely, a drop in
mGluR1 mRNA was noticed mostly in the substan-
tia nigra pars compacta (degeneration of dopamin-
ergic neurons), mGluR3 mRNA level fell in the
striatum and globus pallidus and mGluR4 mRNA
content declined in the striatum and premotor cor-

tex [50]. A decrease in density of “inhibitory”
group II and III mGluRs, particularly in the stria-
tum, can further aggravate negative effects of ex-
cessive glutamate release in this structure occurring
in Parkinson’s disease.

Experimental studies on agonists/

antagonists of mGluRs in animal models

of Parkinson’s disease

Studies aimed to establish potential antiparkin-
sonian properties of various chemical compounds,
including group I mGluR antagonists and group II
mGluR agonists require first induction of parkinso-
nism-like symptoms in laboratory animals, which
is the most frequently achieved by administration
of a neuroleptic, haloperidol (D2 receptor antago-
nist) or reserpine, depleting dopamine from neu-
ronal stores [60]. Another often used model in-
volves unilateral damage to dopaminergic neurons
of the nigro-striatal pathway by intracerebral ad-
ministration of such neurotoxins as 6-OHDA [12,
60] and subsequent observation whether a tested
substance with a potential therapeutic action in-
duces rotations in animals.

In pharmacological studies, potential efficacy
of a tested substance in vivo in animal model of
parkinsonism is defined most of all on the basis of
its ability to alleviate experimentally induced cata-
lepsy, hypokinesia or muscle rigidity, and its poten-
tial to inhibit overactivation of the striato-pallidal
pathway evoked, e.g. by a neuroleptic (measured
by PENK mRNA level in the striatum).

The first synthesized compounds exhibiting
some selectivity for individual mGluR subtypes
showed also affinity for ionotropic glutamate re-
ceptors (iGluRs), undesired from the point of view
of pharmacological studies of mGluRs. For instan-
ce, quisqualic acid, an agonist of mGluRs coupled
to activation of phosphatidylinositol hydrolysis
pathway, was also a potent agonist of AMPA recep-
tor [19]. Discovery that cyclic analogues of gluta-
mic acid, e.g. 1S,3R-1-aminocyclopentane-1,3-di-
carboxylic acid (1S,3R-ACPD), are characterized
by relatively low affinity for iGluRs and high spe-
cificity for mGluRs was a breakthrough. In spite of
inability of the compound to “distinguish” between
different mGluR subypes (it is an agonist of most
of them), 1S,3R-ACPD has been commonly used
in research of mGluR functions [19].
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Next synthesized compounds, showing higher

selectivity for individual mGluR subtypes have

been applied in animal models of many diseases of

the central nervous system, such as brain ischemia,

neurodegenerative diseases, epilepsy, psychiatric

diseases and addiction [67].
One of the first experiments investigating a po-

tential of synthetic mGluR ligands to alleviate

parkinsonian-like symptoms utilized (+)-2-amino-

bicyclo[3.1.0]hexane-2,6-dicarboxylic acid, a com-

pound designated as LY354740, a strong selective

group II mGluR agonist, crossing blood-brain bar-

rier [6]. This compound after peripheral admini-

stration lowered haloperidol-induced muscle rigid-

ity measured as rat hind limb muscle resistance in

response to passive movements, and catalepsy [16,

37]. Studies of Konieczny et al. [37] revealed that

LY354740 at doses of 5 and 10 mg/kg injected

intraperitoneally (ip) 1 h after haloperidol admini-

stration (1 mg/kg, ip) dose-dependently reduced

both muscle resistance and electromyographic ac-

tivity (EMG) elevated by the neuroleptic in rats.
It is known that in patients with Parkinson’s dis-

ease, there is an increase in resting EMG activity

and that observed during movements, and in resis-

tance of limb muscles to passive movements [40].

It was demonstrated that haloperidol or reserpine

treatment evoked similar effects in rats [44], which

could be reversed by administration of L-DOPA or

pramipexole (antiparkinsonian drug) [43].
The effects observed after peripheral administra-

tion of LY354740 were suspected to result, at least

partly, from activation of autoreceptors mGluR2/3

located on neuronal endings of the cortico-striatal

pathway. Such activation was observed earlier (as

an inhibition of glutamate release from presynaptic

endings) in in vivo microdialysis studies [6] with

LY354740 and veratridine (sodium channel activa-

tor), which increases glutamate level in synaptic

cleft by depolarization of neuronal endings. Fur-

thermore, LY354740 diminished excitation of the

substantia nigra pars reticulata neurons induced by

the stimulated subthalamo-nigral pathway [16].

This group II mGluR agonist, even at large doses,

did not disturb locomotor activity or memory pro-

cesses in animals [30], which is its additional ad-

vantage over strong NMDA receptor antagonists.

Animal studies also demonstrated that this com-

pound exhibited anxiolytic action without sedative

effects [30] and inhibited development of tolerance

to antinociceptive action of morphine [73].

Positive results of the studies on LY354740 in

animal models facilitated further search for poten-

tial drugs among group II mGluR agonists. Studies

of Dawson et al. [22] showed that (2S,2’R,3’R)-2-

(2’,3’-dicarboxycyclopropyl)glycine (DCG-IV), an

agonist of group II mGluRs and simultaneously a

strong group III mGluR antagonist [15], adminis-

tered intracerebroventricularly (icv) or into sub-

stantia nigra pars reticulata reduced reserpine-

induced akinesia, which suggested that positive ac-

tion of this compound depended on its effect on

mGluR2/3 on endings of the subthalamo-nigral

tract. However, other investigations [87] revealed

that icv injection of DCG-IV elevated PENK

mRNA level in certain regions of the striatum both

in control and haloperidol-treated animals. An ab-

sence of inhibitory effect of this compound on stri-

atal PENK expression could possibly result from

a lack or only negligible influence of DCG-IV on

autoreceptors of group II mGluRs on the cortico-

striatal neuronal endings. The observed rise in

PENK mRNA expression was attributed to the fact

that at higher doses, DCG-IV acted as agonist of

NMDA receptor, whose stimulation elevates stri-

atal level of mRNA coding for preproenkephalin

[8]. The results reviewed above inspired formula-

tion of hypothesis that group II mGluR agonists,

administered peripherally or icv act rather as pre-

synaptic autoreceptors of the subthalamo-nigral

pathway, that inhibit overstimulation of the sub-

stantia nigra pars reticulata neurons [16] than on

the striatal mGluRs of the same group. Just re-

cently, other adverse reactions of DCG-IV have

been discovered, in addition to its liability to in-

crease PENK mRNA expression. Despite its neuro-

protective effect on the striatal dopaminergic neu-

rons [49], this compound even at as low doses as

5 nmol was toxic to the striatum, considerably low-

ering striatal level of mRNA coding for glutamic

acid decarboxylase (GAD) and inducing internu-

cleosomal DNA fragmentation, which is a marker

of apoptosis [85].
The hypothesis suggesting only slight influence

of group II mGluR agonists on mGluR2/3 located

in the striatum was confirmed by experiments with

another agonist of group II mGluRs (devoid of ago-

nistic action at NMDA receptor), namely (2R,4R)-

4-aminopyrrolidine-2,4-dicarboxylic acid (2R,4R-

APDC), whose administration also suppressed ex-

citation of the substantia nigra (pars reticulata) neu-

rons [16], but it did not affect striatal PENK mRNA
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level after its bilateral injection directly to the stria-
tum of both control and haloperidol-treated animals
[87]. These results can indicate that potential anti-
parkinsonian action of group II mGluRs in animal
models does not consist in normalization of trans-
mission via the striato-pallidal pathway, overstimu-
lated due to a lack of dopamine or D2 receptor
blockade (haloperidol), but rather depends on their
modulatory (inhibitory) action on excitation of the
substantia nigra (pars reticulata) neurons by termi-
nals of excessively activated glutamatergic path-
way leading to this structure from the subthalamic
nucleus.

In addition, 2R,4R-APDC, injected intrastri-
atally, did not reduce haloperidol-induced muscle
rigidity in rats [62]. However, the authors sug-
gested that in this case a single administration of
the neuroleptic did not elevate extracellular gluta-
mate level in the striatum. Therefore, in this model
group II mGluRs presynaptic autoreceptors (which
are not located in the central region of a synapse)
might not be active, since they are effectively
stimulated when synaptic glutamate level is consid-
erably increased (e.g. by veratridine, as in the stud-
ies of Battaglia et al. [6]). It has recently been dem-
onstrated that group II mGluRs located on choliner-
gic neurons of the striatum become less sensitive to
agonists (measured by inhibition of acetylcholine
release) after unilateral lesion with 6-OHDA in rats
in comparison with the same receptors on the con-
tralateral side to the lesion, and that activation of
NMDA receptors is facilitated under such condi-
tions [47]. Therefore, similar changes could con-
tribute to a lack of efficacy of group II mGluR ago-
nists administered intrastriatally.

The studies on group II mGluR agonists are
paralleled by testing antagonists of group I mGluRs,
which “stimulate” glutamatergic transmission in
synapses, also in the striatum. These receptors are
mostly located postsynaptically and accompany
NMDA receptors, positively modulating transmis-
sion via these receptors [72], thus, it was suspected
that blockade of the striatal mGluR1/5 could in-
duce behavioral effects resembling inhibition of
NMDA receptors.

As already mentioned, expression of mGluR5
in the striatum is high while their level in the re-
maining structures of the basal ganglia is rather
moderate [83]. The mGluR5 in this structure out-
numbers mGluR1 [36], and both receptor types
were also discovered on cholinergic interneurons in

the striatum [9]. Hence, it was suspected that the

striatum could be the main target of mGluR5 an-

tagonists, and, thus, these compounds could be able

to some extent to lower GABAergic transmission

in the overactivated striato-pallidal pathway.
One of the first adequately selective mGluR5

antagonists was 2-methyl-6-(phenylethynyl)pyridi-

ne (MPEP), brain-penetrating non-competitive an-

tagonist of this receptor, interacting with trans-

membrane binding pocket [65]. This compound ad-

ministered peripherally, after stimulation of the

subthalamic nucleus neurons by a group I mGluR

agonist, directly inhibited stimulation of this struc-

ture [4], and induced ipsilateral rotations in animals

with unilaterally 6-OHDA-lesioned nigro-striatal

pathway, although finally this effect occurred to be

quite low [80]. The studies of Ossowska et al. [63]

indicated that MPEP at different doses (1–10 mg/kg)

administered ip 1 h after haloperidol lowered (dose-

dependently) muscle rigidity and neuroleptic-in-

duced elevation in EMG of hind limb muscles in

rats. MPEP administered to control animals (treated

with physiological saline instead of haloperidol)

did not significantly affect muscle tone (there was

no myorelaxation) or EMG activity. Results pre-

sented in the same report also indicated that MPEP

significantly decreased percent of cataleptic ani-

mals in which catalepsy was induced by haloperi-

dol, and lowered hypolocomotion induced by this

neuroleptic. Moreover, as expected, this compound

diminished expression of PENK mRNA elevated

by haloperidol (or eticlopride [68]) in the striatum

except for the dorsal part of the anterior striatum

[87]. Furthermore, MPEP prevented an increase in

PENK mRNA level in the dorsal striatum induced

by selective agonist of mGluR5, (RS)-2-chloro-5-

hydroxyphenylglycine (CHPG) [68], which con-

firms close relationship between striatal mGluR5

and regulation of PENK mRNA level in this struc-

ture, and, thus, activity of striato-pallidal pathway.
The studies of Breysse et al. [17] indicated that

chronic but not acute MPEP administrations abo-

lished akinesia in rats with unilateral 6-OHDA-

induced lesion of the striatal dopaminergic neu-

rons. In that experiment, akinesia was measured as

a delay of learnt reaction to visual stimulus. MPEP

(1.5, 3 and 6 mg/kg, ip) administered for one week

to the lesioned rats (showing clear akinesia) dimin-

ished the lesion-induced delay of reaction to the

stimulus, and after its 3-week treatment, the value
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reached the control level observed before the op-
eration [17].

In vitro studies [58] demonstrated neuroprotec-
tive MPEP action due to lowering of ion flux
through NMDA receptor channel and reduced time
of opening of this channel, which suggested an-
tagonistic action of MPEP at NMDA receptor. De-
spite this effect, the compound at concentrations
used in the experiments [63, 80] neither had myore-
laxant effect nor did it increase locomotor activity
of animals, which is its undisputable advantage.
Moreover, MPEP as well as other antagonists of
mGluR5 administered systemically exhibited neu-
roprotective effects in vivo against the metham-
phetamine-induced lesion of dopaminergic nigros-
triatal neurons [5, 27]. In addition, in other studies
[82], MPEP exhibited potential anxiolytic and anti-
depressant action.

At the molecular level, MPEP-induced mGluR5
blockade produced interesting effects, which could
be important to elucidation of a role of antagonists
of these receptors as potential antiparkinsonian
drugs. It was proven that activation of the striatal
group I mGluRs by an agonist, (S)-3,5-dihydroxy-
phenylglycine [(S)-3,5-DHPG] in rats considerably
lowered capacity and efficiency of neuronal dopa-
mine transporter, while MPEP application pre-
vented this effect [66].

Antagonists of mGluR1 also alleviated parkin-
sonism-like symptoms in experiments with animal
models. For instance, (RS)-1-aminoindan-1,5-di-
carboxylic acid (AIDA) is at lower doses a selec-
tive and strong mGluR1 antagonist but at higher
doses blocks also the cloned mGluR5 and acts as
a weak agonist of cloned mGluR2 [54]. Intrastriatal
administration of this compound in haloperidol-
treated rats decreased at higher doses (AIDA at 15
�g/0.5 �l) muscle rigidity evoked by the neurolep-
tic [62]. However, this dose had weak myorelaxant
effect also in control rats (without haloperidol)
[62].

Furthermore, AIDA suppressed catalepsy [64]
and slightly diminished (by 10% at the most)
PENK mRNA level in the striatum in animal model
using haloperidol [64]. In addition, AIDA was de-
monstrated to afford neuroprotection, preventing
degeneration of dopaminergic neurons of the sub-
stantia nigra, induced by a neurotoxin, MPTP, in
mice [1].

Application of other mGluR1 antagonists proved
a significant role of blockade of these receptors in

normalization of the striato-pallidal pathway activ-
ity elevated by haloperidol, yielding more promis-
ing results than those obtained with AIDA. The
substances: (S)-(+)-�-amino-4-carboxy-2-methyl-
benzeneacetic acid (LY367385) and 7-(hydroxy-
imino)cyclopropa[b]chromen-1a-carboxylic acid-
ethyl ester (CPCCOEt), selective, competitive and
noncompetitive [41, cf. 87], respectively, antago-
nists of mGluR1 were examined for their influence
on striato-pallidal pathway using in situ hybridiza-
tion method, showing changes in PENK mRNA ex-
pression in the striatum [87]. Both substances do
not penetrate the brain, so they were administered
bilaterally directly to the anterior striatum in rats
(three times) following haloperidol treatment (three
times at 3-hour intervals). CPCCOEt completely
restored PENK expression enhanced by haloperidol
to the control level in the anterior striatum, consid-
erably lowering it in the central striatum (slighter
effect in the dorsal part) [87]. Similar results were
obtained with LY367385, viz. this compound sub-
stantially lowered (though not to the control level
in this case) PENK mRNA expression in the ante-
rior striatum and dorsal part of the central striatum,
while its effect on PENK mRNA level in the ven-
tral region, elevated by haloperidol, was insignifi-
cant. Neither of the tested mGluR1 antagonists af-
fected PENK mRNA content in the control animals
[87].

The results of the cited investigations suggest
strong association between group I mGluRs and ac-
tivity of the striato-pallidal pathway in animal mo-
dels of Parkinson’s disease. It is supposed that anta-
gonists of these receptors can interact with mGluR1
and mGluR5 located on GABAergic projection
neurons forming striato-pallidal pathway and on
stiatal cholinergic neurons. Too high acetylcholine
concentration in extracellular space in the striatum
can further elevate activation of the striato-pallidal
tract, via muscarinic M1 receptors present in the
striatum, thereby aggravating disorders in a balance
between neurotransmitter systems in the extrapyra-
midal system, described earlier. As mentioned
above, the studies into the effect of the test sub-
stances on mGluRs located on cholinergic neurons
in the striatum demonstrated that group II mGluR
agonists, LY354740, DCG-IV and (2S,1’S,2’S)-
2-(carboxycyclopropyl)glycine (L-CCG-I) inhibi-
ted release of endogenous acetylcholine provoked
by electrical stimulation in slices of the striatum of
rats pretreated with 6-OHDA, although, unfortu-
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nately, this effect was lower that in slices from the
control rats, which indicates lesser sensitivity of
these receptors in the striatum of rats lesioned with
6-OHDA [47]. Moreover, earlier studies from the
same laboratory showed that activation of pre-
synaptic group I mGluRs, located on axonal end-
ings of the striatal cholinergic neurons, elevated
acetylcholine release, whereas blockade of these
receptors by joint administration of MPEP and
CPCCOEt (but not any of the substances alone)
abolished effect of group I mGluR stimulation by
DHPG [46]. Hence, mGluR1/5 antagonists can po-
tentially exhibit action normalizing striatal cho-
linergic pathways overactivated in Parkinson’s dis-
ease, contributing to alleviation of its burdensome
motor symptoms.

Conclusions

Group I mGluR antagonists and certain group II
mGluR agonists excite particular hope for their use
in future therapy of Parkinson’s disease, which was
demonstrated by experiments on various animal
models, by in vitro studies, and neurophysiological
analyses of modulatory effect of these substances
on glutamatergic transmission linked to NMDA re-
ceptors and others.

The commonly accepted model of Parkinson’s
disease, assuming disarranged neurotransmission
in the closed loop of neuronal connections after
damage or degeneration of the substantia nigra
neurons, points to a number of targets for potential
drugs in different structures of the extrapyramidal
system. Synthetic mGluR1 and mGluR5 ligands,
acting via receptors located in the striatum, influ-
ence activity of the striato-pallidal pathway neu-
rons, as demonstrated by animals studies. Thus, an-
tagonists of these subtypes of mGluRs could nor-
malize neurotransmission in this pathway, which
possibly would alleviate parkinsonian symptoms
connected with excessive activation of the subtha-
lamic nucleus neurons. Antagonists of group I
mGluRs, e.g. MPEP, can act not only on pathways
emanating from the striatum, but also they can in-
fluence directly the subthalamic nucleus or neurons
of the substantia nigra pars reticulata and/or globus
pallidus pars interna, i.e. the structures located fur-
ther “downstream” from the striatum. The periph-
erally administered ligands of this type could si-
multaneously reach mGluRs in various structures

of the extrapyramidal system, acting in a more
complex way that some of the currently used drugs.

On the other hand, group II mGluR agonists,
despite their reported lack of effect on the striatal
PENK mRNA level, could have beneficial thera-
peutic effect also in parkinsonian patients, but rather
by regulation of neuronal excitability of the sub-
stantia nigra pars reticulata and other subcortical
structures than via receptors located in the striatum.
Therapeutic application of substances possessing
mixed properties, viz. group I mGluR antagonists/
group II mGluR agonists also seems possible [42].

Unfortunately, many substances tested in model
systems, characterized by potential antiparkin-
sonian properties, e.g. mGluR1 antagonists, do not
penetrate the brain, which precludes, at least for
now, their use in humans, in spite of so promising
results obtained in animals. However, an absence
of significant side effects and lack of toxicity of
substances tested in animal models does not ex-
clude certain more subtle side effects, indiscernible
in experiments on animals. mGluRs are known to
be present in a majority of brain structures, in
plasma membranes of both, neurons and glial cells.
In addition, they are located in the periphery, which
disables prediction of all possible effects of block-
ade or stimulation of even individual subtypes of
mGluRs. It is supposed that compounds acting at
mGluRs can be used in the treatment of many dis-
eases, in which reduction of glutamatergic trans-
mission can have therapeutic effect, owing to mo-
dulatory action of these receptors on different neu-
rotransmission pathways.

Another important problem worth emphasizing
is imperfection of animal models, e.g. treatment of
animals with haloperidol elicits the state resem-
bling drug-induced parkinsonism observed in hu-
mans rather than typical Parkinson’s disease, and
neuropathological picture in animals treated with
toxin MPTP or 6-OHDA (lack of Lewy bodies) is
different than in patients examined at autopsy [12].

Obviously, only clinical trials can falsify or
authenticate efficacy of mGluR ligands as potential
drugs alleviating or even blocking a majority of
symptoms of Parkinson’s disease (particularly mo-
tor disturbances) when used as monotherapy or in
combination with, for instance, lower L-DOPA
doses than those currently used. On the basis of the
present knowledge it is, however, not possible to
definitely conclude whether mGluR ligands may be
superior to dopaminomimetics in the therapy of
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Parkinson’s disease. All the same, it is well known
that the effectiveness of L-DOPA decreases in the
course of the disease due to the progressive degen-
eration of dopaminergic neurons. At this stage
therapeutic intervention in other neurotransmitter
systems, e.g. glutamatergic, may be of special im-
portance. Summing up, the results of studies on
animals even now justify expectation that such
pharmacological tools will join the arsenal of thera-
peutics for Parkinson’s disease and many others.
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