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BACKGROUND AND PURPOSE
Presynaptic, release-regulatingmetabotropic glutamate 2 and 3 (mGlu2/3) autoreceptors exist in the CNS. They represent suitable
targets for therapeutic approaches to central diseases that are typified by hyperglutamatergicity. The availability of specific li-
gands able to differentiate between mGlu2 and mGlu3 subunits allows us to further characterize these autoreceptors. In this study
we investigated the pharmacological profile of mGlu2/3 receptors in selected CNS regions and evaluated their functions in mice
with experimental autoimmune encephalomyelitis (EAE).

EXPERIMENTAL APPROACH
The comparative analysis of presynaptic mGlu2/3 autoreceptors was performed by determining the effect of selective mGlu2/3
receptor agonist(s) and antagonist(s) on the release of [3H]-D-aspartate from cortical and spinal cord synaptosomes in
superfusion. In EAE mice, mGlu2/3 autoreceptor-mediated release functions were investigated and effects of in vivo LY379268
administration on impaired glutamate release examined ex vivo.

KEY RESULTS
Western blot analysis and confocal microscopy confirmed the presence of presynaptic mGlu2/3 receptor proteins. Cortical
synaptosomes possessed LY541850-sensitive, NAAG-insensitive autoreceptors having low affinity for LY379268, while LY541850-
insensitive, NAAG-sensitive autoreceptors with high affinity for LY379268 existed in spinal cord terminals. In EAE mice, mGlu2/3
autoreceptors completely lost their inhibitory activity in cortical, but not in spinal cord synaptosomes. In vivo LY379268 admin-
istration restored the glutamate exocytosis capability in spinal cord but not in cortical terminals in EAE mice.

CONCLUSIONS AND IMPLICATIONS
We propose the existence of mGlu2-preferring and mGlu3-preferring autoreceptors in mouse cortex and spinal cord respectively.
The mGlu3-preferring autoreceptors could represent a target for new pharmacological approaches for treating demyelinating
diseases.

Abbreviations
[3H]-D-Asp, [3H]-D-aspartate; d.p.i., days post-immunization; EAE, experimental autoimmune encephalomyelitis;
LY341495, (2S)-2-amino-2-[(1S,2S)-2-carboxycycloprop-1-yl]-3-(xanth-9-yl) propanoic acid; LY379268, (1R,4R,5S,6R)-4-
amino-2-oxabicyclo[3.1.0]-hexane-4,6-dicarboxylic acid; LY541850, (1S,2S,4R,5R,6S)-2-amino-4-methylbicyclo[3.1.0]-
hexane2,6-dicarboxylic acid; mGlu2/3, metabotropic glutamate 2 and 3; MOG, myelin oligodendrocyte glycoprotein; MS,
multiple sclerosis; NAAG, N-acetyl-aspartyl-glutamate; Stx-1A, syntaxin-1A; VGLUT, vesicular transporter of glutamate
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Introduction

Metabotropic glutamate (mGlu) 2 and 3 (mGlu2/3) receptor
subtypes belong to the second group of mGlu receptors and
are coupled to G1/G0 proteins in heterologous expression sys-
tem. They preferentially inhibit cAMP and cGMP production
and voltage-sensitive Ca2+ channels (Pin and Duvoisin, 1995;
Bockaert et al., 2002; Wrobleska et al., 2006; Nicoletti et al.,
2011). mGlu2/3 are widely expressed in neurones at the pre-
synaptic level (Luján et al., 1997; Tamaru et al., 2001), where
they control neurotransmitter release (Cartmell and
Schoepp, 2000; Niswender and Conn, 2010). They exist in
glutamatergic nerve endings, in different CNS regions,
including the cortex and spinal cord, where they are preferen-
tially located in the preterminal regions of the axon, and can
therefore be activated by synaptic glutamate as well as by
glutamate released by neighbouring astrocytes via the
cysteine/glutamate antiporter (Kalivas, 2009).

mGlu2/3 receptors are characterized by a high sequence
homology that restricts the possibility of distinguishing the
two receptor subtypes from a pharmacological point of view.
However, only recently, it was definitively shown that N-ace-
tyl-aspartyl-glutamate (NAAG) selectively binds to themGlu3

receptor subtype (Neale, 2011; Olszewski et al., 2012) and that
the new compound LY541850 acts as a selective mGlu2 recep-
tor agonist with mGlu3 receptor antagonist activity. The
pharmacological profile of the latter drug was first proposed
on the basis of results obtained in human mGlu receptors in
cultured neurons (Sanger et al., 2013) and then confirmed in
electrophysiological studies (Hanna et al., 2013). Thus, NAAG
and LY541850 represent unique pharmacological tools so far
available to predict the subunit composition of mGlu2/
mGlu3 receptors. The ability to discriminate the different
mGlu2/3 receptor subtypes is of evenmore of interest, because
mGlu2/3 receptor agonists have been proposed to be suitable
candidates for treating diseases typified by central
hyperglutamatergicity, including demyelinating disorders.
In fact, previous studies have shown that drugs, which favour
NAAG bioavailability in the CNS can ameliorate the
symptoms of multiple sclerosis (MS) (Rahn et al., 2012).

Glutamate exocytosis is largely altered in the cortex and
spinal cord of mice suffering from experimental autoimmune
encephalomyelitis (EAE), a demyelinating disorder that
shares some histological features with human MS (Di Prisco
et al., 2013). In particular, the exocytosis of glutamate was
reduced in the cortex but potentiated in the spinal cord of
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EAE at the acute stage of disease (i.e. 21 days post-
immunization, d.p.i.). We determined whether activation of
presynaptic mGlu2/3 autoreceptors could restore glutamate
exocytosis to physiological levels. With this aim, we firstly
characterized the pharmacological profile of the mGlu2/3

autoreceptors expressed in glutamate terminals of the cortex
and spinal cord of control, non-immunized mice. Then we
investigated whether mGlu2/3 autoreceptor-mediated func-
tions are altered in nerve endings isolated from EAE mouse
cortical and spinal cord synaptosomes. Finally, the effect of
in vivo administration of LY379268 on glutamate alterations
in these CNS regions of EAE mice at 21 d.p.i was studied.

Our results suggest the existence of a presynaptic NAAG-
sensitive mGlu3-preferring autoreceptor in spinal cord gluta-
mate nerve endings and of a presynaptic LY541850-sensitive
mGlu2-preferring autoreceptor in cortical terminals. An ago-
nist of spinal cord mGlu3-preferring receptors was found to
have beneficial effects on the synaptic defects that occur in
EAE mice at 21 d.p.i.
Methods

Animals and induction of EAE
Animal studies are reported in compliance with the ARRIVE
guidelines (Kilkenny et al., 2010; McGrath and Lilley, 2015).
Mice (female and male, strain C57BL/6J) were obtained from
Charles River (Calco, Italy) and were housed in the animal fa-
cility of DIFAR, Section of Pharmacology and Toxicology (au-
thorization n° 484 of 8 June 2004). The experimental
procedures were in accordance with the European legislation
(European Communities Council Directive of 24 November
1986, 86/609/EEC), and they were approved by the Italian
Ministry of Health (DDL 26/2014 and previous legislation;
protocol number n° 50/2011-B). Experiments were performed
following the Guidelines for Animal Care and Use of the
National Institutes of Health.

To induce EAE, female mice (C57BL/6J; 18–20 g,
6–8 weeks-old) were immunized according to a standard pro-
tocol (Zappia et al., 2005), with minor modifications. Briefly,
animals were s.c. injected with incomplete Freund’s adjuvant
containing 4 mg·mL�1 Mycobacterium tuberculosis (strain
H37Ra) and 400 μg of the myelin oligodendrocyte glycopro-
tein 35–55 (MOG35–55) peptide, followed by i.p. administra-
tion of 250 ng of pertussis toxin on day 0 and after 48 h.

http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=290
http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=290
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Clinical scores (0 = healthy, 1 = limp tail, 2 = ataxia and/or pa-
resis of hindlimbs, 3 = paralysis of hindlimbs and/or paresis of
forelimbs, 4 = tetraparesis and 5 = moribund or death) were
recorded daily [MOG33–55 (+)]. EAE mice were killed at
21 ± 1 d.p.i. Control, non-immunized mice received the same
treatment in the absence of theMOG35–55 peptide [MOG33–55

(�) mice]. All efforts were made to minimize animal suffering
and to use the minimumnumber of animals necessary to pro-
duce reliable results.

Fifty-two C57BL/6 mice were used to carry out the
experiments aimed at investigating the existence and
functional role(s) of presynaptic mGlu2/3 autoreceptors in
the cortex and the spinal cord. Eight female C57BL/6 mice
(4 MOG33–55 (�) mice and MOG33–55 (+) mice at 21 ± 1 d.p.
i. were used for the experiments carried out to evaluate the ef-
fect of LY379268 in in vitro studies. Thirty-six female C57BL/6
mice (12mice for each set of experiments, three different sets,
18 mice [4 MOG33–55 (�) mice and 18 MOG33–55 (+) mice at
21 ± 1 d.p.i.)] were used for the experiments carried out to
evaluate the effect of LY379268 in ex vivo, in vitro studies.
Animal drug treatments
Female C57BL/6 mice (12 mice for each set of experiments,
three different sets) were randomly assigned to the following
groups: control mice, EAE mice, LY379268-treated control
mice and LY379268-treated EAEmice. Animals were adminis-
tered LY379268 (0.01 to 1mg·kg�1) i.p. 3 h before being killed
(Di Prisco et al., 2014a).
Preparation of synaptosomes
The animals were killed by decapitation, the cortices and the
spinal cord rapidly removed and purified synaptosomes pre-
pared within minutes (Musante et al., 2011). Briefly, control
13 d.p.i., EAE mice were killed by decapitation, the cortices
rapidly removed and purified isolated nerve endings
(synaptosomes) prepared within minutes. Synaptosomes
were resuspended in a physiological solution with the follow-
ing composition (mM): NaCl, 140; KCl, 3; MgSO4, 1.2; CaCl2,
1.2; NaH2PO4, 1.2; NaHCO3, 5; HEPES, 10; glucose, 10; pH,
7.2–7.4.
Experiments of release
Synaptosomes were incubated for 15 min at 37°C in a rotary
water bath in the presence of [3H]-D-aspartate ([3H]-D-Asp, f.
c.: 50 nM). Identical amounts of the synaptosomal suspen-
sions were layered on microporous filters at the bottom of
parallel thermostated chambers in a superfusion system
(Raiteri et al., 1974; Ugo Basile, Comerio, Varese, Italy; Summa
et al., 2013).

Synaptosomes were transiently (90 s) exposed, at
t = 39 min, to high-KCl-containing medium (12 or 15 mM,
as indicated, NaCl was reduced in an equimolar concentra-
tion for the increase of KCl) in the absence or presence of ag-
onists. Antagonists were added 8 min before agonists.
Fractions were collected as follows: two 3-min fractions (basal
release), one before (t = 36–39 min) and one after
(t = 45–48 min) a 6-min fraction (t = 39–45 min; evoked re-
lease). Fractions collected and superfused synaptosomes were
measured for radioactivity.
The amount of radioactivity released into each
superfusate fraction was expressed as percentage of the total
radioactivity. The K+-induced overflow was estimated by
subtracting the neurotransmitter content into the first and
third fractions collected (basal release, b1 and b3) from that
in the 6-min fraction collected during and after the depolari-
zation pulse (evoked release, b2). In order to compare the re-
sults of the experiments aimed at describing the
pharmacological profile of the receptors under study, the ef-
fect of agonists/antagonists is expressed as a percentage of
the KCl-evoked overflow of tritium observed in the absence
of mGlu2/3 ligands. Each experimental condition was tested
in three parallel superfusion chambers within the same ex-
periment in order to evaluate the variability and accuracy of
the measurement, that is, the repeatability. For each experi-
ment, data are expressed as media of the three determina-
tions. The [3H]-D-Asp release from cortical synaptosomes in
the (b1 + b3) fractions amounted to 0.94 ± 0.03% of the total
synaptosomal radioactivity; that elicited by 12 mM KCl (b2)
corresponded to 2.18 ± 0.07% of the total synaptosomal ra-
dioactivity (data are means ± SEM of five representatives run
on different days). The [3H]-D-Asp release in the (b1 + b3) frac-
tions from spinal cord synaptosomes amounted to
2.89 ± 0.11% of the total synaptosomal radioactivity; that
elicited by 15 mM KCl (b2) corresponded to 4.23 ± 0.31% of
the total synaptosomal radioactivity (data are means ± SEM
of five representatives run on different days).

Immunoblotting
Synaptosomes obtained from the cortex or spinal cord were
lysed in ice-cold lysis buffer (150mMNaCl, 50mMTris, 1%Tri-
ton X-100, protease inhibitor cocktail, pH 8.0) and quantified
for protein content. Samples were boiled for 5 min at 95°C in
SDS-PAGE loading buffer and then separated by SDS-10%PAGE
(cortical lysate: 5–10 μg per lane; spinal cord lysate: 10–20 μg
per lane) and transferred onto PVDF membranes. Membranes
were incubated for 1 h at room temperature in Tris-buffered
saline-Tween (0.02 M Tris, 0.150 M NaCl, and 0.05% Tween
20, 5% non-fat dried milk) and then probed with rabbit anti-
mGlu2/3 (1:4000; Novus Biologicals, Littleton, CO, USA) and
mouse anti-β tubulin III (1:800, Sigma, Milano, Italy),
overnight at 4°C. After extensive washes in Tris-buffered
saline-Tween, membranes were incubated for 1 h at room tem-
perature with appropriate HRP-linked secondary antibodies
(1:20000). Immunoblots were visualized with an enhanced
chemiluminescence plus Western blot detection system.

Immunocytochemical analysis in mouse
cortical and spinal nerve terminals
For immunohistochemical analysis, cortical and spinal synap-
tosomes were fixed with 2% paraformaldehyde for 15 min,
permeabilized with 0.05% Triton X-100 PBS for 5 min and
incubated with the following primary antibodies: rabbit anti-
mGlu2/3 receptor (1:1000; Novus Biologicals); mouse anti-
syntaxin-1A (Stx-1A; 1:10,000; GeneTex Inc., Irvine, CA, USA)
and guinea pig anti-vesicular transporter of glutamate type 1
(VGLUT-1; 1:500; Millipore Corporation, Billerica, MA, USA).
After extensive washing, synaptosomes were incubated for
1 h at room temperature with AlexaFluor-488 or 633 donkey
anti-mouse IgG antibodies, AlexaFluor-488 or 633 donkey
British Journal of Pharmacology (2016) 173 1465–1477 1467



Figure 1
Presynaptic release-regulating mGlu2/3 autoreceptors in cortical
nerve terminals of adult mice. (A) Concentration-dependent inhibi-
tion of the 12 mM KCl-evoked [3H]-D-Asp exocytosis by LY379268.
Synaptosomes were transiently exposed to the depolarizing stimu-
lus. When indicated, LY379268 was added concomitantly to the
depolarizing stimulus. Results are expressed as percentage of the
12 mM KCl-induced overflow (% of control). The [3H]-D-Asp over-
flow elicited by 12 mM KCl corresponded to 1.13 ± 0.09% of the to-
tal synaptosomal radioactivity, and it amounted to 1.5 ± 0.3 nCi.
Data are the means ± SEM of four to seven experiments run in tripli-
cate (three superfusion chambers for each experimental condition).
*P < 0.05 versus the 12 mM KCl-evoked tritium overflow. (A, inset)
Western blot analysis unveiled the presence of mGlu2/3 receptor pro-
tein dimers in mouse cortical synaptosomes. Percoll-purified synap-
tosomes were lysed as described in the Methods section, and
lysates (5 μg protein, left lane; 10 μg protein, right lane) were
immunoblotted and probed with anti-mGlu2/3 antibody and with
anti β-tubulin antibodies. The figure shows a representative Western
blot of five analyses carried out on different days. (B) Antagonism by
LY341495 of the inhibitory effect of LY379268 (10 nM) on the
12 mM KCl-evoked [3H]-D-Asp overflow from mouse cortical synap-
tosomes. Results are expressed as percentage of the 12 mM KCl-
evoked tritium overflow (% of control). Data are the means ± SEM
of seven experiments run in triplicate. *P < 0.05 versus the 12 mM
KCl-evoked tritium overflow. #P < 0.05 versus the 12 mM KCl/
10 nM LY379268-evoked tritium overflow. (C) mGlu2/3 receptor pro-
teins are present in Stx-1A and VGLUT1-positive nerve terminals iso-
lated from the cortex of adult mice. Percoll-purified synaptosomes
were processed for immunocytochemistry and visualized by fluores-
cence microscopy as described in the Methods section. The figure
shows representative images of four to seven independent experi-
ments carried out in different days.
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anti-rabbit IgG antibodies or AlexaFluor-488 donkey anti-
guinea pig IgG antibodies (1:1000 for all; Life Technologies
Corporation, Carlsbad, CA, USA). Synaptosomes were then
applied onto coverslips (Musante et al., 2008a).

Confocal microscopy and colocalization
Fluorescent images were acquired and examined using a six-
channel Leica (Leica Microsystem SrL, Milano, Italy) TCS SP5
laser-scanning confocal microscope, equipped with 458, 476,
488, 514, 543 and 633 nm excitation lines and a two-photon
pulsed Ti-sapphire laser. Images (1024 × 1024 × 12 bit) were
taken through a plan-apochromatic oil immersion objective
63×/NA1.4. Light collection configuration was optimized
according to the combination of chosen fluorochromes, and
sequential channel acquisitionwas performed to avoid crosstalk
phenomena. Leica LCS software package was used for acquisi-
tion, storage and visualization. The quantitative estimation of
colocalized proteins was performed as described previously
(Musante et al., 2008a; Summa et al., 2013).

Data and statistical analysis
The data and statistical analysis comply with the recommenda-
tions on experimental design and analysis in pharmacology
(Curtis et al., 2015). ANOVA was performed by ANOVA followed
by Dunnett’s test or Newman–Keuls multiple comparisons test,
as appropriate; direct comparisonswere performed by Student’s
t-test. Post hoc tests were carried out only if the F value was
significant. Data were considered significant if P < 0.05.

Chemicals
[2,3-3H]-D-aspartate (specific activity 11.3 Ci·mmol�1) was
from Perkin Elmer (Boston, MA, USA). The Freund’s incom-
plete adjuvant was acquired from Sigma-Aldrich (Milan, It-
aly) and MOG from Espikem (Florence, Italy). M. tuberculosis
(H37Ra) was obtained from DIFCO BACTO Microbiology
(Lawrence, KA, USA). LY379268, LY341495 and spaglumic
acid (NAAG) were purchased from Tocris Bioscience (purity
level 96%; Bristol, UK). LY541850 was kindly provided by Dr
Moon (Ely Lilly, Indianapolis, USA).

The drug and molecular target nomenclature conforms to
British Journal of Pharmacology’s Guide to Receptors and
Channels (Alexander et al., 2011).

Results

Presynaptic mGlu2/3 autoreceptors in mouse
cortical glutamatergic nerve endings
Purified nerve endings isolated from mouse cortex were
preloaded with [3H]-D-Asp (a nonmetabolizable glutamate
analogue routinely used in release studies as a marker of the
endogenous excitatory amino acid transmitter; Grilli et al.,
2004; Luccini et al., 2007) and transiently exposed to a mild
(12 mM KCl) depolarizing stimulus in the absence or pres-
ence of the mGlu2/3 agonist LY379268. Well in line with pre-
vious observations (Cartmell and Schoepp, 2000; Niswender
and Conn, 2010), the activation of presynaptic mGlu2/3

autoreceptors inhibited efficiently the 12 mM K+-evoked
[3H]-D-Asp overflow. Maximal inhibition (�44 ± 7.1%, n = 5)
was observed when the agonist was added at 10 nM, and it
1468 British Journal of Pharmacology (2016) 173 1465–1477
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was not modified when higher concentrations of the agonist
were applied (Figure 1A). The apparent EC50 of the agonist
amounted to 1.50 ± 1.15 nM. The 10 nM LY379268-mediated
inhibitory effect was prevented when the mGlu2/3 antagonist
LY341495 (100 nM) was concomitantly added (Figure 1B). At
the concentration applied, the mGlu2/3 antagonist failed to
modify on its own the 12 mM KCl-evoked release of tritium
(data not shown). To note, the 12 mM K+-evoked [3H]-D-Asp
release occurred in a Ca2+-dependent, exocytotic-like manner
as already demonstrated in previous work (Grilli et al., 2004).

The Western blot analysis confirmed the presence of
mGlu2/3 receptor proteins in synaptosomal lysates. The anti-
body recognized a component with a mass compatible with
the presence of the dimeric assembly of mGlu2/3 receptor
proteins (Figure 1A, inset). Furthermore, confocal micros-
copy revealed that mGlu2/3 immunoreactivity is expressed
presynaptically in glutamatergic nerve endings. Cortical glu-
tamatergic nerve endings were identified by using a selective
antibody recognizing the VGLUT, while the presynaptic com-
ponent of the synaptosomal particles was identified by using
an antibody raised against Stx-1A. As already shown in previ-
ous work (Musante et al., 2008a), mouse cortical synapto-
somes efficiently stained for Stx-1A (Figure 1C, panel a) and
for VGLUT (Figure 1C, panel d). The mouse cortical synapto-
somal preparation also efficiently stained for mGlu2/3 immuno-
reactivity (Figure 1C, panels b and e). A significant percentage of
VGLUT positive particles and of Stx-1A particles were
immunopositive for the mGlu2/3 receptor (Figure 1D, panels c
and f), confirming the existence of these receptors in cortical
glutamatergic presynaptic terminals. Analysis of four different
images revealed that about 71 ± 2% of the VGLUT positive
particles and about 64 ± 4% of the Stx-1A positive particles were
positive for mGlu2/3 receptors respectively. Conversely, a
significant percentage of mGlu2/3 positive particles were
immunopositive for Stx-1A (59 ± 4%; Figure 2C) and for
VGLUT1 (64 ± 8%; Figure 2C) staining.
Presynaptic mGlu2/3 autoreceptors in mouse
spinal cord glutamatergic nerve endings
In previous studies, we demonstrated that a higher concen-
tration (15 mM) of K+ ions is required to elicit tritium over-
flow from spinal cord nerve terminals that is comparable
with that caused by 12 mM KCl from cortical synaptosomes
(see for discussion Di Prisco et al., 2012). Notably, from previ-
ous data in the literature, it has been shown that the 15 mM
KCL-evoked release of [3H]-D-Asp was prevented when
superfusion was carried out with a medium where Ca2+ ions
were omitted (Milanese et al., 2011; Di Prisco et al., 2013),
compatible with the exocytotic nature of the release process.
The selective mGlu2/3 agonist LY379268 inhibited in a
concentration-dependent fashion the [3H]-D-Asp overflow
evoked by 15 mM KCl. The agonist efficiently reduced the
[3H]-D-Asp overflow (EC50 = 0.15 ± 0.37 pM; maximal inhibi-
tion: 54.85 ± 7.2%, reached at 0.1 nM, n = 6; Romei et al.,
2013). To confirm the involvement of mGlu2/3 autoreceptors,
the effect of LY379268 (0.1 nM) was then tested in the pres-
ence of increasing concentrations of the mGlu2/3 antagonist
LY341495 (0.1–100 nM). As shown in Figure 2B, the antago-
nist concentration-dependently prevented the 0.1 nM
LY379268-induced inhibition of [3H]-D-Asp overflow, being
maximally active when added at 100 nM. At the maximal
concentration applied, the antagonist failed to affect, on its
own, the 15 mM KCl-evoked [3H]-D-Asp overflow (data not
shown). Western blot analysis confirmed the presence of
mGlu2/3 immunoreactivity in spinal cord synaptosomal ly-
sates. In particular, the anti mGlu2/3 antibody recognized a
protein of about 230 kDa, corresponding to the expected
mass of the receptor dimer assembly (Figure 2A, inset).
Furthermore, confocal microscopy analysis showed signifi-
cant mGlu2/3 immunostaining in spinal cord glutamatergic
nerve endings. Mouse spinal cord synaptosomes efficiently
stained for Stx-1A (Figure 3C, panel a) and for VGLUT
(Figure 3, panel d). A significant percentage of VGLUT1 posi-
tive particles were immunopositive for Stx-1A immunostain-
ing (74 ± 5%), and conversely, Stx-1A positive particles were
positive for VGLUT1 staining (60 ± 11%). Furthermore, these
presynaptic glutamatergic particles were positive for mGlu2/3

immunoreactivity as suggested by the finding that a signifi-
cant percentage of mGlu2/3 receptor-positive particles were
immunopositive for Stx-1A and for VGLUT respectively
(Figure 3, panels c and f). Analysis of eight different images
revealed that about 68 ± 4% of the Stx-1A positive particles
and about 80 ± 3% of the VGLUT positive particles were
positive for mGlu2/3 receptor immunostaining. Conversely,
a significant percentage of mGlu2/3 positive particles were
immunopositive for Stx-1A (74 ± 5%; Figure 2C) and for
VGLUT1 (64 ± 8%; Figure 2C).
Pharmacological profile of the mGlu2/3
autoreceptors in mouse cortical and spinal cord
terminals
In order to better define the pharmacological profile of the
mGlu2/3 autoreceptors involved in the control of glutamate
exocytosis from cortical and spinal cord glutamatergic nerve
endings, we investigated the effect of LY541850 and NAAG
on the K+-evoked [3H]-D-Asp overflow from both synapto-
somal preparations.

LY541850 reduced in a concentration-dependent fashion
the 12 mM KCl-evoked overflow of [3H]-D-Asp from cortical
nerve endings (EC50 = 1.06 ± 0.56 nM; maximal inhibitory ef-
fect, �51.33 ± 4.28%, n = 5, observed when the compound
was added at 100 nM; Figure 4A), but it failed to significantly
affect the 15mMKCl-evoked [3H]-D-Asp overflow from spinal
cord nerve endings (Figure 4B), even when added at 1000 nM.

Conversely, 100 nMNAAG failed to affect the 12mMKCl-
evoked release of [3H]-D-Asp from cortical synaptosomes
(Figure 4C), but it significantly inhibited the 15 mM KCl-
evoked [3H]-D-Asp overflow from spinal cord nerve endings
(Figure 4D). In spinal cord synaptosomes, NAAG-induced inhi-
bition occurred in a concentration-dependent fashion (EC50:
0.054 ± 0.003 pM; maximal inhibition, �49.18 ± 6.8%, n = 8,
observed when the agonist was added at 100 pM; Figure 4D). A
comparable potency was observed when studying the
concentration–effect NAAG exerts on the 15 mM KCl-evoked
release of preloaded [3H]-glycine frommouse spinal cord termi-
nals (Romei et al., 2013). It has been proposed that unavoidable
contamination by glutamate (about the 0.2–0.5%) of the NAAG
(Fricker et al., 2009) might account for the NAAG-induced effect
atmGlu3 receptor subtypes. To test this hypothesis, experiments
were carried out to investigate whether 1 nM glutamate (i.e. a
British Journal of Pharmacology (2016) 173 1465–1477 1469



Figure 3
mGlu2/3 receptor proteins are present in Stx-1A and VGLUT1-positive nerve terminals isolated from the spinal cord of adult mice. Percoll-purified
synaptosomes were processed for immunocytochemistry and visualized by fluorescence microscopy as described in the Methods section. The fig-
ure shows representative images of eight independent experiments carried out on different days.

Figure 2
Presynaptic release-regulating mGlu2/3 autoreceptors in spinal cord nerve terminals of adult mice. (A) Concentration-dependent inhibition of
the 15 mM KCl-evoked [3H]-D-Asp exocytosis by LY379268. Synaptosomes were stimulated as previously described. Results are expressed as
percentage of the 15 mM KCl-induced overflow (% of control). The [3H]-D-Asp overflow elicited by 15 mM KCl corresponded to
2.18 ± 0.21% of the total synaptosomal radioactivity, and it amounted to 2.63 ± 0.5 nCi. Data are the means ± SEM of six to nine experi-
ments run in triplicate (three superfusion chambers for each experimental condition). *P < 0.05 versus the 15 mM KCl-evoked tritium over-
flow. (A, inset) mGlu2/3 receptor protein dimers exist in mouse spinal cord synaptosomes. Synaptosomal lysates were immunoblotted (10 μg
protein, left lane; 20 μg protein, right lane) and probed with anti-mGlu2/3 antibody and with anti β-tubulin antibodies. The figure shows a
representative Western blot of six analyses. (B) Antagonism by LY341495 of the inhibitory effect of LY379268 (10 nM) on the 15 mM KCl-
evoked [3H]-D-Asp overflow from mouse spinal cord synaptosomes. Results are expressed as percentage of the 15 mM KCl-evoked tritium
overflow. Data are the means ± SEM of six experiments run in triplicate. *P < 0.05 versus the 15 mM KCl-evoked tritium overflow;
+P < 0.05 versus the 15 mM KCl/10 nM LY379268-evoked tritium overflow.
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Figure 4
Effects of NAAG and of LY541850 on the KCl-evoked [3H]-D-Asp overflow from mouse cortical and spinal cord synaptosomes. (A) Concentration-
dependent inhibition of the 12 mm KCl-evoked [3H]-D-Asp exocytosis by LY541850. Results are expressed as % of control. Data are the means ±-
SEM of five experiments run in triplicate. *P< 0.05 versus the 12mM KCl-evoked tritium overflow. (B) Effect of NAAG (100 nM) on the [3H]-D-Asp
exocytosis elicited by 12 mM KCl from mouse cortical synaptosomes. Results are expressed as % of control. Data are the means ± SEM of six ex-
periments run in triplicate. (C) Effect of LY541850 (100–1000 nM) on the [3H]-D-Asp exocytosis elicited by 15 mM KCl from mouse spinal cord
synaptosomes. Results are expressed as % of control. Data are the means ± SEM of six experiments run in triplicate. (D) Concentration-dependent
inhibition of the [3H]-D-Asp exocytosis elicited by 15mMKCl from spinal cord synaptosomes by NAAG. Results are expressed as % of control. Data
are the means ± SEM of eight experiments run in triplicate. *P < 0.05 versus the 15 mM KCl-evoked tritium overflow.
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concentration of glutamate corresponding to the highest con-
centration of NAAG tested in spinal cord synaptosomes; Figure-
4D) could affect the 15 mM KCl-evoked release of [3H]-D-Asp
from spinal cord synaptosomes. The amino acid failed to modify
the K+-evoked glutamate exocytosis (15 mM KCl: 2.68 ± 0.09;
15 mMKCl/1 nM glutamate: 3.08 ± 0.15, results expressed as in-
duced overflow; data are mean ± SEM of six experiments, n.s.,
please compare with Romei et al., 2013). These findings strongly
indicate that NAAG, and not contaminating glutamate, ac-
counts for its ability to activatemGlu2/3 receptors (Neale, 2011).

To confirm that the LY541850-induced inhibition of the
12 mM KCl-evoked [3H]-D-Asp overflow from cortical nerve
endings relied on the activation of the presynaptic mGlu2/3

autoreceptors, we investigated the effect of LY541850
(100 nM) in the presence of increasing concentrations of
the mGlu2/3 antagonist LY341495. Figure 5A shows that the
antagonist significantly counteracted the 100 nM LY541850-
evoked inhibition of the 12 mM KCl-evoked overflow of
[3H]-D-Asp in cortical synaptosomes when added at 10 nM,
but completely abolished it when added at 100 nM.

In spinal cord synaptosomes, NAAG-induced inhibition
was tested in the presence of 100 nM LY341495, to verify
whether this effect relies on mGlu2/3 autoreceptors. Figure 5B
shows that 100 nM LY341495 efficiently prevented the 10 pM
NAAG-induced inhibition of [3H]-D-Asp exocytosis. Finally,
LY541850, inactive on its own on the 15 mM KCl-induced
[3H]-D-Asp overflow from spinal cord synaptosomes, was
tested for its efficacy in antagonizing the LY379268-induced
inhibition of the tritium release. Figure 5C shows that
LY541850 concentration-dependently antagonized the
0.1 nM LY379268-induced inhibition of the 15 mM KCl-
evoked [3H]-D-Asp overflow, being maximally active when
added at 100 nM.
EAE mice and clinical score
Female mice (8 weeks old) were immunized with the
MOG35–55, and the clinical symptoms were scored daily.
Figure 6 shows that disease onset became evident at day
13 ± 1 after immunization, when the media score value
amounted to 0.49 ± 0.05 and it occurred in 51.4% of the
MOG-injected mice (n = 22 mice). The maximum disease
score was observed at 21 ± 1 d.p.i., it amounted to
2.12 ± 0.52 (n = 10 mice) and it did not vary significantly
until 24 d.p.i. The cumulative score was 19.58 ± 2.12
(n = 10 mice).
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Figure 5
Effects of agonists and antagonists on the KCl-evoked [3H]-D-Asp overflow frommouse cortical and spinal cord synaptosomes. (A) Antagonism by
LY341495 of the LY541850-induced inhibition of the 12 mM KCl-evoked [3H]-D-Asp overflow from mouse cortical synaptosomes. Synaptosomes
were exposed to 12 mM KCl in the presence and absence of 100 nM LY379268. When indicated, LY341495 (10–100 nM) was added concomi-
tantly with the mGlu2/3 agonist. Results are expressed as % of control. Data are the means ± SEM of five experiments run in triplicate. *P < 0.05
versus the 12mM KCl-evoked tritium overflow; #P< 0.05 versus the 12mMKCl/100 nM LY341495-evoked tritium overflow; ##P< 0.01 versus the
12 mM KCl/100 nM LY341495-evoked tritium overflow. (B) Antagonism by LY341495 of the NAAG-induced inhibition of the 15 mM KCl-evoked
[3H]-D-Asp overflow from mouse spinal cord synaptosomes. Synaptosomes were exposed to 15 mM KCl in the presence and absence of 10 pM
NAAG. When indicated, 100 nM LY341495 was added concomitantly with the mGlu2/3 agonist. Results are expressed as % of control. Data are
the means ± SEM of six experiments run in triplicate. *P < 0.05 versus the 15 mM KCl-evoked tritium overflow; +P < 0.05 versus the 15 mM
KCl/0.1 pM NAAG-evoked tritium overflow. (C) Antagonism by LY541850 of the LY379268-induced inhibition of the 15 mM KCl-evoked [3H]-
D-Asp overflow from mouse spinal cord synaptosomes. Synaptosomes were exposed to 15 mM KCl in the presence and absence of 100 nM
LY379268. When indicated, LY341495 (0.1–100 nM) was added concomitantly with the mGlu2/3 agonist. Results are expressed as % of control.
Data are the means ± SEM of seven experiments run in triplicate. *P < 0.05 versus the 15 mM KCl-evoked tritium overflow; +P < 0.05 versus the
15 mM KCl/0.1 nM LY379268-evoked tritium overflow.
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Effects of LY379268 on the [3H]-D-Asp release
from cortical and spinal cord nerve endings
from EAE mice at different stages of disease
Cortical and spinal cord synaptosomes were isolated from
control (non-immunized) and EAE mice at different stages
of disease, and the release of [3H]-D-Asp elicited by high K+

was monitored.
The KCl-evoked [3H]-D-Asp overflow was dramatically re-

duced from synaptosomes isolated from the cortex of EAE
mice at the early stage of disease (13 d.p.i.), but it was signifi-
cantly increased from nerve terminals isolated from the spi-
nal cord of EAE mice at the acute stage of disease (21 d.p.i.,
Table 1, but see Di Prisco et al., 2013, 2014a, 2014b).

LY379268 (10 nM) almost halved glutamate exocytosis
from both cortical and spinal cord synaptosomes isolated
from control mice (Table 1). Conversely, the drug was
ineffective in cortical synaptosomes from EAE mice at 13 d.
p.i. In particular, LY379268 (10 nM) slightly, although not
1472 British Journal of Pharmacology (2016) 173 1465–1477
significantly, inhibited the tritium exocytosis from EAE
mouse cortical terminals (Table 1). In contrast, LY379268
(10 nM) efficiently inhibited glutamate overflow from spinal
cord synaptosomes from EAE mice at 21 d.p.i. (Table 1). We
did not perform experiments in cortical synaptosomes from
EAE mice at 21 d.p.i., because glutamate defects observed
early at 13 d.p.i. did not recover at this stage of the disease.
[3H]-D-Asp release in spinal cord nerve endings
from EAE mouse at the acute stage of disease:
effects of in vivo LY379268
The efficacy of LY379268 in controlling glutamate exocytosis
from EAE mouse spinal cord synaptosomes prompted us to
investigate whether the acute in vivo administration of this
drug could modify the release capability at these terminals.
With this aim, control and EAE mice at 21 d.p.i. were ran-
domly assigned to the following groups: control untreated



Figure 6
Clinical scores in EAE mice at different stages of disease. Clinical signs
were monitored daily in EAE mice and are expressed as average
(median ± SEM). *P < 0.05 versus 1 d.p.i.
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mice, control LY379268-administered mice, EAE untreated
mice and EAE LY379268-administered mice. LY379268 (1–-
0.01 mg·kg�1) was acutely administered i.p. (Woolley et al.,
2008). Animals were then killed within 3 h of the drug injec-
tion, and spinal cord synaptosomes were prepared tomonitor
the 15 mM K+-evoked [3H]-D-Asp overflow in ex vivo, in vitro
experiments. Figure 7 shows that in control mice, the acute
in vivo administration of LY379268 (1 mg·kg�1) caused
adaptive modifications to glutamate overflow at the spinal
cord level. These changes were retained by the presynaptic
nerve terminals isolated from this region and could be de-
tected as reduced exocytosis capability in ex vivo, in vitro ex-
periments. Indeed, the 15 mM K+-evoked [3H]-D-Asp
overflow from nerve terminals isolated from the spinal cord
of LY379268 (1 mg·kg�1)-administered control mice was sig-
nificantly lower (�31.36 ± 4.89%, n = 7) than that observed
in synaptosomes isolated from the spinal cord of control un-
treated mice. A lower dose (0.1 mg·kg�1) of LY379268 slightly,
Table 1
Effects of LY379268 on the release of preloaded [3H]-D-Asp elicited by high K
and EAE mice

Control mice
(induced overflow)

% of changes
versus contro

Cortex 12 mM KCl 1.16 ± 0.05

12 mM KCl/10 nM LY379268 0.63 ± 0.03a �45.68 ± 5.87a

Spinal cord 15 mM KCl 2.16 ± 0.06

15 mM KCl/10 nM LY379268 1.37 ± 0.26b -36.57 ± 3.88

Synaptosomes from control (non-immunized) and from EAE mice (at 13 d.p.
cortical nerve endings and at 21 d.p.i. when studying then 15 mM KCl-evoked
superfusion to the depolarizing stimulus; 10 nM LY379268 was added conco
well as percentage of change versus control. Data are the mean ± SEM of at l
each experimental condition).
aP < 0.05 versus 12 mM KCl-evoked [3H]-D-Asp from cortical nerve endings o
bP < 0.05 versus 15 mM KCl-evoked [3H]-D-Asp from spinal cord nerve endin
cP < 0.05 versus 15 mM KCl/10 nM LY379268-evoked [3H]-D-Asp from cortic
although not significantly, reduced glutamate overflow
(�19.39 ± 5.12%, n = 7), while the lowest dose applied (0.01-
mg·kg�1) was almost ineffective (�9.91 ± 5.01%, n = 4). In
contrast, the acute in vivo administration of LY379268 (1.0–-
0.01 mg·kg�1) in EAE mice at the acute stage of the disease
caused a strikingly significant reduction of in vitro 15 mM K+-
evoked [3H]-D-Asp release from spinal cord nerve endings.
Notably, this LY379268-induced effect was observed in spinal
cord synaptosomes isolated from EAE mice administered lower
doses of the drug, which did not affect significantly glutamate
exocytosis in control mouse spinal cord nerve endings. The in
vivo LY379268-induced inhibition of the in vitro glutamate
exocytosis amounted to �48.20 ± 6.82% in mice administered
1 mg·kg�1 LY379268, to �44.58 ± 3.65% in mice administered
0.1 mg·kg�1 LY379268 and to �33.33 ± 7.43% in mice admin-
istered 0.01 mg·kg�1 LY379268.
Discussion
The first finding of our study is that mGlu2/3 autoreceptors lo-
cated in cortical and spinal cord glutamatergic nerve endings
have different pharmacological profiles and could represent
different receptor subtypes belonging to the group II of mGlu
receptors. In particular, LY379268, at nanomolar concentra-
tions, activates the mGlu2/3 receptor subtype located presyn-
aptically on cortical glutamatergic nerve endings. The
inhibitory effect exerted by the agonist was efficiently
prevented by the broad-spectrum antagonist LY341495 but
could not be mimicked by NAAG, even when the ligand was
applied at micromolar concentrations. Similar to what was
observed in the cortex, the mGlu2/3 autoreceptors located
on glutamatergic spinal cord nerve endings were efficiently
activated by LY379268. The apparent affinity of LY379268 in
spinal cord nerve endings, however, was at least four orders
of magnitude higher than that observed in the cortex
(0.15 ± 0.37 pM vs. 1.50 ± 1.15 nM), suggesting the existence
of a high-affinity LY379268-sensitive binding site on spinal
cord terminals and of a low-affinity LY379268-sensitive
Cl from cortical and spinal cord nerve endings from non-immunized

l
EAE mice
(induced overflow)

% of changes
versus control

% of changes
versus EAE mice

0.75 ± 0.02a -35.34 ± 5.33

0.63 ± 0.09 -15.6 ± 4.11

3.07 ± 0.09b +42.12 ± 4.63

2.11 ± 0.07c -31.27 ± 3.15

i. when studying then 12 mM KCl-evoked release of [3H]-D-Asp from
release of [3H]-D-Asp from spinal cord nerve endings) were exposed in
mitantly when indicated. Results are expressed as induced overflow as
east four experiments run in triplicate (three superfusion chambers for

f non-immunized mice.
gs of non-immunized mice.
al nerve endings of EAE mice.
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Figure 7
Effect of acute in vivo administration of LY379268 on the 15mM KCl-
evoked [3H]-D-Asp overflow from synaptosomes isolated from the
spinal cord of control (non-immunized) and EAE mice. Control (un-
treated) mice and EAE (grey bar) mice at the acute stage of disease
(21 d.p.i.) were acutely injected i.p. (doses as indicated) and then
killed within 3 h. The spinal cord was rapidly removed, and synapto-
somes were prepared to monitor the 15 mM KCl-evoked [3H]-D-Asp
overflow in in vitro experiments. Results are expressed as 15 mM KCl-
induced overflow; data are means of nine experiments run in tripli-
cate. *P < 0.05 versus the 15 mM KCl-evoked tritium overflow from
untreated mice; #P < 0.05 versus the 15 mM KCl-evoked tritium
overflow from untreated EAE mice.
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binding site on cortical nerve terminals. In spinal cord termi-
nals, the inhibitory effect exerted by LY379268 was efficiently
prevented by LY341495; NAAG inhibited glutamate exocyto-
sis very efficiently, in a LY341495-sensitive way, with an ap-
parent affinity (0.16 ± 0.28 pM) almost the same as that of
LY379268 in these terminals.

These observations led us to propose that the two
autoreceptors could represent different receptor subtypes
having different pharmacological profiles. This hypothesis
was definitively supported by the results obtained with
LY541850. Before discussing the data obtained with this com-
pound, it is important to recall the features of our technique
thatmake it an approach of choice to study the pharmacological
profile of compounds with a double-faced (agonist/antagonist)
profile such as LY541850,(Dominguez et al., 2005; Hanna et al.,
2013). In superfused synaptosomes, receptor-mediated effects
are elicited only by agonist(s) exogenously added in the
superfusion medium, because antagonist(s) are expected to be
unable to modify on their own neurotransmitter release (Raiteri
et al., 1974; Marchi et al., 2015), provided that the receptors they
bind to did not adopt a constitutive active conformation
(Musante et al., 2008b; Rossi et al., 2013). Well in line with previ-
ous observations, LY541850mimicked LY379268 in cortical syn-
aptosomes in a LY341495-sensitive manner, compatible with an
agonist-like activity at mGlu2/3 autoreceptors. However,
LY541850 failed to affect glutamate exocytosis in spinal cord
nerve endings, but it efficiently prevented the effect of
LY379268, compatible with an antagonist-like activity in these
terminals. On the basis of these observations, we propose that
the two mGlu2/3 receptors could belong to different receptor
subtypes, typified by a different mGlu2/3 receptor subunit as-
sembly. The relative contribution of the two receptor subunits
1474 British Journal of Pharmacology (2016) 173 1465–1477
in the expression of the two autoreceptors, however, could be
hardly predicted on the basis of the present results. The most
conservative conclusion could be that homomericmGlu2 recep-
tors exist in cortical glutamatergic nerve terminals, while mGlu3
receptor homodimers are present in spinal cord synaptosomes.
This hypothesis is supported by data in the literature demon-
strating the existence of homomeric mGlu receptors belonging
to the II group in selected CNS regions (Hanna et al., 2013)
and in different cell subtypes (Durand et al., 2014). However, it
is also widely recognized that mGlu receptors belonging to the
same group (i.e. the mGlu2 and mGlu3 receptors) also could as-
sociate to form heterodimers as well as dimeric associations of
dimers (Doumazane et al., 2010; Kammermeier, 2012). The exis-
tence of mGlu2/mGlu3 receptor heterodimers in both cortical
and spinal cord terminal autoreceptors typified by a certain
complexity of subunit assembly, therefore, deserves consider-
ation. For instance, there is evidence that primary afferent ter-
minals in the dorsal horn are endowed with mGlu2 receptors
(Chiechio et al., 2002), which couldpresynaptically control glu-
tamate release at these terminals (Gerber et al., 2000), suggesting
that also mGlu2 receptor subunits could have a role as
autoreceptors in this CNS region. TheWestern blot analysis with
antibody recognizing the mGlu2/mGlu3 receptor subunit con-
firmed the presence of receptor proteins in synaptosomal ly-
sates. It should, however, be stressed that, although antibodies
separating between mGlu2 and mGlu3 receptors are available,
synaptosomes isolated from a selected brain region represent
an heterogeneous population of synaptosomal subfamilies,
each one could be endowed with mGlu2/3 receptors having dif-
ferent subunit compositions. The immunohistochemical ap-
proach did not allow us to identify the presence of a receptor
subtype on specific nerve endings.

Recent evidence suggests that impaired central neuro-
transmission is important in determining the progression of
MS (Schwartz et al., 2003; Lanz et al., 2007). In particular, al-
tered glutamate levels have been observed in the CSF of MS
patients (Sarchielli et al., 2007), as well as in animals suffering
from demyelinating disorders. Depending on the animal
model used and the brain region under study, opposite mod-
ifications of glutamate release capability were observed in se-
lected CNS regions, indicating that glutamate impairment in
MS is a complex event. In particular, increased glutamate re-
lease was detected in the spinal cord of EAE rats (Sulkowski
et al., 2009) and mice (Di Prisco et al., 2013, 2014a, 2014b)
as well as in striatal and spinal cord nerve terminals of EAE
mice (Centonze et al., 2009; Marte et al., 2010; Di Prisco
et al., 2013, 2014a, 2014b), while reduced glutamate release
was observed in cortical nerve endings of both mice and rats
suffering from EAE (Vilcaes et al., 2009; Di Prisco et al., 2013,
2014a, 2014b). As for glutamate receptors, previous studies
have shown that both mGlu1/5 and mGlu4 receptors are
suitable targets of drugs for ameliorating MS symptoms
(Besong et al., 2002; Fazio et al., 2008, 2014, Fallarino et al.,
2010). Whether mGlu2/3 autoreceptors undergo adaptive
changes in the CNS of EAE mice and whether they could be
suitable targets for MS therapeutics has so far been poorly
investigated (Geurts et al., 2003; Taylor et al., 2005;
Pinteaux-Jones et al., 2008).

The second finding of our study was that in mice suffering
from EAE, the mGlu2-preferring autoreceptors in cortical
nerve ending selectively lost their ability to control glutamate
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exocytosis, while mGlu3-preferring autoreceptors in spinal
cord terminals were unmodified or their releasing efficiency
even improved in these mice.

The loss of function of cortical mGlu2-preferring
autoreceptors was in a way unexpected, considering that
mGlu2 receptors are predicted to be resistant to desensitiza-
tion (Iacovelli et al., 2009). Other adaptive events, however,
could account for the decreased efficacy of the mGlu2-prefer-
ring autoreceptors in the cortex of EAE mice, including for
instance the impairment of an intraterminal enzymatic
pathway(s) that subserves effects mediated by the mGlu2/3

receptors. As already stated, mGlu2/3 receptor-mediated func-
tions mainly rely on the inhibition of the AC/cAMP pathway
(Nicoletti et al., 2011). Interestingly, in EAE mice, this
enzymatic pathway was significantly hampered in cortical
nerve endings, but not in spinal cord terminals, where, on
the contrary, it was even potentiated (Di Prisco et al., 2013,
2014a, 2014b). These enzymatic impairments might be re-
sponsible for the loss of efficacy of LY379268 in the cortex
and could also explain the gain in efficacy of LY379268 in
controlling glutamate exocytosis from spinal cord terminals
of EAE mice.

Well in line with these observations, the third finding of our
studywas that in vivo LY379268 in EAEmice at the acute stage of
the disease triggers in vivo adaptive changes at glutamatergic spi-
nal cord terminals that could be observed in in vitro studies as in-
hibition of glutamate exocytosis. In particular, the amount of
[3H]-D-Asp released upon a depolarizing stimulus that was ap-
plied was quantitatively comparable with that detected from
the spinal cord terminals of control untreated animals. Interest-
ingly, the restoration of glutamate exocytosis to physiological
levels in spinal cord glutamatergic nerve endings of EAE mice
was observed following the acute administration of very low
doses (1 to 0.01 mg·kg�1) of LY379268, which are devoid of ac-
tivity in non-immunized mice. Again, the increased activity of
the AC/cAMP pathway observed in EAE mouse spinal cord at
the acute stage of disease might account for the higher potency
of in vivo LY379268 in reducing glutamate exocytosis in this
CNS region. Notably, NAAG regulates the endogenous produc-
tion of cAMP in astrocytes more efficiently than glutamate
(Wrobleska et al., 1998).

Although, so far, there are no mGlu receptor ligands close
to approval for clinical trials (Nicoletti et al., 2015), mGlu re-
ceptors (including mGlu2 and mGlu3 receptors) are still con-
sidered promising targets for the development of drugs for
the treatment of CNS disorders, including MS. Indeed, it
was recently proposed that MS patients with cognitive im-
pairment had low hippocampal NAAG levels, suggesting that
reduced availability of this endogenous ligand could have a
role in the onset of the disease symptoms. If this is the case,
agonist(s) at mGlu3-preferring receptors as well as drugs
that impede the enzymatic breakdown of NAAG might be
beneficial in this disease. Accordingly, inhibitors of gluta-
mate carboxypeptidase II, that is, the enzyme catalyzing
the cleavage of endogenous NAAG to N-acetyl aspartate
and glutamate, were shown to increase the endogenous
CNS level of NAAG and to be efficacious in preventing
clinical symptoms in MS patients (Rahn et al., 2012 and
the references therein).

To conclude, our findings support the notion that
mGlu3-preferring receptors could be preferential targets for
the treatment of MS and CNS diseases. It should be noted that
mGlu3 receptors have been targeted in several animal models
of clinical disorders (traumatic brain injury, pain,
schizophrenia, stoke and neurotoxicity) via the application
of Glutamate carboxypeptidase II (CGPII) inhibitors and the
subsequent receptor activation by elevated levels of NAAG
as well as via application of heterospecific group II agonists
(Monn et al., 2015; Nicoletti et al., 2015). We propose that
the gain of function of the mGlu3-preferring autoreceptors
in EAE mice spinal cord concurs with the potential therapeu-
tic efficacy of mGlu3 ligands.
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