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Abstract
Objectives and materials and methods The aims of the
present study were (1) to determine the neuronal activation
pattern elicited by the group II mGlu antagonist LY341495
and (2) to evaluate the contribution of each group II mGlu
subtype by using wild-type (WT) and knockout (KO) mice
lacking either mGlu2 or mGlu3. c-Fos expression was used
as a marker of neuronal activation.
Results and discussion In WT mice, LY341495 induced
widespread c-Fos expression in 68 out of 92 brain areas,
including limbic areas such as the amygdala, septum,
prefrontal cortex, and hippocampus. LY341495-induced c-
Fos response was markedly decreased in the medial part of
the central amygdala (CeM) and lateral septum (LS) in
mGlu3-KO mice, as well as in the lateral parabrachial
nucleus (LPB) in both KO strains. In the majority of
investigated areas, LY341495-induced c-Fos expression
was similar in KO and WT mice. Analysis of the cellular

and subcellular distribution of mGlu2 and mGlu3 revealed
a prevailing presence of mGlu3-immunoreactivity in the
CeM in glial processes and in postsynapstic neuronal
elements, whereas only rare presynaptic axon terminals
were found immunoreactive for mGlu2.
Conclusion In conclusion, our data indicate that group II
mGlu blockade increases neuronal activation in a variety of
brain areas, including many stress- and anxiety-related
areas. The activation of two key brain areas, the CeM and
LS, is mediated via mGlu3, while activation in the LPB
involves both subtypes. Moreover, in the majority of
investigated areas, LY341495-mediated neuronal activation
appears to require a complex cross talk between group II
mGlu subtypes or the action of LY341495 on additional
receptors.
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Introduction

Glutamate acts through ligand-gated ion channels and G
protein-coupled metabotropic receptors (mGlus). At pres-
ent, eight subtypes of mGlus receptors have been identified,
which can be subdivided into three groups (group I: mGlu1,
5; group II: mGlu2, 3; group III: mGlu4, 6, 7, 8) based on
their molecular structure, intracellular transduction path-
way, and pharmacological profile (Conn and Pin 1997;
Schoepp et al. 1999). Group II mGlu ligands seem to be
drugs with a particular promising therapeutic potential in
psychiatric disorders, including anxiety and depression
(Johnson et al. 2005; Palucha and Pilc 2007). Group II
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mGlus are widely expressed in the rodent forebrain,
although the distribution of mGlu2 is more restricted than
that of mGlu3 (Ferraguti and Shigemoto 2006). In neurons,
mGlu2 and mGu3 receptors have been reported at both pre-
and postsynaptic sites; however, their precise subcellular
distribution has been investigated only in the hippocampal
formation, striatum, and ventrobasal thalamus (Tamaru et
al. 2001). mGlu3, but not mGlu2, receptors are also
expressed in glial cells where they are negatively linked
to adenylyl cyclase (Schoepp 2001). Activation of presyn-
aptic mGlu2/3 has been reported to provide negative
feedback regulation on the release of various neurotrans-
mitters including glutamate, γ-aminobutyric acid (GABA),
and dopamine (Cartmell and Schoepp 2000). On the other
hand, postsynaptic mGlu2/3 receptors can negatively
modulate neuronal excitability and plasticity upon stimula-
tion (Anwyl 1999).

The recent development of drugs selective for group II
mGlus, such as the agonist LY354740 (1S,2S,5R,6S)-2-
aminobicyclo[3.1.0]hexane-2,6-dicarboxylic acid and the
antagonist LY341495 [2S-2-amino-2-(1S,2S-2-carboxycyclo-
prop-1-yl)-3-(xant-9-yl) propanoic acid] (Monn et al. 1997;
Ornstein et al. 1998) has facilitated the elucidation of some
of the physiological roles of these receptors. Activation of
mGlu2 and mGlu3 by LY354740 elicits inhibitory responses
and has frequently been reported to have anxiolytic-like
properties in various anxiety-related tests, such as stress-
induced hyperthermia and the elevated plus maze in wild-
type (WT) mice (Helton et al. 1998; Linden et al. 2004;
Linden et al. 2005a; Monn et al. 1997; Spooren et al. 2002;
Johnson et al. 2005; Galici et al. 2006). Interestingly, recent
studies involving mice lacking mGlu2 or mGlu3 receptors
revealed that stimulation of both of these subtypes is
necessary to observe anxiolytic-like efficacy of LY354740,
since this effect was abolished in both knockout strains
(Linden et al. 2005b). LY354740 (as prodrug) was also
reported to be efficacious in the treatment of generalized
anxiety disorders in humans (Dunayevich et al. 2008).
Finally, a close analogue of LY354740, namely, LY404039,
has been shown in a phase II clinical trial to improve both
positive and negative symptoms in schizophrenia (Patil et al.
2007).

The important therapeutic implications that drugs acting
at group II mGlus may have for anxiety and psychotic
disorders, raise the question about the neural mechanisms
involved in their therapeutic efficacy. It is hypothesized that
the group II mGlu antagonist LY341495, by blocking
inhibitory pre- and postsynaptic mechanisms, increases
neuronal activation preferentially in anxiety-related brain
areas. In order to test this hypothesis, we applied LY341495
to wild-type (WT) mice and evaluated c-Fos expression as a
marker for neuronal activation (Hoffman and Lyo 2002).
However, since LY341495 binds to both mGlu2 and mGlu3

receptors in a nanomolar range (Kingston et al. 1998;
Ornstein et al. 1998), and no subtype-selective antagonists
are currently available, it is difficult to evaluate the
individual contribution of each group II mGlu receptor. In
this respect, we have recently developed mGlu3-null mice,
which have been instrumental for determining the specific
role of mGlu3 in the LY354740 neuroprotective effect both
in vitro and in vivo (Corti et al. 2007). Hence, we decided
to use knockout (KO) mice lacking either mGlu2 or mGlu3
receptors to examine their individual contribution in
LY341495-induced neuronal activation.

Materials and methods

Animals

All experiments were performed using male, age-matched
mGlu2- and mGlu3-KO and their corresponding WT (WT2
and WT3). mGlu2 mice were obtained from the University
of Kyoto, Japan (Yokoi et al. 1996). Mice were backcrossed
up to the 17th generation on C57BL/6J genetic background
and bred in a specific pathogen-free (SPF) breeding colony.
mGlu3 knockout mice were generated by targeted disrup-
tion of exon II of the Grm3 gene as recently described
(Corti et al. 2007). All procedures used in this study were
approved by the national Ethical Committee on Animal
Care and Use (Bundesministerium für Wissenschaft und
Verkehr, Kommission für Tierversuchsangelegenheiten,
Austria) and are in compliance with the “Principles of
laboratory animal care”.

c-Fos immunohistochemistry

All experiments were done between 8:00 and 12:00 A.M.
Mice were injected (10 µl/g) with vehicle (veh) or
LY341495 (3 mg/kg, i.p.), respectively, and subsequently
returned to their home cage. Two hours after drug
administration, mice were deeply anaesthetized with an
overdose of sodium pentobarbital and transcardially per-
fused with 20 ml of 0.9% saline followed by 20 ml of 4%
paraformaldehyde. Brains were then removed and postfixed
at 4°C overnight in the fixative. Coronal sections (100 µm)
were cut using a vibratome (Ted Pella, Redding, CA, USA)
and collected in 0.1 M sodium phosphate buffer. The
sections were processed for c-Fos immunoreactivity as
described previously (Singewald et al. 2003). Briefly,
sections were incubated for 48 h in a polyclonal primary
antibody (sc-52, Santa Cruz Biotechnology, Santa Cruz,
CA, USA) diluted 1:20,000 in buffer A (pH 7.4) containing
0.1 M NaCl, 5 mM KCl, 8 mM Na2HPO4, 15 mM
NaH2PO4, 10 mM Tris–HCl, 0.3% Triton X-100, and
0.04% thimerosal. The rabbit primary antibody was raised
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against a peptide in the amino terminus of human c-Fos p62
identical to the corresponding mouse sequence and does not
cross-react with c-Fos B, Fra-1, or Fra-2. The sections were
then rinsed and incubated with a biotinylated goat anti-
rabbit secondary antibody (Vector Laboratories, Burlin-
game, CA, USA) for 24 h. An avidin–biotin–horseradish
peroxidase procedure with 3,3′-diaminobenzidine as the
chromogen was used to visualize the immunoreactivity.

mGlu2/3 immunohistochemistry

Five adult male mice for each strain, (three for light
microscopy and two for electron microscopy) were deeply
anesthetized with thiopenthal (thiopentone sodium; 100 mg/
kg, i.p) and transcardially perfused with 0.1 M phosphate-
buffered 0.9% saline, followed for 10 min by a fixative
composed of 4% paraformaldehyde, ~0.2% picric acid
made up in 0.1 M phosphate buffer (PB, pH 7.2); only for
those used for electron microscopy (EM), 0.05% glutaral-
dehyde was added to the fixative. Brains were quickly
removed, extensively rinsed in PB and sectioned in the
coronal plane at 40 or 70 µm thickness on a vibratome
(Leica, Vienna, Austria). Immunocytochemical procedures
were as described earlier (Corti 2002). Briefly, sections
were pre-incubated (1 h) with 2% normal goat serum
(NGS) in 0.1 M Tris-buffered saline (TBS) and subse-
quently incubated (72 h, 4 C) with a polyclonal antibody
anti-mGlu2/3 (Chemicon, Temecula, CA, USA) diluted
1:500 in 1% NGS-50 mM TBS. Triton-X 100 (0.1%) was
added when the sections were prepared only for light
microscopy. Immunohistochemical reactions were carried
out using either the avidin–biotin–HRP complex method
(ABC, Elite kit, Vector) or Cy3™-conjugated secondary
antibodies (diluted 1:400; Jackson ImmunoResearch, West
Grove, PA, USA). Pre-embedding immunocytochemical
reactions were performed using the avidin–biotin–HRP
complex method. Sections were then subjected to 2%
OsO4 in 0.1 M PB and then contrasted with uranyl acetate
(1%), dehydrated and embedded in Durcupan ACM
(Fluka). Ultrathin sections (70 nm) were collected on
pioloform-coated copper slot grids and analyzed by using
a Zeiss CM120 electron microscope.

Data analysis

Cells containing a nuclear brown-black reaction product
were considered positive for c-Fos-immunoreactivity and
are referred to hereafter as c-Fos positive cells. The
anatomical localization of c-Fos-positive cells was aided
by using the illustrations in a stereotaxic atlas (Franklin and
Paxinos 1997). The staining procedure generally yielded
low background staining. Moreover, we observed differen-
tial staining intensities of c-Fos positive cells as shown in

the high magnification images of Fig. 1 (b and d). All cells
clearly distinguishable from background staining were
bilaterally counted in each region of interest within a
defined area (0.01 mm2) from one to two sections per
mouse depending on the brain area under investigation.

Drug dilutions

LY341495 (Tocris, Ellisville, MO, USA) was freshly
dissolved in saline, and the pH value was adjusted with
0.1 M NaOH to 7.0. Veh was prepared accordingly except
that LY341495 was omitted.

Statistical analysis

Results are presented as means±SEM. Data analysis using the
Kolmogorov–Smirnov test revealed nonparametric distribu-
tion in several brain regions. Therefore, overall statistical
analysis was performed using the Kruskal–Wallis test for
nonparametric data followed by Mann–Whitney U test to
detect statistically significant differences within the groups. P
values less than 0.05 were considered statistically significant.

Results

LY341495-induced c-Fos expression in WT mice

c-Fos expression in WT mice following veh application was
generally rather low and indistinguishable between the two
WT or KO strains or between the KO strains and
corresponding WT strains. Therefore, the data of veh-treated
animals were pooled (WT2/3, KO2/3) and served as veh
control groups for the treatment with LY341495 (Table 1).
Significant effects of LY341495 treatment were revealed by
Kruskal–Wallis test in WT mice in 68 out of 92 areas
quantified. Subsequent Mann–Whitney U test showed that
this was due to increased LY341495-induced c-Fos expres-
sion in WT2 and WT3 compared to WT2/3 veh. As
expected, WT2 and WT3 did not show statistically signif-
icant differences in LY341495-induced c-Fos expression.
Data for all 92 brain areas analyzed are presented in Table 1.
Compared to veh-treated WT2/3, WT2 and WT3 displayed
robust increases of c-Fos expression following LY341495
application in all forebrain cortical areas investigated, such as
the infralimbic cortex (10.1 vs. 18.7 and 15.8), the cingulate
cortex (11.4 vs. 26.8 and 23.2), and the caudal primary
motor cortex (1.4 vs. 24.2 and 20.2). In addition, LY341495
induced c-Fos expression in all investigated subregions of
the nucleus accumbens and striatum. WT2 and WT3 mice
treated with LY341495 also displayed increased c-Fos
expression in various subcortical forebrain areas such as
the ventral lateral septal nucleus (14.1 vs. 20.3 and 21.3) and
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the lateral bed nucleus of the stria terminalis (6.9 vs. 12.7
and 11.8). All investigated hippocampal areas, apart from the
ventral dentate gyrus, showed significant c-Fos induction
following LY341495 treatment, e.g., the CA1 region of the
pyramidal cell layer (2.8 vs. 19.3 and 17.8). Among the
investigated subareas of the amygdala were the lateral,

the medial, the basolateral, and the central nucleus, in which
c-Fos expression was also quantified at different rostro-
caudal levels. LY341495-induced c-Fos expression was
noted at all levels in medial and basolateral nuclei, whereas
in the lateral nucleus, this was observed at rostral areas only.
Since c-Fos expression in the central amygdala (CeA) was

veh

mGlu2/3-KO

LY341495

WT3 mGlu3-KO

(A)

(B)

(C)

(D)

CeM CeC

CeL

LSV

aca

Fig. 1 Effect of LY341495 on c-Fos expression in wild-type (WT3,
middle column) and mice lacking mGlu3 (mGlu3-KO, right column).
The effect of vehicle (veh) in the KO groups is shown as a
representative example in the left column. Brain areas displayed are
the medial central amygdala (CeM, a, b) and the ventral lateral septal

nucleus (LSV, c, d). mGlu3-KO mice treated with LY341495 show
decreased Fos expression compared to WT in both brain areas. b and d
show high magnification images of boxed areas of (a and c). CeL
Lateral central amygdala, CeC capsular central amygdala, aca anterior
commissure, anterior, scale bars: 100 µm (a), 20 µm (b,d), 200 µm (c)
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Table 1 Overview of c-Fos expression in wild-type (WT2/3) and mice lacking mGlu2 or mGlu3 (mGlu-KO2/3) in the investigated brain areas
following application of vehicle (veh) and LY341495

Brain area WT2/WT3
veh

WT2
LY341495

WT3
LY341495

mGlu2/3-KO
veh

mGlu2-KO
LY341495

mGlu3-KO
LY341495

Forebrain
Cortical areas
Infralimbic cortex 10.1±0.7 18.7±1.1** 15.8±0.6** 9.1±0.6 15.3±1.1** 16.0±1.2**
Prelimbic cortex 10.6±0.6 17.0±1.0** 14.8±1.3* 11.0±0.5 16.0±0.9** 16.0±0.8**
Claustrum 4.1±0.8 15.0±0.8** 14.8±1.1** 5.6±0.4 14.5±1.1** 13.3±1.2**
Primary motor cortex, rostral 0.9±0.3 16.7±2.5** 16.8±2.7** 0.9±0.3 17.0±3.8** 17.1±2.5**
Primary motor cortex, caudal 1.4±0.7 24.2±1.5** 20.2±2.0** 2.9±1.0 19.9±2.0** 22.0±1.5**
Secondary motor cortex, rostral 2.8±0.8 14.0±2.6** 13.6±1.4** 2.5±0.7 13.6±2.0** 11.8±0.9**
Cingulate cortex 11.4±0.9 26.8±2.1** 23.2±2.0** 8.7±0.6 23.6±2.0** 21.1±2.9**
Piriform cortex, rostral 13.4±0.9 36.7±1.6** 35.3±2.3** 13.7±1.5 36.1±3.1** 33.3±5.8*
Piriform cortex, caudal 8.4±0.5 30.5±1.9** 28.2±3.9** 9.3±0.9 31.6±4.4** 26.0±1.6**
Somatosensory cortex 1, barrel field 2.1±0.5 34.2±2.3** 32.0±3.0** 1.3±0.6 25.9±3.3** 34.6±1.6**

Nucleus accumbens, shell, rostral 9.5±1.1 14.2±0.9* 13.2±0.7* 8.0±0.6 13.8±0.9** 14.3±0.8**
Nucleus accumbens, core, rostral 0.4±0.3 6.2±0.7** 5.7±0.6** 0.1±0.1 6.1±0.5** 5.7±0.7**
Nucleus accumbens, shell, caudal 9.6±0.7 15.7±0.9** 15.7±1.0** 8.1±0.7 15.3±1.4** 13.8±1.0**
Nucleus accumbens, core, caudal 0.6±0.6 9.5±0.4** 8.5±1.0** 0.7±0.5 8.1±0.6** 9.6±0.5**
Caudate putamen
Dorsolateral, rostral 0.3±0.3 5.3±0.6** 3.8±0.7** 0.3±0.3 3.6±0.8** 4.7±1.0**
Ventrolateral, rostral 0.4±0.4 4.0±0.4** 4.7±0.7** 0.8±0.5 4.1±0.7** 4.7±0.6**
Dorsomedial, rostral 2.3±0.7 10.2±0.9** 10.2±0.5** 1.7±0.8 10.1±1.1** 8.5±1.4**
ventromedial, rostral 0.0±0.0 4.2±0.7** 3.8±0.5** 0.7±0.7 4.3±0.5** 3.7±1.0*
Dorsolateral, caudal 0.0±0.0 5.5±0.8** 3.3±1.4* 0.0±0.0 4.3±1.0** 5.1±0.4**
Ventrolateral, caudal 0.0±0.0 6.5±0.7** 5.2±1.2** 0.0±0.0 4.6±1.6** 4.4±0.5**
Dorsomedial, caudal 1.8±0.7 14.7±1.1** 12.5±0.8** 1.6±0.8 12.9±1.2** 13.3±1.6**
Ventromedial, caudal 0.3±0.3 9.7±0.9** 9.2±1.1** 0.0±0.0 8.0±1.2** 9.1±1.0**

Lateral septal nucleus, dorsal 4.6±0.3 9.0±0.4** 9.0±0.9** 4.5±0.6 8.5±0.6** 8.2±0.7**
Lateral septal nucleus, ventral 14.1±1.0 20.3±1.4** 21.3±0.8** 12.7±0.6 19.6±0.8** 14.9±1.4##

Lateral septal nucleus, intermediate 6.1±0.5 12.3±1.2** 12.0±1.6** 6.1±0.7 12.5±1.1** 10.7±0.7**
Bed nucleus stria terminalis, medial,
ventral

3.8±0.7 6.3±0.8* 6.5±0.4* 5.0±0.5 5.9±0.5 7.3±0.4*

Bed nucleus stria terminalis, lateral,
posterior

6.9±0.5 12.7±1.4** 11.8±1.2* 6.8±0.5 11.0±0.7** 12.7±1.0**

Medial septal nucleus 1.5±0.5 6.5±0.4** 6.2±0.5** 1.5±0.7 5.6±0.7** 7.0±0.7**
Lateral preoptic area 3.6±0.7 11.0±1.8** 10.3±1.1** 2.3±0.8 8.4±0.7** 7.9±0.7**
Medial preoptic area 5.4±0.6 10.5±2.1* 7.0±1.1 3.4±0.9 10.0±2.0* 10.1±1.5**
Hippocampal formation
Pyramidal cell layer, CA1 region 2.8±0.5 19.3±0.8** 17.8±1.8** 2.8±0.5 12.9±2.5** 17.4±1.5**
Pyramidal cell layer, CA3 region 0.0±0.0 2.0±0.7** 2.3±0.2*** 0.0±0.0 1.3±0.5* 2.4±0.5**
Granular layer, dentate gyrus, dorsal 7.3±0.4 11.5±1.1** 11.3±0.4** 7.8±0.5 11.3±0.6** 11.7±0.6**
Pyramidal cell layer, ventral 4.9±0.5 14.0±1.1** 12.3±1.5** 3.4±0.7 11.5±1.1** 9.7±1.8**
Granular layer, dentate gyrus, ventral 1.5±0.6 1.7±0.6 2.5±0.7 1.4±0.5 2.5±0.8 1.4±0.5

Amygdala
Lateral nucleus, rostral 3.1±0.5 9.5±1.2** 8.5±0.7** 4.0±0.6 7.1±0.7** 9.5±1.2**
Medial nucleus, rostral 5.3±0.4 12.7±0.8** 13.2±2.0** 5.0±0.5 12.6±1.3** 15.7±2.1**
Basolateral nucleus, rostral 3.5±0.5 11.2±1.5** 11.8±0.8** 3.4±0.5 10.9±1.7** 10.4±1.2**
Central nucleus, capsular, rostral 4.4±0.8 5.5±0.8 5.2±1.0 2.9±0.7 6.8±1.3 4.7±0.8
Central nucleus, lateral, rostral 1.5±0.4 9.3±0.8** 8.5±0.8** 1.6±0.3 9.1±0.8** 6.8±0.9**
Central nucleus, medial, whole area,
rostral

5.0±2.2 40.2±1.7** 36.5±2.5** 4.0±1.0 37.5±1.3** 13.7±2.5**,##

Lateral nucleus, caudal 5.3±0.4 6.5±0.9 6.3±0.6 5.5±0.3 5.3±0.5 7.1±0.8
Medial nucleus, caudal 5.3±0.4 11.2±1.2** 9.4±0.8** 5.0±0.5 8.8±0.6** 11.7±1.1**
Basolateral nucleus, caudal 3.5±0.5 11.5±1.0** 11.3±0.9** 3.4±0.5 11.5±0.8** 11.3±1.1**
Central nucleus, capsular, caudal 4.4±0.6 4.5±0.6 4.0±0.4 3.8±0.9 3.6±0.5 3.3±0.6
Central nucleus, lateral, caudal 2.9±0.4 8.5±0.7** 8.2±1.1** 2.1±0.4 7.0±0.3** 7.2±1.4*
Central nucleus, medial, whole area,
caudal

5.5±1.0 35.7±1.3** 38.7±0.9** 5.3±1.0 34.9±1.5** 14.7±2.6**,##
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Table 1 (continued)

Brain area WT2/WT3
veh

WT2
LY341495

WT3
LY341495

mGlu2/3-KO
veh

mGlu2-KO
LY341495

mGlu3-KO
LY341495

Diencephalon
Thalamus
Paraventricular nucleus, anterior, rostral 23.9±2.3 20.5±2.1 22.2±1.0 23.1±1.2 19.9±2.0 18.6±3.0
Paraventricular nucleus, anterior,
caudal

14.8±1.7 20.0±1.5 20.0±1.5 11.3±1.8 17.8±1.0** 18.0±1.4*

Paracentral nucleus 4.3±1.3 13.5±2.0** 15.3±2.6** 6.1±1.7 13.0±1.7* 13.6±2.4*
Central medial nucleus, rostral 12.4±1.2 19.8±1.9** 17.3±1.2** 11.0±0.6 19.1±1.9** 19.9±2.8**
Central medial nucleus, caudal 5.3±0.7 15.8±1.5** 13.5±0.8** 5.8±1.1 14.8±1.3** 15.0±1.1**
Lateral habenular nucleus 3.4±0.6 4.8±1.3 3.8±1.0 3.4±0.5 8.0±3.0 4.9±1.4
Ventromedial nucleus 0.0±0.0 9.7±1.0** 12.2±1.5** 0.6±0.6 9.1±2.1** 18.0±7.7**
Zona incerta 5.9±0.6 15.0±2.0** 11.2±1.0** 5.5±0.8 14.4±1.8** 10.7±1.1**
Mediodorsal nucleus 9.4±1.8 10.5±1.1 14.7±3.3 8.0±1.5 8.9±1.4 12.7±2.0
Reticular nucleus 1.1±0.8 5.2±0.7** 3.2±0.6* 1.8±0.9 3.3±0.7 4.0±1.2

Hypothalamus
Suprachiasmatic nucleus 47.1±9.6 38.3±2.4 37.8±3.1 36.3±5.4 40.9±5.0 38.7±3.0
Paraventricular nucleus, parvocellular 3.7±0.4 5.3±0.5 4.7±1.2 3.3±0.6 4.0±0.5 5.1±0.6
Paraventricular nucleus, magnocellular 15.1±1.2 16.2±1.5 15.5±2.2 16.5±1.3 17.5±1.5 15.3±0.9
Anterior area, central 7.1±0.3 9.2±0.3 8.0±0.9 5.9±1.1 9.3±0.5 8.9±1.5
Lateral area, rostral 5.9±0.8 8.7±1.0 8.0±0.7 5.5±0.9 9.9±0.9** 7.0±1.1
Lateral area, caudal 7.1±0.7 11.8±0.9** 13.3±1.0** 7.0±0.8 12.4±0.7** 12.6±0.9**
Dorsomedial nucleus 11.9±1.0 13.2±0.8 12.8±1.7 12.9±1.2 11.9±0.9 14.1±1.5
Ventromedial nucleus 8.0±0.7 6.0±0.9 5.5±0.9 7.8±0.8 5.5±0.8 3.6±0.5

Midbrain, brainstem, pons
Ventral tegmental area 0.0±0.0 0.3±0.2 2.7±1.0* 0.3±0.3 1.0±0.5 3.6±0.9**
Substantia nigra, pars compacta 0.0±0.0 1.0±0.4* 0.5±0.5 0.0±0.0 0.6±0.4 0.3±0.3
Substantia nigra, pars reticulata 0.0±0.0 0.0±0.0 0.8±0.5 0.0±0.0 0.0±0.0 0.1±0.1
Interpeduncular nucleus 4.9±0.8 26.7±4.8** 19.3±2.2** 7.0±1.4 17.1±2.2** 17.4±3.3*
Superficial gray, superior colliculus 9.9±0.9 12.2±0.9 10.2±0.6 10.8±0.5 12.0±1.1 15.9±1.1**
Deep gray layer, superior colliculus 2.6±0.5 9.0±0.7** 8.6±0.4** 1.8±0.7 8.0±0.9** 8.9±0.5**
Edinger–Westphal nucleus 14.6±1.4 8.8±1.4 10.3±1.8 8.0±2.1 10.9±1.6 6.9±0.6
Pentane nuclei, rostral 18.9±2.6 23.8±3.0 18.7±2.7 16.8±1.8 27.1±2.9 25.4±2.8
Pentane nuclei, caudal 16.8±2.4 23.0±10.0 32.8±6.0 13.0±2.8 30.0±5.2 30.7±5.5
Raphe nuclei
Caudal linear nucleus 2.4±1.0 12.2±3.3** 7.7±1.5* 2.6±0.8 8.1±0.8** 9.3±1.1**
Paramedian nucleus 3.0±0.3 11.5±2.0** 9.8±1.8** 3.5±0.5 9.5±1.3** 5.1±0.7
Median nucleus 4.5±0.6 15.0±2.4** 12.5±1.1** 4.0±1.3 10.6±1.5** 15.7±1.8**
Dorsal nucleus, rostral 5.4±0.8 15.7±1.3** 14.3±1.0** 6.4±0.4 12.8±1.2** 15.6±2.2**
Dorsal nucleus, ventrolateral, caudal 2.1±1.0 10.7±1.3** 8.0±1.5** 0.9±0.6 6.6±1.5** 9.9±1.1**
Dorsal nucleus, dorsal, caudal 1.6±0.6 6.8±1.1** 4.0±0.5* 1.6±0.6 5.9±1.2* 6.6±1.4**
Dorsal nucleus, inferior 8.4±0.9 20.0±1.9** 15.0±1.0** 8.5±1.1 18.6±2.4** 18.3±1.4**

Lateral periaqueductal gray 11.0±0.9 12.8±0.7 11.5±1.0 10.1±0.7 12.4±0.7* 11.3±0.7
Ventrolateral periaqueductal gray 9.9±0.4 14.0±1.0** 15.3±1.9* 8.1±1.2 12.8±1.0* 12.4±0.9*
Dorsomedial periaqueductal gray 7.6±1.7 15.0±0.6* 12.2±1.6* 6.6±0.8 12.3±1.7* 13.0±1.4**
Dorsolateral periaqueductal gray 5.4±0.7 6.7±0.4 6.3±1.0 5.0±0.5 7.1±0.5* 6.1±0.7
Lateral parabrachial nucleus, dorsal 10.0±2.6 16.8±1.5* 13.0±1.3* 10.1±0.8 12.8±1.5 11.4±2.0
Lateral parabrachial nucleus, external 7.5±2.0 22.5±1.6** 20.8±1.8** 3.5±1.0 12.1±1.2**# 9.4±1.2**#
Central nucleus, inferior colliculus 9.4±1.6 5.8±0.7 7.5±1.2 8.8±0.6 8.3±0.8 9.1±1.6
Locus coeruleus 5.3±1.9 10.7±1.5 7.7±0.4 2.4±0.8 7.3±1.7 6.6±0.6
Nucleus of the solitary tract 5.7±1.1 13.5±3.0* 8.0±1.3 3.1±0.8 7.0±2.1 14.5±3.9

(WT: n=8; ko2/3: n=8) or LY341495 (3 mg/kg) (WT2: n=6, WT3: n=6; mGlu2-KO: n=8, mGlu3-KO: n=7). The number of c-Fos-positive
cells/0.01mm2 is given as mean±SEM. Statistical analysis was performed using Kruskal–Wallis test followed by Mann–Whitney U Test
*p<0.05
**p<0.01 LY341495 vs. veh
#p<0.05
##p<0.01 KO vs. WT
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not evenly distributed, we have further subdivided the CeA
according to the atlas of Franklin and Paxinos (1997).
Indeed, we found LY341495-induced increases in c-Fos
expression particularly in the medial part (CeM) and, to a
lesser extent, in the lateral part (CeL), but not in the
capsular part (CeC) of the CeA. Counting the whole area of
the CeM revealed dramatic increases in LY341495-induced
c-Fos expression compared to veh treatment (5.5 vs. 35.7
and 38.7). Moreover, we found increases following
LY341495 treatment in thalamic areas such as the para-
central nucleus and the central medial nucleus. Hypotha-
lamic areas generally showed low c-Fos responses upon
administration of LY341495. For example, the group II
mGlu antagonist failed to trigger neuronal activation in the
paraventricular hypothalamic nuclei. Slightly enhanced c-Fos
expression was observed in the caudal but not rostral parts of
the lateral hypothalamus. Finally, LY341495 induced c-Fos
expression in midbrain areas such as raphe nuclei and the
lateral parabrachial nucleus (Table 1).

In contrast, in 24 out of 92 investigated areas, LY341495
failed to induce c-Fos expression in WT mice (Table 1).
Brain areas displaying no LY341495-induced c-Fos induc-
tion included the ventral granular layer of the dentate gyrus,
the capsular part of the CeA, the lateral amygdala, the
paraventricular hypothalamic nucleus, and the locus coeru-
leus. Furthermore, we did not observe differences in c-Fos
expression between veh and LY341495 treatment in
thalamic areas such as the lateral habenular nucleus and

the mediodorsal nucleus, hypothalamic areas including the
anterior and the lateral area and the dorsomedial nucleus as
well as midbrain areas such as the substantia nigra (Table 1).

Contribution of mGlu2 and mGlu3 to LY341495-induced
c-Fos expression

Similar to WT mice, treatment with veh caused generally low
c-Fos induction in the majority of investigated brain areas and
was indistinguishable in both KO strains. Accordingly, the
veh data were pooled (KO2/3; Table 1). Moreover, c-Fos
expression did not differ in WT and KO mice following veh
treatment (Table 1). LY341495-induced c-Fos response was
markedly attenuated (down to veh levels) in the CeM, and
the ventral lateral septal nucleus (LSV) in mGlu3-KO mice
compared to both WT strains and mGlu2-KO (Figs. 1, 3,
Table 1). This effect was observed in the CeM of mGlu3-KO
mice both at rostral and caudal levels (Table 1). In addition,
in the lateral parabrachial nucleus (LPB), LY341495-induced
c-Fos expression was significantly reduced in both KO
strains compared to their corresponding WT (Figs. 2, 3,
Table 1). Surprisingly, LY341495 enhanced c-Fos expression
to a similar extent in both WT and KO strains in most of the
areas investigated (Table 1).

In order to investigate further the mechanisms involved in
LY341495-induced neuronal activation, we have analyzed the
cellular and subcellular distribution of mGlu2 and mGlu3

WT
(A)

(B)

KO

LY341495

scp

LPB

Fig. 2 c-Fos expression
following treatment with
LY341495 (3 mg/kg) in wild-
type (WT, left column) compared
to mice lacking mGlus (KO,
right column) in the lateral
parabrachial nucleus (LPB).
LY341495-induced Fos expres-
sion is decreased in mGlu2-KO
compared to WT2 (a) and in
mGlu3-KO compared to WT3
(b). scp Superior cerebellar pe-
duncle, scale bar=200 µm
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receptors in the amygdala of mGlu2- and mGlu3-KO mice by
using an antibody for the C-terminal domain of the rat mGlu2
receptor, but which cross-reacts with mGlu3. This antibody
has been well characterized previously (Ferraguti et al. 2001).
The antibody produced intense labeling in the basolateral
complex and moderate staining of the central nucleus of WT
mice (Fig. 4a). No differences could be detected between
WT2 and WT3. In contrast, in the mGlu3-KO, the
immunolabeling corresponding to mGlu2 showed a prefer-
ential distribution in certain nuclear subdivision including the
medial magnocellular component of the BLA and the CeL.
The labeling was characterized by a punctate pattern in the
neuropil (Fig. 4b). In the medial division of the CeA, the
immunostaining was significantly weaker compared to
the CeL. In mGlu2-KO, the immunolabeling for mGlu3
was found more homogeneously distributed. Likewise for
mGlu2, immunoreactivity (IR) for mGlu3 was mostly
observed in the neuropil with a punctate staining pattern
(Fig. 4c).

The subcellular localization of mGlu3 immunoreactivity in
the CeM of mGlu2-KO mice was examined by pre-embed-
ding immunoelectron microscopy. Peroxidase reaction end
product for mGlu3 was observed most frequently in small
profiles of glial processes (Fig. 5a). In neuronal profiles,
mGlu3-IR was detected only in postsynaptic elements such
as small dendritic shafts and spines (Fig. 5b–c). Conversely,
the subcellular localization of mGlu2-IR in the CeM of
mGlu3-KO mice was limited to infrequent presynaptic
elements, which consisted of small unmyelinated axons and

presynaptic boutons. Immunolabeled axon terminals formed
mostly asymmetric synapses with spines or small dendrites,
and although infrequently, also symmetric synapses on
dendrites, (Fig. 6).

Discussion

Here, we report that blockade of group II mGlus by LY341495
caused increased c-Fos expression in a large number (68 out
of 92) of brain areas, many of which are particularly
associated with anxiety-related behavior. In addition, our
experiments involving mice lacking mGlu2 or mGlu3
revealed that the LY341495-induced c-Fos expression was
predominantly mediated via mGlu3 in the CeM and the LSV
and via both subtypes in the LPB. Moreover, immunohisto-
chemical studies at both light and electron microscopy
revealed a prevailing presence of mGlu3 receptors in the
CeM on both glial processes and postsynaptic neuronal
elements. Conversely, in this area, mGlu2-IR was weak and
associated only to presynaptic elements.

LY341495-induced c-Fos expression in WT mice

Activation of presynaptic mGlu2/3 has been shown to provide
a negative feedback mechanism controlling the release of
neurotransmitters such as glutamate, GABA, or dopamine
(Anwyl 1999; Cartmell and Schoepp 2000). On the other
hand, stimulation of postsynaptic mGlu2/3 was found to
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Fig. 3 Quantification of
LY341495-induced Fos expres-
sion in mGlu2- and mGlu3-KO
mice compared to WT controls.
Black bars indicate treatment
with vehicle, white bars indicate
LY341495 treatment (3 mg/kg).
Note that in the ventral lateral
septal nucleus (LSV) and the
lateral parabrachial nucleus
(LPB), the Fos cells/0.01 mm2

are indicated, while in the rostral
and caudal medial central
amygdala (CeM), the whole area
was quantified. Data are pre-
sented as mean±SEM. **p<
0.01 LY341495 vs. veh, ##p<
0.01 KO vs. WT, Kruskal–
Wallis test followed by Mann–
Whitney U test
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Fig. 4 Immunohistochemical localization of mGlu2 and mGlu3
receptors in the CeA of wild-type, mGlu2-and mGlu3-KO mice. a–c
Low magnification microphotographs of mouse hemisections of wild-
type (a only WT2 is depicted here), mGlu2-KO (b), and mGlu3-KO
(c) immunolabeled for mGlu2/3. Note the distinctive labeling
corresponding to mGlu3 (b) and mGlu2 (c) in the hippocampal
formation, thalamus, and amygdala. d–e Immunoreactivity for mGlu2
and mGlu3 is observed as punctate staining in the neuropil of the Ce
and basolateral nucleus of the amygdala (BL). In wild-type mice (d)

intense labeling can be observed in the BL and CeL, whereas the CeM
shows only moderate staining. In mGlu2-KO (e), mGlu3 staining
resemble that in the WT with moderate labeling in the CeM.
Conversely, in mGlu3-KO (f) mGlu2 staining is intense in CeL but
very weak in the CeM. BL Basolateral nucleus of the amygdala, CeL
central nucleus of the amygdala, lateral subdivision, CeM central
nucleus of the amygdala, medial subdivision, CPu caudate–putamen,
La lateral nucleus of the amygdala, Me medial nucleus of the
amygdala, opt optic tract. Scale bars: a–c 1 mm; d–f 250 µm

Fig. 5 Ultrastructural localization of mGlu3-IR in the CeM of
mGlu2-KO mice. a Immunoreactivity for mGlu3 is observed in small
glial processes (indicated by small arrows) surrounding pre- and
postsynaptic elements forming an asymmetric synapse (arrowhead). b

Peroxidase end product indicating mGlu3-IR can be seen at
extrasynaptic locations in dendritic shafts as well as c in spines. At
Axon terminal. Scale bars: 500 nm
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modulate neuronal excitability and plasticity via intracellular
mechanisms such as modulation of ion channels (e.g.,
potassium) and adenylyl cyclase (Anwyl 1999; Schaffhauser
et al. 1997; Schoepp et al. 1998). Thus, blockade of group II
mGlu receptors by LY341495 may increase neuronal
activation via multiple mechanisms involving pre- and/or
postsynaptic sites either in neurons or in glial cells.

Consistent with the known widespread distribution of
group II mGlus as revealed by in situ hybridization techniques
(Ohishi et al. 1993a, b; Tanabe et al. 1993), immunohisto-
chemistry (Petralia et al. 1996; Tamaru et al. 2001), and
radioligand binding studies using both agonists (Mutel et al.
1998; Schaffhauser et al. 1998) and antagonists (Wright et al.
2001), we have observed a widespread increase in c-Fos
expression induced by LY341495 in the brain, including
numerous forebrain cortical areas, such as the prefrontal and
the cingulate cortex, the nucleus accumbens, striatum, lateral
septum, and bed nucleus of the stria terminalis, the central
medial thalamic nucleus, the lateral hypothalamic area, the
pyramidal cell layer of the hippocampal CA1 region, several
amygdala and hindbrain areas including various raphe
nuclei. On the other hand, only 24 regions, out of 92 regions
quantified, did not show significant activation following
LY341495 treatment, which included hypothalamic areas
such as the paraventricular and the ventromedial nucleus, the
ventral granular layer of the dentate gyrus, and the superficial
grey of the superior colliculus.

Since many of the LY341495-induced activated areas
including the amygdala, septum, prefrontal cortex, and
hippocampus are critically involved in anxiety-related
processing (Charney et al. 1998), it may be hypothesized
that LY341495 exerts anxiogenic-like efficacy. Indeed, it
has recently been shown that LY341495 elicits anxiogenic-
like responses on the elevated plus maze, which was

associated with a widespread increase in neuronal activa-
tion (Linden et al. 2005a). The pattern of LY341495-
induced c-Fos expression described here is similar to the
study from Linden and colleagues (Linden et al. 2005b),
which have demonstrated an elevated c-Fos response in the
lateral, medial, and capsular part of the CeA following
treatment with LY341495. In our study, we have observed a
more specific activation pattern involving the lateral and
medial subdivisions of the CeA, but not the capsular part.
Although there are unfortunately only a limited number of
studies that have divided the CeA into subregions, it seems
that anxiolytic drugs activate neurons primarily in the
lateral CeA (Beck and Fibiger 1995; Cohen et al. 2003;
Linden et al. 2004), which are presumably GABAergic
(Hitzemann and Hitzemann 1999). At odds with our study,
Linden and colleagues found that LY341495 induced
neuronal activation also in thalamic areas such as the
paraventricular nucleus and the mediodorsal nucleus,
hypothalamic nuclei such as the dorsomedial nucleus,
midbrain and hindbrain areas such as the substantia nigra
or the locus coeruleus. A possible explanation for these
discrepancies may be the different genetic background of
the mice used in the two studies: Linden used the CD1
mouse strain, whereas for our study, we used mice back-
crossed into the C57Bl/6 background. These two mouse
strains show important behavioral differences in stress- and
anxiety-related tests, such as predator-induced freezing and
risk assessment and exploration in the light dark box (e.g.,
Yang et al. 2004; Kinsey et al. 2007), which may produce
also differential neuronal activation upon exposure to stress
and/or drugs. Indeed, a recent experiment carried out in our
lab showed strain-dependent differential neuronal activation
in response to stress, e.g., by exposure to aversive stimuli
(Hetzenauer and Singewald, unpublished).

Fig. 6 Ultrastructural localization of mGlu2-IR in the CeM of mGlu3-
KO mice. a Immunoperoxidase labeling for mGlu2 can be observed in
two axon terminals (At), one of which makes an asymmetrical synapse
with a small dendrite. b A mGlu2 immunolabeled bouton forms a

symmetrical synapse with a small dendritic shaft. c Peroxidase end
product can be observed in small unmyelinated axons (arrows). Scale
bars: a–b 500 nm; c 1 µm
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Contribution of mGlu2 and mGlu3 to LY341495-induced
neuronal activation

Since LY341495 affects mGlu2 and mGlu3 with similar
efficacy (Kingston et al. 1998; Ornstein et al. 1998), we
applied LY341495 to mice lacking mGlu2 or mGlu3 in
order to determine the contribution of each subtype to
LY341495-induced neuronal activation. We can assume
that LY341495 mediates neuronal activation via mGlu2 in
mGlu3-KO mice and via mGlu3 in mGlu2-KO mice (for
evidence of low affinity binding of LY341495 to mGlu8
receptors see discussion below). The strong attenuation of
LY341495-induced neuronal activation observed in the
CeM and the lack of response in the LSV of mGlu3-KO
mice, compared to WT, indicates that LY341495-mediated
c-Fos expression in these areas depends primarily on
mGlu3 receptors, absent in these mice. In addition, in both
KO strains, LY341495 displayed a reduced c-Fos induction
in the LPB, indicating the contribution of both subtypes to
LY341495-induced neuronal activation.

Previous in situ hybridization studies have reported a
lack of expression of mGlu2 and mGlu3 in neuronal
profiles of the CeA (Ohishi et al. 1993a, b), whereas both
immunohistochemical (Petralia et al. 1996; Tamaru et al.
2001) and radioligand binding studies using [3H]LY341495
(Wright et al. 2001) revealed low to moderate expression of
both subtypes. However, so far, no ultrastructural data are
available concerning group II mGlus in the rodent
amygdala and in particular in the CeA. Only recently,
evidence for glial as well as presynaptic and postsynaptic
localization in the rat basolateral complex and bed nucleus
of the stria terminalis has been reported (Muly et al. 2007).
Here we demonstrate a moderate immunolabeling for
mGlu2/3 receptors in the mouse CeA, with a prevailing
presence of mGlu3 receptors in the CeM on both glial
processes and postsynaptic neuronal elements, such as
dendritic shafts and spines. Our findings on the subcellular
distribution of group II mGlu receptors suggest that
LY341495-induced neuronal activation results either from
the modulation of a neuronal–glial intercommunication
involving astroglial mGlu3 receptors or the removal of an
inhibitory role mediated by postsynaptic mGlu3 receptors.

The CeA and the LS have been strongly implicated in
anxiety-related processing. Lesions of the CeA have consis-
tently been reported to elicit anxiolytic-like effects in various
tasks such as the defensive-burying test (Roozendaal et al.
1991), drinking conflict tests (Moller et al. 1997; Oakes and
Coover 1997), and conditioned fear (Goosens and Maren
2001). Moreover, lesions of the CeA cause reduced fear-
related behavior in monkeys upon exposure to fearful stimuli
such as snakes or human intruders (Kalin et al. 2004). In
contrast, repeated electrical stimulation (i.e., kindling) of the
CeA causes increased anxiety-related behavior (Kalynchuk et

al. 1997). Interestingly, although the classical parameters of
the elevated plus maze (i.e., percent open arm entries and
percent time on open arms) pointed to an anxiolytic phenotype
of CeA kindling, the authors postulated that anxiety-related
behavior increases with the number of stimulations presented.
Animals receiving low numbers of kindling procedures (e.g.,
20) ventured the open arm attempting to search escape from
the apparatus while they showed extreme escape-directed
behavior and finally even jumped off the maze after higher
repetitions of kindling (Kalynchu et al. 1997). In addition,
lesions of the lateral septal nucleus exert anxiolytic-like
behavior on the elevated plus maze (Menard and Treit
1996). In summary, anxiety-related behavior appears to be
associated with neuronal activation in the CeA and the LS. If
antagonism at mGlu3 receptors mediates neuronal activation
in these two areas, hence contributing to the anxiogenic action
of LY341495, mGlu3-KO mice should display reduced
anxiety-related behavior in response to this drug. This
hypothesis remains to be further investigated.

Given the widespread distribution of mGlu2 and mGlu3
receptors, it is rather surprising that both mGlu2-and mGlu3-
KO mice showed reductions of LY341495-induced c-Fos
expression only in few restricted areas (CeM, LSVand LPB).
The vast majority of brain areas investigated displayed similar
c-Fos responses following LY341495 treatment in WT and
both group II mGlu null mouse strains. Several explanations
may account for the observation that deletion of one subtype is
not sufficient to cause reductions of LY341495-induced
neuronal activation: (1) it is tempting to speculate that
adaptive changes, such as the upregulation of the other
subtype has occurred, thus compensating the lack of the
ablated receptor. This issue is currently under investigation;
preliminary experiments point to only a moderate upregula-
tion of LY341495 binding sites in mGlu3-KO compared to
WT, for example, in the hippocampus (Corti and Corsi,
personal communication). (2) LY341495-mediated activation
of mGlu8 receptors. Although LY341495 was shown to bind
to mGlu8 at about tenfold higher concentrations than to
mGlu2 and mGlu3 (Kingston et al. 1998; Ornstein et al.
1998; Wright et al. 2000), it cannot be ruled out that
activation of mGlu8 contributes to LY341495-induced c-Fos
expression particularly in mice lacking one subtype of group
II mGlus, since ablation of one subtype may reduce the
potential binding sites for LY341495 and therefore increase
the likelihood of activation of mGlus other than group II.
Moreover, mGlu8 has been shown to be co-expressed with
group II mGlus in several regions analyzed in the present
study including the cerebral cortex and the BLA (Corti et al.
1998). (3) a cross talk between the two subtypes, possibly
involving different neuronal and glial elements, is necessary
to produce a widespread neural activation. Studies with mice
lacking both mGlu2 and mGlu3 would help to clarify these
mechanisms.
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In summary, we report that the selective mGlu2/3
antagonist LY341495 enhances neuronal activation in a
variety of brain areas throughout the brain, many of which
are associated with the processing of anxiety-related behavior.
This is consistent with findings showing anxiogenic-like
effects of LY341495 in the elevated plus maze (Linden et al.
2005a). Antagonists at group II mGlus, however, were also
shown to have antidepressant activity (Chaki et al. 2004) and
pro-cognitive effects (Higgins et al. 2004).

LY341495-induced c-Fos response was markedly de-
creased in the CeM and the LSV in mGlu3-KO mice
compared to WT and mGlu2-KO mice, indicating that c-Fos
expression is mainly mediated via postsynaptic or glial mGlu3
in these areas. On the other hand, our data indicate a
contribution of both group II mGlus to neuronal activation
in the LPB. Conversely, in most brain areas, the effect of
LY341495 is likely to require a complex and extensive cross
talk between the two group II mGlu subtypes in mediating
neuronal activation.
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