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Abstract: Metabotropic glutamate (mGlu) receptors represent the largest family of glutamate receptors in 
mammals and act as fine tuners of the chemical transmission in central nervous system (CNS). 

In the last decade, results concerning the expression and the subcellular localization of mGlu receptors 
further clarified their role in physio-pathological conditions. Concomitantly, their pharmacological 
characterization largely improved thanks to the identification of new compounds (chemical ligands 
and antibodies recognizing epitopic sequences of the receptor proteins) that allowed to decipher the 
protein compositions of the naive receptors. 

mGlu receptors are expressed at the presynaptic site of chemical synapses. Here, they modulate 
intraterminal enzymatic pathways controlling the migration and the fusion of vesicles to synaptic 
membranes as well as the phosphorylation of colocalized receptors. Both the control of transmitter 
exocytosis and the phosphorylation of colocalized receptors elicited by mGlu receptors are relevant 
events that dictate the plasticity of nerve terminals, and account for the main role of presynaptic 
mGlu receptors as modulators of neuronal signalling. 

The role of the presynaptic mGlu receptors in the CNS has been the matter of several studies and 
this review aims at briefly summarizing the recent observations obtained with isolated nerve end-
ings (we refer to as synaptosomes). We focus on the pharmacological characterization of these re-
ceptors and on their receptor-receptor interaction / oligo-dimerization in nerve endings that could be 
relevant to the development of new therapeutic approaches for the cure of central pathologies. 

Keywords: Synaptosomes, transmitter release, presynaptic receptors, oligomerization, receptor-receptor interaction, mGlu1/5, 
mGlu2/3, mGlu7. 

1. INTRODUCTION 

 Metabotropic glutamate (mGlu) receptors have a wide-
spread distribution in the organism including the Central 
Nervous System (CNS), where they act as fine tuners of the 
chemical transmission [1-6]. 

 The mGlu receptor family consists of eight different sub-
types that are subdivided in three main groups depending on 
the homology of the protein sequences, the coupled G pro-
teins and the second messenger pathways that transduce their 
signals in cells. 

 The group I of the mGlu receptors includes the mGlu1 
and mGlu5 receptor subtypes. These receptors positively 
couple Gq/11 proteins and activate phospholipase C (PLC) 
and adenylyl cyclase (AC)-dependent intraterminal pathway,  
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increasing the dynamics of cytosolic Ca2+ ions and of pro-
teins phosphorylation [4, 5, 7-9]. 

 The group II includes the mGlu2 and mGlu3 receptors. 
The huge homology of the receptor protein sequences made 
it very difficult to distinguish them by a pharmacological 
point of view. Nonetheless, the synthesis of new compounds 
[10-16] and the proposal of a novel approach based on anti-
bodies recognizing the epitopic outer sequence of the recep-
tor protein [17, 18] largely overcame the problem. 

 Finally, the III group consists of the mGlu4, mGlu6, 
mGlu7 and mGlu8 receptors. Several papers in the literature 
are dedicated to the mGlu4, 7 and 8 subtypes, while the 
mGlu6 receptor still represents an almost so far unexplored 
entity (the cDNA encoding the human mGlu6 was isolated 
from a human retinal cDNA library, [19, 20]). 

 The mGlu receptors belonging to the second and the third 
groups couple Gi/o proteins and negatively control AC ac-
tivities and Voltage-Sensitive Ca2+ Channels (VSCCs), but 
activate the mitogen activated protein kinase (MAPK) de-
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pendent pathways [21]. Activation of these receptors inhibits 
the influx of positive charges within the cells and activate the 
K+ rectifying channels [6, 22-24]. 

 The mGlu receptors are widely distributed in all the CNS 
regions and expressed in neurons, in astrocytes and glial 
cells, as well as in oligodendrocytes [25-28]. This diffuse 
distribution accounts for the interest into this receptor fam-
ily, since modulators of mGlu receptors could represent 
therapeutic approaches to recover functional unbalance 
within the quad-partite synapse, the functional unit which 
consists of the pre and the post synaptic component of the 
chemical synapses as well as of the surrounding astrocytes 
and the microglial cells [29]. Ligands modulating these re-
ceptors can restore physiological transmission between neu-
rons and astrocytes, but also counteract pathological micro-
glia activation, defining the fate and the maturation of oli-
godendrocytes and myelin [28, 30]. 

 In the last decade several reviews have been dedicated  
to the new results concerning the expression and localization 
of mGlu receptors as well as their role in pathological  
conditions [10, 11, 31, 32]. The impact of mGlu receptor 
ligands/modulators in neurodegenerative disorders, however, 
still represents matter of discussion [33].  

 Presynaptic mGlu receptors control intraterminal enzy-
matic pathways dictating the migration and the fusion of 
vesicles to the synaptic membranes, then tuning transmitters 
outflow [1, 2, 34, 35]. Meanwhile, the modulation of the 
intraterminal phosphorylative pathways also influences the 
phosphorylation – dephosphorylation of by-side receptor 
proteins (i.e. ionotropic receptors such as NMDA receptors, as 
well as other metabotropic receptors including GABAB and 
5-HT2A receptors [36-42]), indirectly tuning their insertion in 
plasma membranes and their functions. Both events, i.e. the 
control of transmitter exocytosis and the phosphorylation of 
colocalized receptors, promote the plasticity of nerve terminals 
and account for the main role that presynaptic mGlu recep-
tors play as modulators of neuronal signalling in CNS. 

 The cross-talk of mGlu receptors with by-standing recep-
tors implies either receptors oligomerization or receptor-
receptor interaction [43-45]. The term oligomerization refers 
to the physical association of colocalized receptors to form 
receptor assembly with a high level of complexity, where 
one receptor protein allosterically controls the function of the 
other receptor(s). The phenomenon occurs throughout the 
CNS, including in nerve endings, and it affects the efficiency 
of chemical transmission either presynaptically or postsynap-
tically. As far as the mGlu receptors are concerned, they can 
either homo or heterodimerize [7, 45]. The heteromeric asso-
ciation was first proposed to involve only receptors belong-
ing to the same group (i.e. mGlu1 and mGlu5 receptors [46, 
47] or mGlu receptors belonging to groups sharing a com-
mon transducing pathway (i.e. mGlu2 / mGlu4 receptor het-
erodimers [48, 49]). Recently, however, evidence was pro-
vided showing that mGlu receptors also can heterodimerize 
with metabotropic receptors transducing opposite intratermi-
nal signalling (i.e. the mGlu5 / mGlu3 receptor-receptor in-
teraction [50]) or with non-glutamatergic receptors (the 5-
HT2A / mGlu2 [18, 40] and the mGlu1 / GABAB receptors 
complexes [42]). These new findings dramatically increase 

the complexity of the scenario. Some examples of this het-
erodimeric association occurring presynaptically in synapto-
somes will be discussed in this review [41].  

 The term receptor-receptor interaction refers to the colo-
calization of two or more receptors (mGlu 1/5 / NMDA re-
ceptors [36, 37], mGlu2/3/ NMDA receptors [51], mGlu7 / 
A1 / GABAB receptors [52], mGlu7 / β receptors [53]), but it 
does not imply the physical association of the receptor pro-
teins involved (that on the contrary represents a prerequisite 
for an efficient receptor homo/heterodimerization). 

 Both the receptor-receptor interaction and the receptor 
oligomerization trigger and sustain the mechanism of 
“metamodulation” [54, 55]. The term “metamodulation” 
refers to the cooperation linking different neurotransmitters 
to modulate synaptic transmission in the CNS. Neurotrans-
mitters are often analysed individually owing to decipher 
their impact on chemical transmission, under-estimating 
their ability to cooperate and reciprocally interact to control 
neuronal activity. The complexity that originates from the 
converging activity of transmitters acting at colocalized re-
ceptors is impressive and might be taken into consideration 
when predicting the final outcome of therapeutic interven-
tions with drugs or when considering the onset and the pro-
gression of neuropathological diseases [40].	  
 The role of the presynaptic mGlu receptors in the CNS 
has been a matter of several investigations and studies have 
been already dedicated to resume the knowledge of the func-
tional and pharmacological characteristics of these receptors 
[1, 2, 35, 56]. This review aims at updating the observations 
from studies with isolated nerve endings (we refer to as syn-
aptosomes) that recently improved our knowledge of the 
pharmacological profile and of the receptor-receptor interac-
tion / dimerization of presynaptic release-regulating mGlu 
receptors. 

2. SYNAPTOSOMES IN SUPERFUSION: AN IN 
VITRO MODEL FOR INVESTIGATING THE 
RECEPTOR-RECEPTOR INTERACTION AND THE 
RECEPTOR ASSOCIATION AT THE PRESYNAPTIC 
LEVEL 

 Synaptosomes are pinched-off nerve terminals that retain 
all the functional features of the structures they originate 
from. During homogenization, nerve endings are detached 
from the axonal process and resealed to form these structures 
(see for recent reviews, [35, 58]. Synaptosomes possess the 
naïve receptors and the proteomic repertoire that assures 
their functional activities, including the control of transmitter 
release [57, 58]. In 1974 Raiteri and colleagues described for 
the first time the technique of the “up-down superfusion of a 
thin layer of synaptosomes” [59]. Briefly, monolayers of 
synaptosomes are plated on microporous filters in parallel 
chambers and continuously down superfused. In these condi-
tions, the solution continuously removes the transmitters 
released by the superfused particles before they can activate 
targets on by-standing particles or retrogradely act at the nerve 
endings they are released from. Auto and heteroreceptor-
mediated feed-back mechanisms of regulation of transmitter 
release are therefore minimized and do not affect the outcome 
(the release of transmitters, see [57] for technical details). 
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 During superfusion, synaptosomes are exposed to ago-
nists /antagonists of selected receptors in the absence or 
presence of depolarizing stimuli. Superfusate fractions are 
collected and quantified for their content in transmitters. The 
changes in transmitter overflow detected in superfusate frac-
tions correlate to the exposure of synaptosomes to receptor 
ligands and confirm (by a functional point of view) the exis-
tence of the receptor in a synaptosomal subfamily. Actually, 

in superfused synaptosomes, the finding that a certain ago-
nist AL dissolved in the superfusion medium causes signifi-
cant changes in the basal or in the depolarization-evoked 
transmitter exocytosis from synaptosomes implies that the 
superfused synaptosomes possess the receptor targeted by 
the agonist (AR) and that the binding of AL to AR mediates 
functional responses that emerge as modification of transmit-
ter release (Fig. 1A). 

 

Fig. (1). Correlation between agonist-receptor interaction and release efficiency in superfused synaptosomes. Synaptosomes are en-
dowed with several receptor subtypes (i.e. AR and BR) that may colocalize in the same particles and that, once activated by selected ligands 
(i.e. AL and BL), might control the transmitter release. A) AR and BR exist on different synaptosomes or coexist in the same particles where 
they control transmitter exocytosis when activated by the respective agonists AL and BL independently one from each other. The concomi-
tant activation of the two receptors would lead to a releasing activity corresponding to the sum of the releasing activity elicited by each re-
ceptor. B) AR and BR are functionally coupled and control transmitter exocytosis. The binding of AL to AR controls the release of the 
transmitter but also activates transducing pathways that reverberate on the colocalized BR influencing the releasing activity elicited by BL, 
either potentiating it (B, right) or decreasing it (B, left). C) AL acting at AR does not modify per se the transmitter release but affects the 
releasing activity elicited by BL acting at BR, either potentiating (C, left) or reducing (C, right) it. (A higher resolution / colour version of 
this figure is available in the electronic copy of the article). 
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 This is, however, a simplified picture of what can occur 
in superfused synaptosomes, since usually, these particles 
possess several receptors that, once activated, might either 
control the transmitter release independently one to each 
other or, alternatively, cooperate in an allosteric manner to 
modulate the exocytosis (Fig. 1A and 1B). In the former 
case, (Fig. 1A) the concomitant activation of the colocalized 
receptors would lead to a releasing activity that amounts to 
the sum of each single releasing effect. In the latter case (Fig. 
1B), the concomitant activation of the colocalized receptors 
would elicit a releasing activity lower or higher than the sum 
of the releasing effects caused by the receptors. The possibil-
ity also exists that the exposure of synaptosomes to AL act-
ing at the AR receptor does not cause per se changes in the 
transmitter release but influences the releasing activity elic-
ited by another agonist (i.e. BL) acting at a colocalized B 
receptor (BR, Fig. 1C). In this case, the AR receptor is “si-
lent”, but functionally cross-talks with the colocalized recep-
tor to influence its outcomes [60, 61]. Whatever the picture, 
it might be concluded that the technique of the up-down su-
perfusion of a thin monolayer of synaptosomes represents a 
method of choice to highlight by a functional point of view 
the co-existence of the two receptors on the same terminals 
and their allosteric interactions (Fig. 1B and 1C). 

 The functional results from release studies are, however, 
insufficient to demonstrate the physical interaction of colo-
calized receptors. To definitively address this point, parallel 
immunochemical studies must be also performed to unveil 
the physical association of the receptor proteins [18]. Fur-
thermore, the results stating the physical receptor-receptor 
interaction can be further implemented by confocal micros-
copy confirming the presence of the receptor proteins in the 
selected synaptosomal subpopulations under study [18, 42, 
46, 47, 62, 63]. 

 Last but not least, the “up-down superfusion of a thin 
layer of synaptosomes” permits to evaluate the threshold of 
the activation of the receptors, as it allows to discriminate 
between the receptors that modify the spontaneous release 
from those whose release-modulating activity emerges in 
depolarized conditions. This information is fundamental to 

predict the relevance and the role of selected receptor  
subtypes in dictating the efficacy of synaptic connection in 
CNS. 

3. PRESYNAPTIC RELEASE-REGULATING MGLU 
RECEPTORS BELONGING TO THE FIRST GROUP 

3.1. The Group I mGlu Receptors: Pharmacological Pro-
file and Intra-group Homo/heterodimerization	  
 In general, the lack of selective ligands slowed the phar-
macological characterization of the mGlu receptors, with the 
exception of the mGlu5 and the mGlu1 receptors, for which 
agonist / antagonists and allosteric modulators were avail-
able starting from the late ‘90 [64-67]. 

 Group I mGlu receptors exist as auto and heteroreceptors. 

 The first evidence proving the existence of presynaptic 
release regulating group I mGlu autoreceptors was provided 
by Sanchez-Prieto and colleagues starting from the early ’90. 
The authors demonstrated the existence of presynaptic 
mGlu5 autoreceptors in the hippocampus and the cortex of 
rodents [34, 68-73]. Despite these findings and the general 
consensus on the existence of presynaptic release-regulating 
mGlu5 autoreceptors, almost concomitantly data emerged in 
the literature supporting the existence also of presynaptic 
mGlu1 autoreceptors [74-78]. This hypothesis was proven in 
2008 by Pittaluga and collaborators [46] that demonstrated 
the presence of high affinity presynaptic release-regulating 
mGlu5 autoreceptors and of low affinity presynaptic release-
regulating mGlu1 autoreceptors in isolated cortical nerve 
endings controlling the exocytosis of glutamate elicited by a 
mild depolarizing stimulus (Table 1, Fig. 2). The existence 
of both presynaptic release-regulating mGlu1 and mGlu5 
autoreceptors in cortical synaptosomes was further supported 
by results obtained with animals bearing both a spontaneous 
and an engineered genetic mutation of the GRM1 and GRM5 
genes, respectively (the Grm1crv4 and the Grm5 knock-out, 
k.o. mice [46, 79, 80]). 

 Concomitantly, results from immunochemical analysis 
with confocal microscopy and western blot techniques were 
also provided well in line with the functional observations. 

Table 1. Pharmacological profile of the group I mGlu autoreceptors in isolated nerve endings (synaptosomes) from selected re-
gions of the central nervous system. 

Depolarization-
Evoked Release  

Glutamate Release in the  
Presence of 3,5-DHPG 

Refs. 

CNS Region mGlu5 mGlu1 
3,5-DHPG 

(µM) 
Basal 

Release Effect of 
3,5-DHPG 

Effect of 
MPEP 

Effect of 
CPCCOEt 

Effect of 
LY367385 

  

Rat hippocampus + a 0.3 µM n.d. 
50 µM 4-AP +  

arachidonic acid, ⇑ 
1 µM, ⇓ n.e. 1 µM, ⇓ [68] 

+   0.3 µM n.d. 12 mM KCl, ⇑ 1 µM, ⇓ 5 µM, n.e. 1 µM, ⇓ 
Mouse cortex 

  + 30 µM n.d. 12 mM KCl, ⇑ 1 µM, n.e. 5 µM, ⇓ 1 µM, ⇓ 
[46, 47] 

Mouse cerebellum   + 10 µM n.d. 12 mM KCl, ⇑ 1 µM, n.e. 5 µM, ⇓ n.d. [79] 

Mouse spinal cord + + 30 µM ⇑ n.e. 1 µM, ⇓ 5 µM, ⇓ 1 µM, ⇓ [81] 

a = no data available in synaptosomes; n.e.= no effect; n.d.= not determined; ⇑ = increase glutamate release; ⇓ = decrease glutamate release. 
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Fig. (2). The contribution of the group I mGlu receptors to the presynaptic control of transmitter release from synaptosomes. A. 
mGlu1 and mGlu5 homodimeric receptors colocalize in mouse cortical glutamatergic nerve endings, but respond differently to the orthosteric 
agonists, representing respectively the low and the high affinity receptors. The two receptors do not modify the spontaneous release of gluta-
mate but potentiate the depolarization-evoked glutamate exocytosis. B. mGlu1 receptors are present in cerebellar glutamatergic nerve end-
ings, but the data so far available does not allow to predict whether the receptors exist in monomeric or dimeric assembly. The mGlu1 recep-
tor does not affect the spontaneous release of glutamate but reinforces the depolarization-evoked glutamate exocytosis. C. mGlu1 and mGlu5 
autoreceptors exist and colocalize in spinal cord synaptosomes, where they functionally associate to release glutamate. The two receptors 
increase the spontaneous release of glutamate. D. mGlu1/ mGlu5 containing receptors exist in human cortical cholinergic terminals where 
their activation elicits the release of acetylcholine. The two receptors compensate one each other, since the blockade of the 3,5-DHPG-evoked 
releasing activity is achieved only when the mGlu1 and the mGlu5 receptor antagonists are concomitantly added. The very low percentage of 
the cholinergic synaptosomes did not allow to perform immunocytochemical analysis to investigate the receptor protein assembly but the 
functional results seems best interpreted by assuming the colocalization of mGlu1 and mGlu5 homodimeric receptors. E. mGlu1 and mGlu5 
receptors also exist in hippocampal noradrenergic terminals and cooperate in an exclusive manner. The receptors do not modify on their own 
the spontaneous release of the amine but potentiate the NMDA-mediated releasing activity. We propose that homodimeric mGlu1 and mGlu5 
heteroreceptors colocalize in these terminals to modulate the releasing activity elicited by the activation of colocalized NMDA receptors.  
(A higher resolution / colour version of this figure is available in the electronic copy of the article). 
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Specifically, cortical synaptosomal lysates and their presyn-
aptic components showed immunopositivity for both the 
mGlu5 and the mGlu1 receptor proteins, that were detected 
either in the monomeric and the dimeric forms and confocal 
microscopy confirmed the presence of both mGlu5 and 
mGlu1 staining in vesicular glutamate transporter-1 
(VGLUT-1) positive, sintaxin-1A containing glutamatergic 
particles [46]. 

 These results were however insufficient to answer the 
question of whether the two autoreceptors colocalized on the 
same glutamatergic terminals or if they were expressed on 
different subpopulations of nerve endings. The following 
observations, however, filled the gap, suggesting that mGlu1 
and mGlu5 receptors homodimers colocalize and physically 
associate in the same particle: i) mGlu1 immunoprecipitates 
from the cortical synaptosomes were also immunopositive 
for the mGlu5 receptor proteins, ii) the genetic deletion of 
the mGlu1 receptor also abolished the mGlu5-mediated 
component of the 3,5-Dihydroxyphenylglycine (3,5-DHPG)-
induced releasing activity, iii) the mGlu1 orthosteric antago-
nist LY367385 also reduced the mGlu5-mediated potentia-
tion of glutamate exocytosis [46, 47]. 

 Group I mGlu receptors exist also in other CNS regions, 
including the cerebellum and the spinal cord. Cerebellar syn-
aptosomes were found to be endowed with mGlu1 autore-
ceptors (Table 1, Fig. 2), whose activation failed to affect the 
basal release of glutamate but potentiated in a concentration-
dependent manner the depolarization-evoked glutamate exo-
cytosis [79]. Immunochemical studies confirmed the pres-
ence of the mGlu1 receptor proteins in synaptosomal lysates 
but did not give information on whether the receptor adopts a 
mono or a dimeric form (Fig. 2). 

 Group I mGlu autoreceptors were also detected in spinal 
cord synaptosomes. In this case, the activation of the presyn-
aptic mGlu autoreceptors potentiated the basal release of 
glutamate. The 3,5-DHPG-evoked amplification of the glu-
tamate basal outflow was prevented to a comparable extent 
by the mGlu5 or the mGlu1 receptor antagonists when added 
alone. The functional results were predictive of the presence 
of mGlu1 / mGlu5 heterodimeric assemblies, where the two 
receptors cooperate to control glutamate release ([81], Table 1). 
Western blot analysis of the spinal cord synaptosomal lysates 
unveiled the presence of both the mGlu1 and the mGlu5 re-
ceptor proteins in the monomeric form, but definitive results 
supporting their physical association in a heterodimeric as-
sembly were not provided.	  

 As far as the group I mGlu heteroreceptors are con-
cerned, evidence exist proving the existence of these recep-
tors in the hippocampal noradrenergic and in the human cor-
tical cholinergic synaptosomes [37, 38, 82, 83]. 

 The main characteristics of these receptors complex have 
been already reviewed in a previous work [35] and are  
compatible with the coexistence of both mGlu1 and mGlu5 
receptors in both the synaptosomal subpopulations. 

 The most relevant difference between the two systems 
relies on the functional interaction linking the two mGlu 
receptors. In human cholinergic terminals both the mGlu1 

and the mGlu5 receptors participate in the 3,5-DHPG-
induced release of acetylcholine being reciprocally exclu-
sive, since when added alone, antagonists acting at both 
mGlu receptor null the releasing activity elicited by the re-
ceptor agonist [82]. Differently, in hippocampal noradrener-
gic nerve endings, the 3,5-DHPG-induced facilitation of the 
NMDA-evoked [3H]noradrenaline release was impeded only 
if mGlu1 and mGlu5 antagonists are added concomitantly 
[37, 38]. In this case, the results were best interpreted by 
assuming that the mGlu1 and the mGlu5 heteroreceptors 
colocalize and compensate one for each other. Unfortunately, 
the low percentage of both the cortical cholinergic and the 
hippocampal noradrenergic synaptosomal subpopulations 
with respect to the entire synaptosomal population(less than 
the 1% of the total hippocampal synaptosomes) did not allow 
to verify the colocalization and the physical interaction of 
the mGlu1 and the mGlu5 receptor proteins, leaving so far 
unproven this hypothesis.	  
 The relative contribution of the group I mGlu receptors to 
the presynaptic control of transmitter release from synapto-
somes is resumed in Fig. 2. 

3.2. The Group I mGlu Receptors: Inter-group Het-
erodimerization and Receptor-receptor Interaction with 
Non-glutamatergic Receptors	  
 Evidence in the last decade clearly demonstrated that 
mGlu receptors can heterodimerize with mGlu receptors 
belonging to other groups (inter-dimerization, mGlu2 / 
mGlu4 receptors [48], mGlu5 / mGlu3 receptors [50]) as 
well as associate to G protein coupled receptors (GPCRs) 
belonging to other non-glutamatergic receptors [40]. 

 It was recently described a functional interaction linking 
the mGlu5 receptor and the mGlu3 receptor [50]. In particu-
lar, mGlu3 receptor was shown to support the mGlu5 recep-
tor signalling in neurons, amplifying the poly-
phosphoinositide hydrolysis elicited by mGlu5 agonist, 
while mGlu5 activation subserved the mGlu3-dependent 
long-term depression in the prefrontal cortex. The novelty of 
these findings is that the receptor-receptor interaction involves 
receptors that physiologically transduce opposite signalling 
(i.e. the activation of PLC-mediated poly-phosphoinositide 
breakdown and the inhibition of the AC-mediated signalling, 
respectively). Whether such a kind of receptor-receptor in-
teraction also can occur at nerve endings has not been so far 
investigated, but surely deserves attention. 

 Differently, it was recently demonstrated that mGlu1 
receptors colocalize and functionally interact with other non-
glutamatergic metabotropic receptors. It is the case of the 
presynaptic release-regulating GABAB receptors in both 
GABAergic and glutamatergic nerve endings [42]. 

 The existence of presynaptic release-regulating mGlu1 
receptors in GABAergic terminals has been a matter of dis-
cussion during the time. Selective mGlu1 receptor antago-
nists were shown to be neuroprotective and the beneficial 
effect was ascribed to the reinforcement of the GABAergic 
transmission in the hippocampus [84-86]. This effect was 
proposed not to involve the activation of mGlu1 receptors 
located on GABAergic nerve terminals, but rather to rely on 
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an indirect cascade of events leading to the reduction of the 
inhibitory inputs of CB1 receptors on GABA exocytosis 
[87]. In line with the proposed indirect mGlu1 receptor-
mediated control of GABA exocytosis, it was shown that 
neither the group I agonists nor the antagonists were able to 
modify the depolarization-evoked release of GABA from 
cortical and hippocampal synaptosomes [47, 88], although, 
more recently, 3,5-DHPG was reported to increase the spon-
taneous release of GABA from rat parietal-cortical synapto-
somes [89]. 

 To reconciliate these observations, it was speculated that 
mGlu1 receptors on GABAergic terminals can trigger a cy-
tosolic cascade of events insufficient to elicit evident 
changes in transmitter exocytosis, but sufficient to modulate 
colocalized receptors, as already observed in noradrenergic 
terminals. Accordingly, mGlu1 receptor was found to tune 
colocalized GABAB receptors through protein kinase C 
(PKC)-mediated events. It is known that PKC-mediated 
processes phosphorylate the carboxy terminus of the 
GABAB1 subunit and assure its dissociation from the N-
ethylmaleimide-sensitive fusion protein, favouring the de-
sensitization of the receptor [90]. By hampering the PKC 
phosphorylative processes in synaptosomes, mGlu1 antago-
nists could reinforce the GABAB receptor-mediated control 
of GABA exocytosis, stabilizing the GABAB receptors in 
synaptosomal plasma membranes and slowing their inter-
nalization [42]. This cascade of events was proposed to un-
derline the mGlu1-GABAB receptor-receptor interaction in 
these terminals. This hypothesis appears well in line with the 
previous evidence in the literature. In particular, evidence 
supporting the mGlu1 / GABAB receptor-receptor associa-
tion and functional cross-talk were already reported in the 
literature starting from the early 2000 [91-95] and data were 
provided demonstrating that activation of GABAB receptors 
tunes the calcium responses generated by mGlu1 receptors 
[92, 96]. 

 It is interesting to note that a comparable antagonist-like, 
receptor-receptor interaction also bridges mGlu1 autorecep-
tors and GABAB heteroreceptors in glutamatergic nerve end-
ings, suggesting that the receptor-receptor cross-talk repre-
sents a general mechanism of mGlu1-mediated metamodula-
tion of the GABAB receptor, at least at the cortical level. 

 Finally, it is worth reminding that, beside the mGlu5 / 
mGlu3 and the mGlu1 / GABAB receptor-receptor interac-
tion, group I mGlu receptors also tune the NMDA-evoked 
release of noradrenaline from hippocampal synaptosomes. 
Again, the low percentage of the noradrenergic synaptoso-
mal subpopulation in the hippocampal synaptosomal prepa-
ration did not allow to support the functional results with 
immunological results. Nonetheless, the results from release 
studies in isolated synaptosomes are well in line with the 
hypothesis of the group I mGlu /NMDA receptor-receptor 
interaction at this level [37, 38].	  

3.3. Molecular Mechanism for the Regulation of Trans-
mitter Release Elicited by Presynaptic mGlu Receptors 
Belonging to the First Group 

 Group I mGlu receptors positively couple Gs proteins 
and trigger PLC-dependent intraterminal pathways leading to 

the activation of PKC and the mobilization of cytosolic cal-
cium ions from intraterminal stores [4]. This cascade of 
events would favour the recruitment and the fusion of vesi-
cles with synaptosomal plasma membranes, causing trans-
mitter exocytosis. 

 Contrary to the expectation, however, it emerged that, 
depending on the mGlu receptor subtype involved and on the 
CNS region under study, the functional consequences elic-
ited by the presynaptic mGlu1/5 receptors in term of trans-
mitter release are heterogenous and impact this functional 
parameter differently (Table 1). 

 The impact of the group I mGlu receptors on transmitter 
release could be roughly resumed in three different models 
as follows:	  

i. mGlu 1/5 receptors can trigger transmitter release 
by mobilizing Ca2+ ions in the cytosol to a level 
high enough to elicit the docking and the fusion of 
vesicles and the consequent exocytosis of transmit-
ters. It is the case of the presynaptic mGlu1/ mGlu5 
autoreceptors in spinal cord glutamatergic nerve 
endings, that causes a significant production of 
inositol-triphosphates and a marked increase of 
[Ca2+] in the cytosol and triggers glutamate outflow 
also in basal, non-depolarized conditions [81] (Fig. 
2C and D). 

ii. mGlu1/5 receptors can reinforce the release of 
transmitters elicited by a mild depolarizing stimulus 
by further increasing the Ca2+ ions level within the 
terminal. The amount of Ca2+ ions mobilized by the 
group I mGlu receptors is insufficient to trigger 
exocytosis but sufficient to amplify the releasing ef-
fect elicited by a mild depolarizing stimulus. It is 
the case of the presynaptic release-regulating 
mGlu1 and mGlu5 autoreceptors in cortical synap-
tosomes [46] (Fig. 2A and B). 

iii. mGlu1/5 receptors can indirectly modulate transmit-
ter release by modifying the phosphorylation of 
aminoacid residues in the carboxi-terminus of colo-
calized receptors influencing their functions, includ-
ing the control of exocytosis. It is the case of the 
mGlu1 and mGlu5 receptors colocalized with 
NMDA receptors in noradrenergic nerve endings 
[38] (Fig. 2E). 

 The dissection of the molecular events through which 
group I mGlu receptors control transmitter release is impor-
tant to predict their role in the mechanisms of synaptic plas-
ticity in the CNS. 

4. PRESYNAPTIC RELEASE-REGULATING MGLU 
RECEPTORS BELONGING TO THE SECOND 
GROUP 

4.1. The Group II mGlu Receptors: New Insights on the 
Pharmacological Characterization and the Intra-group 
Homo/Heterodimerization 

 Starting from their discovery, data confirmed the presyn-
aptic localization of mGlu2/3 receptors in glutamatergic 
nerve endings from several CNS regions, including the cor-
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tex, the striatum and the spinal cord [1, 97-99]. In these re-
gions, the pre-terminal portion of the axonal processes as 
well as the synaptic boutons were particularly enriched in 
mGlu2/3 receptor proteins, that, if activated by glutamate 
released by by-standing neurons and neighbouring astro-
cytes, negatively control transmitter exocytosis [17, 18, 41, 
100-102]. mGlu2/3 receptors are therefore proposed as suit-
able targets for “neuroprotection” in central disorders typi-
fied by hyper-glutamatergicity. 

 The pharmacological characterization of the presynaptic 
release-regulating mGlu2/3 receptors and the description of 
the relative role of the mGlu2 and the mGlu3 receptor pro-
teins was hindered by the lack of selective ligands able to 
discriminate between the two subunits. Furthermore, the 
genetic deletion of the mGlu2 or the mGlu3 receptor protein 
caused adaptative modification in the glutamate exocytosis, 
that might alter the results in studies aimed at deciphering 
the mGlu composition of the receptors [100]. 

 The first selective ligands for mGlu2/3 receptors were the 
orthosteric agonists (2R,4R)-4-Aminopyrrolidine-2,4-
dicarboxylate [(2R,4R)-APDC] [103] and (2S,2'R,3'R,)-2-
(2',3'-Dicarboxycyclopropyl)glycine (DGC-IV) [104]. Both 
the compounds were typified by a micromolar affinity for 
the group II mGlu receptors but they were not selective for 
these receptors, since (2R,4R)-APDC also binds with lower 
affinity with other mGlu receptors while DGC-IV interacts, 
although less efficiently, with NMDA receptors and cannot be 
used in “in vivo” studies because of its limited distribution. 
Both compounds were reported to inhibit efficiently the exo-
cytosis of glutamate from cortical synaptosomes [1, 77, 105]. 

 A significant improvement came from the “second gen-
eration” of agonists, that were more potent and selective for 
the group II mGlu receptors. This class of orthosteric 

mGlu2/3 compounds includes bicyclic analogues of gluta-
mate. The prototypes of these drugs are LY354740 and 
LY379268 [10, 13, 106, 107]. A large body of evidence sup-
ports their selectivity and efficacy in preclinical “in vitro” 
studies and clinical studies have been also developed to ver-
ify the efficacy of some of them for the treatment of central 
disorders, including generalized anxiety disorders, panic 
attack and schizophrenia [4, 10, 108, 109]. 

 Beside these orthosteric agonists, the non-selective com-
petitive group II antagonist LY341495 [110] also helped to 
identify the presence and the role of mGlu2/3 receptors. Un-
fortunately, however, also these compounds lack the selec-
tivity towards the mGlu2 and the mGlu3 receptors and did 
not allow to discriminate the respective roles of the two pro-
teins in naïve receptors. More recently, the synthesis of the 
mixed ligand LY541850, which selectively activates mGlu2 
receptors but antagonizes mGlu3 receptors [111], and of the 
selective positive allosteric modulators (PAMs) and negative 
allosteric modulators (NAMs) for the two receptor subtypes, 
(i.e. the mGlu2 PAMs LY566332 and BINA and the mGlu3 
NAMs LY2389575 and ML337 [98, 112-116], respectively) 
made the prediction of the protein composition of mGlu pro-
teins assembly possible. Table 2 summarizes the pharmacol-
ogical profile of the mGlu2/3 ligands reported in the text. 

 Beside the classic ligand-receptor approach to character-
ize receptors, a new method, which we refer to as “the im-
munopharmacological approach”, was proposed for dis-
criminating between the two receptors subtypes. It consists 
in the use of antibodies recognizing the outer side of the re-
ceptor protein as selective ligands able to interfere with the 
receptor-mediated functions [17, 18, 117-121]. The impact 
of the antibody / receptor complex on the releasing effi-
ciency from synaptosomes is strictly dependent on the tar-
geted receptors, as indicated by the results in the literature 

Table 2. Ligands of the group II mGlu cited in the text.  

Ligands Pharmacological Profile Refs. 

(2R,4R)-APDC Broad spectrum group II mGlu agonist, also active at other mGlu receptors [1, 103]  

DGC-IV Broad spectrum group II mGlu agonist [1, 104] 

NAAG mGlu3 agonist [123, 124] 

LY354740 mGlu2/3 agonist [13, 106, 107] 

LY379268 mGlu2/3 agonist [13, 106, 107] 

LY341495 Broad spectrum group II mGlu antagonist [110] 

LY541850 Mixed ligand (mGlu2 agonist / mGlu3 antagonist) [1] 

LY566332 mGlu2 PAM [99, 113] 

LY2389575 mGlu3 NAM [114] 

BINA mGlu2 PAM [112] 

ML 337 mGlu3 NAM [116] 

DN10 Nanobody, mGlu2 PAM, partial agonist at mGlu2 [17] 

DN13 Nanobody, mGlu2 PAM [17] 
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showing that the presence of the antibody-receptor complex 
at the outer side of the synaptosomal plasmamembranes can 
favour receptor internalization [121], modulating the recep-
tor-mediated effects [17, 117-119] but also activate comple-
ment-mediated responses at nerve terminals [122]. 

 As far as the group II mGlu receptors are concerned, Jean 
Philippe Pin and collaborators firstly described nanobodies 
(DN10 and DN13) that selectively bind the active form of 
the mGlu2 receptor protein acting as PAM in transfected 
cells and brain slices [17]. These nanobodies specifically 
bind the homodimeric association of the mGlu2 receptors, 
but not their heterodimeric association with mGlu3 and 
mGlu4 receptors. In acute hippocampal slices, the nanobod-
ies potentiated the mGlu2 receptors controlling calcium tran-
sients in the presynaptic mossy fibers terminals also slowing 
the off-rate kinetic of inhibition produced by the group II 
agonist DCG-IV. These effects were prevented by the 
mGlu2/3 antagonist LY341495, definitively supporting the 
selective activity of the nanobodies at the mGlu2 receptors. 
Moreover, the results also improved the pharmacological 
characterization of the group II receptors in mossy fibers 
terminals [17].  

 The first review dealing with presynaptic mGlu2/3 recep-
tors dates back to 2000 and describes the information avail-
able at that time about the presynaptic release-regulating 
mGlu receptors, reporting also the data available from syn-
aptosomes [1]. The data suggesting the existence of the pre-
synaptic release-regulating group II mGlu autoreceptors 
were obtained by studying the effects of DCG-IV and of 
2R,4R-APDC by using synaptosomes isolated from several 
CNS regions. The pharmacological characterization of the 
presynaptic group II mGlu receptors in cortical and spinal 
cord synaptosomes was improved in 2016 [101] by taking 
advantage of selective receptors ligands, including 
LY379268, LY341495, LY541850 and the dipeptide N-
acetyl-aspartyl-glutamate (NAAG, [123, 124]). The func-
tional results seemed compatible with the conclusion that 
cortical synaptosomes possess mGlu2-preferring, mGlu3-
sensitive autoreceptors, while spinal cord synaptosomes are 
endowed with almost pure mGlu3-preferring autoreceptors. 
In this work the use of an anti-mGlu2/3 antibody also con-
firmed the presence of mGlu2/3 receptor proteins in both the 
synaptosomal preparations. Interestingly, the western blot 
analysis unveiled that the receptor proteins preferentially 
adopt the dimeric association in both cortical and spinal cord 
particles (i.e. the monomeric form of the receptor protein 
was almost undetectable). Confocal microscopy confirmed 
the colocalization of mGlu2/3 immunostaining with 
VGLUT-1 and syntaxin-1A signal. 

 These observations were however insufficient to propose 
the respective role of the mGlu2 and the mGlu3 receptor 
proteins in the expression of the receptor complexes. This 
aspect was clarified by using mGlu2 PAMs (LY566332 and 
BINA) and mGlu3 NAMs (LY2389575 and ML337) as well 
as selective anti-mGlu2 and anti-mGlu3 antibodies recogniz-
ing the outer side of the mGlu2 and the mGlu3 proteins [18]. 
The results from these studies are briefly summarized in  
Table 3. The observations from this set of experiments were 
largely confirmatory of the presence of mGlu3-preferring 

autoreceptors in the spinal cord and of mGlu2-preferring, 
mGlu3-sensitive receptors in the cortex. 

 In particular, as far as the results of the two anti-mGlu 
antibodies are concerned, the two antibodies confirmed the 
presence of the mGlu2 and the mGlu3 receptor proteins in 
both synaptosomal preparations with either western blot 
analysis and confocal microscopy, but they also supported 
the proposed subclassification of the autoreceptors when 
used in the “immunopharmacological approach” (Table 3). 
Differently from what has been observed by Scholler and 
colleagues in 2017, however, the antibodies did not potenti-
ate but prevented the agonist-induced activity. In particular, 
the incubation of synaptosomes with the antibodies reduced, 
although to a different extent and in region-specific manner, 
the presynaptic release-regulating activity of LY379268 in 
spinal cord and cortical synaptosomes. The incubation of 
spinal cord synaptosomes with the anti-mGlu3 antibody effi-
ciently impeded the LY3792768-induced inhibition of glu-
tamate release, while the anti-mGlu2 antibody was almost 
inactive. Differently, in cortical synaptosomes, incubation of 
the isolated nerve endings with the anti-mGlu2 antibody 
nulled the inhibitory effect of LY379268, while the anti-
mGlu3 antibody affected it to a lower extent. Concomitantly, 
Western blot analysis unveiled a very low expression of the 
mGlu2 receptor protein in spinal cord synaptosomes when 
compared to mGlu3 receptor protein (both proteins were 
detected in the dimeric association). On the contrary, the 
mGlu2 dimeric immunopositivity prevailed in cortical syn-
aptosomal lysates where also the mGlu3 dimeric staining 
was observed, although less pronounced. In a whole, these 
observations confirm that the mGlu2/3 autoreceptors in spi-
nal cord glutamatergic synaptosomes consists of mGlu3 di-
meric assembly that is typified by a very low picomolar af-
finity for LY379268. The high affinity of the agonists in this 
region is compatible with previous observations concerning 
the presynaptic release-regulating mGlu2/3 receptors in an-
other subpopulation of spinal cord synaptosomes, namely the 
glycinergic one [102]. Also these terminals possess NAAG-
sensitive mGlu2/3 heteroreceptors typified by an high affin-
ity for the agonist (NAAG provoked about 40% inhibition of 
the KCl-evoked glycine exocytosis when added at 0.001 
nM). Differently, in cortical glutamatergic nerve endings 
both the mGlu2 and the mGlu3 proteins participate to the 
expression of the mGlu2/3 autoreceptors (although to a dif-
ferent level) that are characterized by a nanomolar affinity 
for LY379268.	  
 Presynaptic release-regulating mGlu2/3 autoreceptors 
have a widespread distribution in CNS and data concerning 
the characterization of these receptors also in other regions 
are available in the literature. mGlu3-preferring autorecep-
tors were proposed to exist in mice striatal nerve endings 
[100]. The conclusion was proposed on the basis of the re-
sults obtained when studying the effect of LY379268 on the 
release of endogenous glutamate elicited by veratridine in 
striatal synaptosomes from wild type mice as well as from 
animals knocked out for the mGlu2 (mGlu2 -/- k.o. mice) and 
for the mGlu3 (mGlu3 -/- k.o. mice). Interestingly, LY379268 
failed to modify significantly the release of endogenous 
GABA in striatal synaptosomes in both control and mGlu3-/- 
mice, but significantly reduced it in striatal synaptosomes 
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from mGlu2-/- animals. The functional adaptations due to 
the genetic deletion of the receptor proteins that emerged 
from this study in nerve endings suggest caution in the use of 
the mGlu k.o. mice to define the role of mGlu proteins in 
receptor expression [100]. 

4.2. The Group II mGlu Receptors: Inter-group Hetero- 
dimerization and Receptor-receptor Interaction with 
Non-glutamatergic Receptors 
 While studying the dimeric association of mGlu recep-
tors, it was demonstrated that group II and III mGlu recep-
tors (i.e. the mGlu2 and the mGlu4 receptor proteins) can 
associate in a dimeric intergroup association [48]. The im-
pact and the role of this heterodimeric complex is far to be 
elucidated and evidence so far available concerning their 
distribution in synapses are lacking. Nonetheless, evidence 
was consistent with the presence of both mGlu2 and mGlu4 
receptors at presynaptic level in corticostriatal projections, 
where their activation reduces excitatory transmission [125]. 
Similarly, data in literature suggest that both mGlu2 and 
mGlu4 receptors exist in medial prefrontal cortex axon ter-
minals as well as at the presynaptic level in thalamocortical 

synapses [114, 126-128]. Data definitively proving the 
mGlu2 and mGlu4 receptor proteins heterodimerization at 
the presynaptic level and the functional relevance of this 
receptor-receptor association are however lacking. 

 As already discussed before, the mGlu3 receptors were 
recently reported to colocalize and heterodimerize with 
mGlu5 receptors. Again, the existence of this receptor com-
plex at the presynaptic level in nerve terminals remains so 
far unexplored [50]. 

 A striking finding of recent years, however, is that, be-
side the existence of heterodimers consisting of mGlu recep-
tors belonging to the II and the III groups (i.e. the mGlu2/4 
heterodimers [128]), mGlu2/3 receptors also heterodimerize 
with non-glutamatergic metabotropic receptors. In particular, 
mGlu2/3 receptors were found to functionally couple to the 
serotonergic metabotropic receptor 5-HT2A. This receptor-
receptor cross-talk was firstly shown to occur in the prefron-
tal cortex of mammals [129], where it was proposed as a 
functional mechanism through which glutamate modulates 
the efficiency of serotonin receptors [126, 130-132]. Briefly, 
data were provided showing that the two receptors colocalize 

Table 3. Pharmacological profile of the mGlu2/3 autoreceptors controlling glutamate exocytosis from cortical and spinal cord 
nerve endings.  

Ligands Applied Stimulus Cortex Spinal Cord Refs. 

(2R,4R)-APDC 50 µM veratridine  ⇓  n.d. [105] 

DGC-IV 50 µM veratridine,  
200 mM 4-AP 

⇓  n.d. [77, 105] 

LY379268 12 / 15 mM KCl-
enriched solution 

⇓; EC50: 1.50 ± 1.15 nM ⇓; EC50: 0.15 ± 0.37 pM [101] 

NAAG “ n.e. ⇓; EC50: 0.054 ± 0.003 pM [101] 

LY541850 “ ⇓; EC50: 1-100 nM 
1000 nM, inactive on its own, 

⇑ LY379268-mediated inhibition 
(10-100 nM) 

[101] 

LY341495 “ 

100 nM inactive on its own, 
⇑ LY379268-mediated inhibition 

(10-100 nM), 
⇑ LY541850-mediated inhibition 

(10-100 nM) 

100 nM inactive on its own, 
⇑ LY379268-mediated inhibition (10-100 nM) 

⇑ NAAG-mediated inhibition, (100 nM) 
[101] 

LY566332 “ 1 µM, inactive on its own 
⇓⇓ 3 nM LY379268-mediated inhibition 

1 µM, inactive on its own 
inactive on the 30 pM LY379268-mediated inhibition 

[18] 

LY2389575 “ 1 µM, inactive on its own 
⇑ 10 nM LY379268-mediated inhibition 

1 µM, inactive on its own 
⇑ 30 pM LY379268-mediated inhibition 

[18] 

BINA “ 1 µM, inactive on its own 
⇓⇓ 3 nM LY379268-mediated inhibition 

1 µM, inactive on its own 
inactive on the 10 pM LY379268-mediated inhibition 

[18] 

ML-337 “ 1 µM, inactive on its own 
⇑ 10 nM LY379268-mediated inhibition 

1 µM, inactive on its own 
⇑ 30 pM LY379268-mediated inhibition 

[18] 

Anti mGlu2  
“ 

inactive on its own 
⇑ 3 nM LY379268-mediated inhibition 

inactive on its own 
inactive on the 30 pM LY379268-mediated inhibition 

[18] 

Anti mGlu3   inactive on its own 
partial ⇑ 3 nM LY379268-mediated inhibition 

inactive on its own 
⇑ on the 30 pM LY379268-mediated inhibition 

[18] 

⇓ = inhibition of glutamate release; ⇓⇓ = increased inhibition of glutamate release n.e = no effect; ⇑ = block of the inhibition of glutamate release. 
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and functionally cross-talk to modulate glutamate signalling 
The striking unexpected finding was that the two receptors 
interact in an antagonist-like manner, since activation of  
one receptor reduces the functional outcome of the other 
receptor. This antagonist-like functional cross-talk would 
permit to use the mGlu2/3 selective ligands to modulate the 
functions of 5-HT2A receptors, giving a rationale for the an-
tipsychotic activity of mGlu2/3 receptors modulators [133]. 
Furthermore, data from autoptic brain of psychotic patients 
suggested that mGlu2/3/5-HT2A receptors heterodimerization 
would be dysregulated in patients suffering from schizo-
phrenia, also giving a rationale for the different sensitivity of 
patients to antipsychotic therapy [129, 132]. More recently, 
the mGlu2/3 /5-HT2A receptors heterodimerization was  
also reported to exist presynaptically in spinal cord glutama-
tergic nerve endings [41]. At this level the two receptors 
modulate one another in an antagonist-like fashion. The het-
erodimeric association of the two receptors in these terminals 
was proven with immunoprecipitation studies since anti-
mGlu2/3 immunoprecipitates from spinal cord synaptosomal 
lysates were also immunopositive for the 5-HT2A protein, 
consistent with the physical association of the two receptor 
proteins 

 As already discussed in the introduction, the colocaliza-
tion of two receptors in synaptosomes does not necessarily 
implies the physical association of the two proteins in a re-
ceptor complex. For instance, evidence exists showing that 
mGlu2/3 receptors control presynaptically the NMDA-
mediated facilitation of acetylcholine exocytosis in synapto-
somes [51]. Immunochemical analysis investigating the as-
sociation of the NMDA receptor subunits and the mGlu2/3 
receptor proteins are lacking.  

5. PRESYNAPTIC RELEASE-REGULATING MGLU 
RECEPTORS BELONGING TO THE THIRD GROUP 

5.1. The Group III mGlu Receptors: New Insights on the 
Pharmacological Characterization and the Intra-group 
Homo/Heterodimerization 

 The results concerning the existence and the functional 
role of presynaptic group III mGlu receptors in CNS and in 
particular those studies where synaptosomes were used to 
define these aspects mainly concern the mGlu7 receptor sub-
types. The existence of mGlu4, mGlu7 and mGlu8 receptor 
subtypes in nerve endings isolated from cerebral cortices was 
demonstrated by immunohistochemistry, with confocal  
microscopy [134]. Concomitant calcium imaging unveiled 
that cortical synaptosomes were endowed with mGlu  
receptors with high and low affinity for (L)-2-amino-4-
phosphonobutyrate (L-AP4). These receptors were then iden-
tified by immunocytochemistry as mGlu4 and mGlu7 recep-
tors respectively. Their activation caused the reduction of 
glutamate release from cortical nerve endings by reducing 
the Ca2+mediated responses. The two receptors were pro-
posed to have a different localization, since mGlu4 autore-
ceptors were largely expressed in nerve terminals endowed 
with both N- and P/Q-type Ca2+ channels, while mGlu7 auto-
receptors were preferentially located in N-type Ca2+ channel-
containing synaptosomes. Almost concomitantly, the authors 
demonstrated that the inhibitory effect elicited by L-AP4 on 
glutamate release mainly relied on the inhibition of AC-

mediated pathway [135]. In all these studies, the involve-
ment of mGlu7 receptors was deduced from immunocyto-
chemistry analysis in synaptosomes, since selective ligands 
for this receptor subtype were not available at that time. In-
terestingly, Sanchez-Prieto and his collaborators found that 
the prolonged exposure of synaptosomes to L-AP4 caused a 
shift from inhibition to potentiation of glutamate release. 
Facilitation of glutamate exocytosis involved an intratermi-
nal pathway that relies on PLC and consequently increased 
phosphatidylinositol (4,5)-bisphosphate hydrolysis that fa-
vour translocation to the active zone of munc 13-1, a protein 
essential for synaptic vesicle priming, [136]. The shift from 
facilitation to inhibition or vice versa of GPCRs exposed to 
agonists during time was already reported for other GPCRs 
including the group I mGlu receptors [46, 69, 137] and well 
support the dynamic profile of these receptors. 

 The definitive pharmacological characterization of 
mGlu7 autoreceptors in cortical nerve endings was recently 
provided by Wang et al. [138] by using N,N’-dibenzyhydryl-
ethane-1,2-diamine dihydrochloride (AMN082, [139]) and 
6-(4-Methoxyphenyl)-5-methyl-3-(4-pyridinyl)-isoxazolo 
[4,5-c]pyridin-4(5H)-one hydrochloride (MMPIP, [140]), 
respectively PAM and NAM of the mGlu7 receptor subtype. 
The authors demonstrated that AMN082 efficiently inhibited 
the release of glutamate elicited by the transient exposure of 
synaptosomes to 4-aminopyridine and that the inhibitory 
effect was reversed by MMPIP. They also described the in-
traterminal pathway involved in the inhibitory effect that, 
well consistent with previous observation, was found to rely on 
a significant reduction of the AC-induced, cAMP-mediated 
cascade of events. 

 The mGlu7 heteroreceptors were also reported to exist in 
hippocampal GABAergic synaptosomes. The exposure of 
cortical synaptosomes to AMN802 (in the nanomolar range) 
caused a drastic reduction of the GABA exocytosis elicited 
by a mild depolarizing stimulus (high KCl containing me-
dium) in a MMPIP-sensitive manner. The receptor protein 
was present in the synaptosomal lysate in the monomeric 
form and confocal microscopy confirmed its presence in 
sintaxin-1A positive, vesicular GABA transporter-containing 
synaptosomes [141]. Table 4 summarizes the pharmacologi-
cal profile of the mGlu7 ligands reported in the text. 

5.2. The Group III mGlu Receptors: Inter-group Het-
erodimerization and Receptor-receptor Interaction with 
Non-glutamatergic Receptors 

 In 2010, Martin and colleagues [136] provided evidence 
that the mGlu7 receptor proteins in cerebro-cortical nerve 
terminals are present in a dimeric association, consistent 
with the conclusion that at this level the receptors adopt this 
assembly. 

 The presynaptic release-regulating mGlu7 receptors were 
also reported to colocalize and functionally interact with 
other non-mGlu receptors. Functional results concerning 
glutamate exocytosis and calcium movements in synapto-
somes demonstrated that mGlu7 autoreceptors colocalize 
with A1 adenosine receptors and GABAB receptors in hippo-
campal and cerebrocortical synaptosomes to modulate the 
efficiency of transmitter release. The concomitant activation 
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of the three receptors occludes their inhibitory effects on 
glutamate exocytosis [52]. 

 Release studies were also performed suggesting that the 
presynaptic mGlu7 heteroreceptors and the GABAB autore-
ceptors located on GABAergic nerve endings are not func-
tionally coupled. This conclusion relied on the findings that 
i) the inhibition of GABA exocytosis and cAMP production 
elicited by AMN082 and (-)Baclofen were additive, ii) the 
GABAB receptor antagonist CGP52432 failed to affect the 
mGlu7-mediated inhibition of GABA exocytosis and iii) the 
(-)baclofen-induced control of GABA overflow was insensi-
tive to the concomitant presence of MMPIP. Differently, 
these observations were best interpreted by assuming that 
mGlu7 and GABAB receptors are located on different sub-
population of mouse hippocampal GABAergic nerve termi-
nals or, if colocalized, that they are not functionally coupled. 
Well in line with the first hypothesis, Somogyi et al. [142] 
demonstrated that mGlu7 immunoreactivity is restricted to 
the GABAergic interneurons that receive innervation from 
mGlu7 receptor-enriched glutamatergic terminals. 

 Finally, evidence was also provided demonstrating the 
colocalization and the functional cross-talk of mGlu7 and β 
receptor in cerebrocortical synaptosomes with confocal mi-
croscopy and release experiments. The interaction linking 
the two receptors was dependent on pertussis-toxin-sensitive 
pathway and mediated the presynaptic control of glutamate 
exocytosis [53]. 

CONCLUSION 

 The main aspect highlighted in the review concerns the 
complexity of presynaptic release-regulating mGlu receptors 
in the CNS. The availability of new ligands disclosed the 
huge heterogeneity of mGlu receptors association in nerve 
endings. This heterogeneity might account for the complex-
ity of the effects elicited by these receptors [5, 7, 10], but it 
also could give the rationale for the difference in the potency 
and efficacy of selected mGlu receptor ligands in different 
CNS regions [18, 101]. 

 The results reported in the review demonstrate that at the 
presynaptic level mGlu receptors participate to the expres-
sion of oligomeric structures having heterogeneous receptor 
composition that differ in term of efficiency of signal trans-
duction and of affinity for the available agonists, antagonists 
and allosteric modulators. 

 Notably, a relevant aspect is the observation that the 
composition of the presynaptic mGlu-containing receptor 

oligomers does not consist only of intra-group mGlu recep-
tors combinations (i.e. the mGlu1/mGlu5 receptor complex 
[46, 81]) but also of association of mGlu receptors with other 
non-glutamatergic receptors [41, 42]. In the latter case, the 
counterpart of the mGlu receptor in the presynaptic release-
regulating oligomer might be a receptor sharing a common 
intraterminal pathway with the glutamatergic receptor (i.e. it 
is the case of the 5-HT2A receptor that functionally couple to 
the mGlu2/3 receptors, [41]) or a receptor transducing a dif-
ferent intraterminal signal (i.e. the GABAB receptors coupled 
to the mGlu1 receptors, [42]). As already highlighted by 
Nicoletti and collaborators [50], the partnership among me-
tabotropic receptor subtypes coupled to different G proteins 
may stimulate reconsideration of the role of mGlu receptors, 
including those located presynaptically, in CNS. 

 These findings also shed new light on the concept of 
metamodulation. The fact that receptors belonging to differ-
ent groups and/or families could participate to oligomeric 
structures at the presynaptic level, then dictating the effi-
ciency of transmitter release and phosphorylative pathways, 
suggests reconsidering their role in synaptic plasticity and in 
neurological disorders. Beside its intrinsic dynamism, the 
impact of metamodulation in CNS can vary depending on 
the physio-pathological conditions of individuals and the 
related changes in the expression and / or functions of the 
receptors involved in the functional association (i.e the  
5-HT2A receptors in the patients affected by schizophrenia 
[129, 132]). All these aspects surely deserve attention and 
synaptosomes as well as their up-down superfusion to  
monitor transmitter release represent appropriate techniques 
to study the presynaptic release- regulating receptors in 
nerve terminals and their interaction with other by-standing 
receptors. 

LIST OF ABBREVIATIONS 

(2R,4R)-APDC = (2R,4R)-4-Aminopyrrolidine-2,4-
dicarboxylate 

3,5-DHPG = (S)-3,5-Dihydroxyphenylglycine 
AC = adenylyl cyclase 
AMN082 = N,N’-dibenzyhydryl-ethane-1,2-

diamine dihydrochloride 
CNS = central nervous system 
DGV-IV = (2S,2'R,3'R,)-2-(2',3'-

Dicarboxycyclopropyl)glycine 
GPCR = G protein coupled receptor 

Table 4. Group III mGlu receptor ligand and their impact on transmitter exocytosis. 

Ligands Pharmacological Profile Impact on Glutamate Release Impact on GABA Release Refs. 

L-AP4 Broad spectrum agonist of group III mGlu ⇓ 1 mM 4-AP-induced exocytosis ⇓ 12 mM KCl-evoked exocytosis [134-137, 141] 

AMN082 mGlu7 positive allosteric modulator ⇓, 1 mM 4-AP-induced exocytosis ⇓ 12 mM KCl-evoked exocytosis [138, 141] 

MPPIP mGlu7 negative allosteric modulator ⇑ AMN082-mediated inhibition of 
1 mM 4-AP-induced exocytosis 

⇑ AMN082-mediated inhibition of 
1 mM 4-AP-induced exocytosis 

[138, 141] 

⇓ = inhibition of transmitter release; ⇑ = reversal of the inhibition of transmitter release. 
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L-AP4 = (L)-2-amino-4-phosphonobutyrate 

MAPK = mitogen activated protein kinase 

mGlu receptor = metabotropic glutamate receptor 

MMPIP = 6-(4-Methoxyphenyl)-5-methyl-3-(4-
pyridinyl)-isoxazolo[4,5-c]pyridin-
4(5H)-one hydrochloride 

NAAG = N-acetyl-aspartyl-glutamate 

NAM = negative allosteric modulators 

PAM = positive allosteric modulator 

PKC = protein kinase C 

PLC = phospholipase C 

VGLUT-1 = vesicular glutamate transporter-1 

VSCC = voltage-sensitive Ca2+ channel 
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