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Abstract

Two group I metabotropic glutamate receptor subtypes, mGluR1 and mGluR5, have been reported to occur in highest
concentration in an annulus surrounding the edge of the postsynaptic membrane specialisation. In order to determine whether
such a distribution is uniform amongst postsynaptic mGluRs, their distribution was compared quantitatively by a pre-embedding
silver-intensified immunogold technique at electron microscopic level in hippocampal pyramidal cells (mGluR5), cerebellar
Purkinje cells (mGluR1a) and Golgi cells (mGluR2). The results show that mGluR1a, mGluR5 and mGluR2 each have a distinct
distribution in relation to the glutamatergic synaptic junctions. On dendritic spines, mGluR1a and mGluR5 showed the highest
receptor density in a perisynaptic annulus (defined as within 60 nm of the edge of the synapse) followed by a decreasing
extrasynaptic (60–900 nm) receptor level, but the gradient of decrease and the proportion of the perisynaptic pool (mGluR1a,
�50%; vs mGluR5, �25%) were different for the two receptors. The distributions of mGluR1a and mGluR5 also differed
significantly from simulated random distributions. In contrast, mGluR2 was not closely associated with glutamatergic synapses in
the dendritic plasma membrane of cerebellar Golgi cells and its distribution relative to synapses is not different from simulated
random distribution in the membrane. The somatic membrane, the axon and the synaptic boutons of the GABAergic Golgi cells
also contained immunoreactive mGluR2 that is not associated with synaptic specialisations. In the hippocampal CA1 area the
distribution of immunoparticles for mGluR5 on individual spines was established using serial sections. The results indicate that
dendritic spines of pyramidal cells are heterogeneous with respect to the ratio of perisynaptic to extrasynaptic mGluR5 pools and
about half of the immunopositive spines lack the perisynaptic pool. The quantitative comparison of receptor distributions
demonstrates that mGluR1a and mGluR5, but not mGluR2, are highly compartmentalised in different plasma membrane
domains. The unique distribution of each mGluR subtype may reflect requirements for different transduction and effector
mechanisms between cell types and different domains of the same cell, and suggests that the precise placement of receptors is a
crucial factor contributing to neuronal communication. © 1997 Elsevier Science B.V.

Keywords: Hippocampus; Cerebellum; Immunocytochemistry; Glutamate; Synaptic junction; Quantitative immunogold

1. Introduction

The response to synaptically released glutamate is
mediated by activation of multiple excitatory amino
acid receptors in the brain, including those which form
ion channels (ionotropic) and those (metabotropic)
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which are coupled via G-proteins and second messen-
gers to various effector mechanisms (Eaton et al., 1993;
Miles and Poncer, 1993; Seeburg, 1993; Batchelor et al.,
1994; Hollmann and Heinemann, 1994; Nakanishi,
1994; Masu et al., 1995). The two classes of excitatory
amino acid receptors interact in the fine-tuning of neu-
ronal responses under different conditions. Activation
of mGluRs leads to a variety of physiological responses
(Eaton et al., 1993; Hayashi et al., 1993; Gereau and
Conn, 1995; Guerineau et al., 1995; Masu et al., 1995;
Yokoi et al., 1996) depending on the mGluR subtype,
the transduction and effector mechanisms and the re-
ceptor distribution in relation to neurotransmitter re-
lease sites.

Eight metabotropic glutamate receptors (mGluR1–8)
have been cloned (Nakanishi, 1994; Duvoisin et al.,
1995), several of which exist in alternately spliced vari-
ants. These mGluRs are grouped according to the
degree of sequence homology, transduction mechanisms
and agonist selectivity. Group I includes mGluR1 and
mGluR5, which stimulate phosphatidylinositol hydroly-
sis and intracellular Ca2+ release and are activated by
quisqualate as their most potent agonist (Masu et al.,
1991; Abe et al., 1992; Aramori and Nakanishi, 1992).
Group II is composed of mGluR2 and mGluR3, which
are coupled to an inhibitory cascade of cyclic AMP
(cAMP) formation in heterologous expression systems
and are most potently activated by 2R,4R-4-aminopy-
rrolidine-2,4-dicarboxylate (APDC; Tanabe et al., 1992,
1993; Schoepp et al., 1995). The others, mGluR4, 6, 7
and 8 comprise group III, they also inhibit cAMP
formation in expression systems and are potently acti-
vated by L-amino-4-phosphonobutyrate (L-AP4; Tan-
abe et al., 1992; Nakajima et al., 1993; Tanabe et al.,
1993; Okamoto et al., 1994; Duvoisin et al., 1995).

In the rat brain, the activation of mGluRs contributes
to both postsynaptic and presynaptic responses (Miles
and Poncer, 1993; Gereau and Conn, 1995; Poncer et
al., 1995; Sánchez-Prieto et al., 1996). Immunocyto-
chemical studies have established that mGluR1 and 5
are exclusively postsynaptic in the hippocampus (Martin
et al., 1992; Shigemoto et al., 1993; Lujan et al., 1996,
but see Romano et al., 1995). In contrast, mGluR2/3 are
present at both presynaptic and postsynaptic sites in
cerebellar Golgi cells (Ohishi et al., 1994; Neki et al.,
1996a,b), and in the olfactory bulb (Hayashi et al.,
1993), but in the hippocampus are mainly found presy-
naptically (Shigemoto et al., 1995; Petralia et al., 1996).
Group III mGluRs have been found mainly (Bradley et
al., 1996), or exclusively presynaptically in the
hippocampus (Shigemoto et al., 1996) and spinal cord
(Ohishi et al., 1995), and both pre- and post-synaptically
in the retina (Brandstatter et al., 1996).

The precise location and density of glutamate recep-
tors on the cell surface may be a critical factor for
specifying signalling within and between neurons. Re-

stricted location to one cellular compartment may indi-
cate a single functional role, whereas the presence of a
receptor in functionally distinct domains of neurons
may indicate multiple roles. Group I and II mGluRs,
the subject of the present study, can be present in
different concentration in distinct cellular domains on
the same neuron. For example mGluR1 and 5 were
found to be highly concentrated on dendritic spines, but
they were also present at a lower density in the somato-
dendritic membrane of hippocampal pyramidal cells
(Lujan et al., 1996). Likewise, mGluR2/3 were present
in both the somato-dendritic and axonal domains of
cerebellar GABAergic Golgi cells (Ohishi et al., 1994;
Neki et al., 1996a,b). In addition, in all the cell types
studied to date, group I mGluRs were found to be
concentrated in an annulus surrounding the edge of
glutamatergic postsynaptic membrane specialisations
(Baude et al., 1993; Nusser et al., 1994; Lujan et al.,
1996). Quantitative studies carried out for mGluR5
have indicated that at least 25% of receptor in dendritic
spines is located at the immediate edge of the membrane
specialisation (Lujan et al., 1996). In order to determine
whether such a distribution is uniform amongst postsy-
naptic mGluRs, their distribution was compared quanti-
tatively by a pre-embedding silver-intensified
immunogold technique at electron microscopic level in
hippocampal pyramidal cells (mGluR5), cerebellar
Purkinje cells (mGluR1a) and Golgi cells (mGluR2).
Moreover, the possibility that hippocampal CA1 pyra-
midal cell spines immunoreactive for mGluR5 may be
heterogeneous with regard to the precise location of
receptors was also investigated on dendritic spines using
serial sections.

2. Material and methods

Eight adult female Wistar rats (200–250 g) were
deeply anaesthetised with Sagatal (pentobarbitone
sodium, 60 mg/ml i.p.) and perfused through the as-
cending aorta for 13–18 min, first with 0.9% saline for
1 min followed by freshly prepared ice-cold fixative
containing 4% paraformaldehyde, either 0.025 or 0.05%
glutaraldehyde and �0.2% picric acid made up in 0.1
M phosphate buffer (PB; pH�7.4). Immunoreactivity
could be detected using both fixatives, but labelling was
weaker using the higher concentration of glutaralde-
hyde. After perfusion, brains were removed from the
skull and blocks of tissue containing the hippocampus
and cerebellum were dissected and washed in 0.1 M PB
for several hours.

2.1. Antibodies

The three mGluRs were visualised by affinity-purified
rabbit (mGluR1a and mGluR5) or guinea pig
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(mGluR2/3) polyclonal antibodies and a monoclonal
antibody to mGluR2. The production and characterisa-
tion of the anti-mGluR1a (Baude et al., 1993), anti-
mGluR5 (Shigemoto et al., 1993) and monoclonal
anti-mGluR2 antibodies have been described elsewhere.
Briefly, antibodies to mGluR1a (code no. A4) were
raised to a synthetic peptide derived from the C-termi-
nal, cytoplasmic region (residues 1117–1130) of the
receptor. The antibodies reacted with a 160 kDa band
in Western blots and specificity was also confirmed on
expressed receptors (Baude et al., 1993). Antibodies to
mGluR5 (code no. G53) were raised against a fusion
protein containing the C-terminal amino acid sequence
(residues 863–1171) of the intracellular domain (Abe et
al., 1992), which is present in both the mGluR5a and
mGluR5b splice variants (Minakami et al., 1993). In
immunoblot analysis of crude membrane preparations
from rat brain, a major band with an estimated molec-
ular weight of 145 kDa was detected and the specificity
of the antibodies was also confirmed on cDNA-trans-
fected COS cells (Shigemoto et al., 1993). The mono-
clonal antibody (code: mG2Na-5) was raised to a
fusion protein containing the amino acid residues 87–
134 of mGluR2 (Neki et al., 1996a,b). In Western blots
the antibody was shown to label a band with an
estimated molecular weight of 102 kDa from brain and
bands of 97 and 111 kDa were detected from COS cells
transfected with cDNA encoding mGluR2. No im-
munoreactivity was detected in COS cells transfected
with cDNA encoding mGluR3 (Neki et al., 1996a,b),
indicating that the antibody reacts specifically with
mGluR2. The immunostaining of fixed brain sections
was also in agreement with the specificity of the anti-
body to mGluR2 (Neki et al., 1996a,b).

Antibodies (code no. MG2C2-GP4) against a syn-
thetic peptide corresponding to a C-terminal sequence
of mGluR2 (residues 848–872, Tanabe et al., 1992)
were raised in guinea pigs as described previously (Ki-
noshita et al., 1996). Four guinea pigs were immunised
by subcutaneous injection of the peptide conjugated to
bovine serum albumin by glutaraldehyde, the animals
were boosted after 4 weeks and bled 1–2 weeks after
the boost. The collected antisera were purified with
sodium sulphate fractionation, followed by affinity
chromatography using the C-terminal peptide coupled
to a column. For immunoblot analysis, crude mem-
branes prepared from rat cerebellum, and whole brains
of wild type and mGluR2-deficient mice (Yokoi et al.,
1996), were separated on 7% SDS-PAGE and trans-
ferred to PVDF filters (Bio-Rad). The filters were first
incubated with the affinity-purified antibodies (0.5 mg/
ml) and then with alkaline phosphatase-labeled second
antibody (Chemicon) to visualise the reacted bands.

For immunohistochemistry, wild type and mGluR2-
deficient mice were anaesthetised and perfused transcar-
dially with a fixative as described previously (Ohishi et

al., 1995). Sections for light microscopy were cut at 40
mm thickness and incubated with 0.5 mg/ml affinity-
purified antibody in phosphate buffered saline contain-
ing 0.1% Triton X-100. They were then incubated with
biotinylated second antibody and reacted with an ABC
Elite Kit (Vector). The sections were finally reacted
with 0.02% diaminobenzidine and 0.003% hydrogen
peroxide to visualise peroxidase activity.

The reactivity and specificity of the affinity-purified
antibody to mGluR2 was verified by immunoblot using
rat, wild type mouse, and mGluR2-deficient mouse
brains (Fig. 1). Two major immunoreactive products
with estimated molecular weights of 98 and �200 kDa
were observed in the rat cerebellum and wild type
mouse brains. These products were weakly detected in
heterozygous (+/− ) but not in homozygous (−/− )
mGluR2-mutant mouse brains, kindly made available
by Drs M. Yokoi and S. Nakanishi (Yokoi et al., 1996).
All these immunoreactive bands also disappeared in
wild type animals by preadsorption of the antibody
with the C-terminal peptide. The value of 98 kDa
corresponds to the predicted molecular masses of
mGluR2 (95 770, Tanabe et al., 1992) and mGluR3
(98 960, Tanabe et al., 1992), which are probably in-
creased by post-translational glycosilation. The higher
molecular mass band probably represents an aggregate
of receptors (see also Ohishi et al., 1994).

The antibody MG2C2-GP4 was also tested on CHO
cell lines (results not illustrated) expressing either
mGluR2 or mGluR3 as described earlier (Ohishi et al.,
1994). Although the antibodies reacted with mGluR3
expressed in high levels in CHO cell lines as described
for a rabbit antibody to mGluR2/3 (code no. H12,
Ohishi et al., 1994), crossreactivity of MG2C2-GP4 to
mGluR3 seems to be weaker than that of H12. Im-
munoreactive products corresponding to mGluR3 de-
tected in whole brain with H12 (Ohishi et al., 1994)
were much less detected with MG2C2-GP4. Further-
more, labelled bands in immunoblot (Fig. 1A) as well
as the immunostaining pattern of the cerebellum (Fig.
1B and C) detected with MG2C2-GP4 were almost
totally absent in mGluR2-deficient mice. Although the
labelling of mGluR3 in sections where it is present in
high concentration cannot be excluded, it is likely that
antibodies MG2C2-GP4 mainly recognise mGluR2 in
the membrane of rodent cerebellar Golgi cells.

2.2. Immunocytochemistry

Immunocytochemical reactions were carried out as
described earlier (Baude et al., 1993; Lujan et al., 1996).
The blocks of tissue containing the hippocampus and
cerebellum were washed in 0.1 M PB followed by
incubation for cryoprotection in 10 and 20% sucrose
made up in PB at 4°C overnight. To increase the
penetration of the reagents, blocks of tissue were
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Fig. 1. Characterisation of the affinity-purified antibody MG2C2-GP4 directed to the C-terminal part of rat mGluR2. (A) Immunoblot analysis
of the rat cerebellum (lanes 1, 2) and whole mouse brain (+/+ , +/− and −/− ). Two major bands with estimated molecular weights of 98
and �200 kDa were detected in rat cerebellum and wild type (+/+ ) mouse brain. The higher molecular weight bands probably represent an
aggregate of receptors. These bands were weakly detected in heterozygous (+/− ) mGluR2 mutant mice and completely disappeared in
homozygous (−/− ) mGluR2 deficient mice. Immunoreactive bands were not detected following preadsorption of the antibody with the peptide
(lane 2). (B and C) Immunostaining of wild type (B) and mGluR2 deficient mouse (C) cerebellar cortex. Immunolabelling with antibodies
MG2C2-GP4 is present in cerebellar Golgi cells. Golgi cell axons are densely immunolabelled in the granule cell layer (G) and their dendrites can
be seen in the molecular layer (M). This immunolabelling is completely missing in mGluR2 deficient cerebellum (C). P, Purkinje cell layer. Scale
bars: 50 mm.

quickly frozen in liquid nitrogen and thawed in PB,
then 70 mm thick sections were cut in the frontal or
sagittal plane on a Vibratome. Floating sections were
incubated in 20% normal goat serum (NGS) diluted in
50 mM Tris buffer (pH 7.4) containing 0.9% NaCl
(TBS) for 1 h. Sections were then incubated overnight
or for 24 h, at 4°C in a solution of affinity-purified
polyclonal antibodies to either mGluR1a, mGluR2/3 or
mGluR5, at a final protein concentration of 1–2.5
mg/ml, diluted in TBS containing 1% NGS. After
washes in TBS, the sections were incubated overnight at
4°C in goat anti-rabbit or anti-guinea pig IgG (Fab
fragment, diluted 1:50) coupled to 1.4 nm gold
(Nanoprobes, Stony Brook, NY) and made up in TBS
containing 1% NGS. After several washes in phosphate
buffered saline (PBS) the sections were postfixed in 1%
glutaraldehyde dissolved in the same buffer for 10 min.
They were washed in double distilled water, followed
by silver enhancement of the gold particles with an HQ
Silver Kit (Nanoprobes) for 8–12 min.

The gold-silver-labelled sections were processed for
electron microscopy. This included treatment with
OsO4 (2% in 0.1 M PB) for 40 min, block-staining with
uranyl acetate, dehydration in graded series of ethanol,
and flat-embedding on glass slides in DURCUPAN
(Fluka) resin.

A post-embedding silver-intensified immunogold
technique was also used as described earlier (Nusser et
al., 1994; Lujan et al., 1996). Ultrathin sections of
70–90 nm in thickness from Lowicryl-embedded blocks
(Baude et al., 1993) were picked up on coated nickel
grids and incubated for 45 min on drops of blocking
solution consisting of 0.8% ovalbumin, 0.1% cold-water
fish skin gelatine (Sigma) and 5% fetal calf serum
(Sigma) dissolved in PBS. The blocking solution was
also used for diluting the primary and secondary anti-
bodies. The grids were transferred to antibodies to
mGluR1a (10 mg/ml) or to mGluR2 (mG2Na-5, 20
mg/ml) overnight at room temperature. After washing,
the grids were incubated for 2 h on drops of goat
anti-rabbit IgG coupled to 1.4 nm gold (Nanoprobes)
diluted 1:100 (for mGluR1a, Fab fragment), or goat
anti-mouse IgG coupled to 10 nm colloidal gold (for
mGluR2, Nanoprobes). Grids were then washed in PBS
for 30 min, put on 2% glutaraldehyde in PBS for 2 min
and washed in ultrapure water prior to silver enhance-
ment in the dark with an HQ Silver kit for 5 min.
Following further washing in ultrapure water, the sec-
tions were contrasted for electron microscopy with
saturated aqueous uranyl acetate followed by lead cit-
rate.

As controls for method specificity, sections were in-
cubated with the omission of the primary antibodies,
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and other sections were incubated with 5% normal
rabbit serum replacing the rabbit primary antibodies.
Under these conditions, immunoreactivity, resembling
that obtained using the specific antibodies, could not be
detected. Using a polyclonal rabbit antibody to calre-
tinin (Winsky et al., 1989) no plasma membrane la-
belling was observed with our pre-embedding method,
showing that the labelling found on the plasma mem-
brane is due to the antibodies raised to the peptide
sequences present in mGluR1a and mGluR5. Further-
more, using polyclonal rabbit antibodies to synapsin
(Naito and Ueda, 1981) no plasma membrane labelling
was observed with our post-embedding method, show-
ing that the labelling of the plasma membrane is due to
the antibodies raised to the peptide sequence present in
mGluR1a. As a control, the mouse monoclonal anti-
body to mGluR2 was replaced by a monoclonal anti-
body to glial fibrillary acidic protein (dilution, 1:10,
Novocastra, Newcastle upon Tyne, UK). Under these
conditions no plasma membrane labelling was seen, but
glial fibrillary bundles were strongly labelled.

2.3. Quantification of mGluR1a immunoreacti6ity on
spines following pre-embedding immunogold labelling

The procedure was similar to that used earlier (Lujan
et al., 1996). Two samples were taken from the cerebel-
lar molecular layer from two blocks of two animals.
Electron microscopic sections were cut from the surface
of 70 mm thick sections because immunoreactivity de-
creased with depth. Randomly taken areas were pho-
tographed and printed to a final magnification of
×43 600 or ×45 400. Measurements were carried out
on 68 micrographs covering a total section area of
�1000 mm2. All dendritic spines establishing synapses
with parallel fibres were counted and assessed for the
presence of immunoparticles; dendritic spines making
synapses with climbing fibres were not included in the
present study. Only the heads of spines were analysed
because spine necks are rarely connected to spine heads
in single sections. In the few cases where the neck of a
spine was present in the measured section, the natural
curvature of the membrane was taken as the continua-
tion of the spine head, cutting off the neck. The length
of the synaptic membrane specialisation and the ex-
trasynaptic membrane from all immunopositive spines
was measured using a digitising tablet and MAC-
STEREOLOGY software (Ranforly MicroSystems,
UK). The extrasynaptic spine membrane was divided
into 60 nm bins. The distance between the closest edge
of the postsynaptic density and the centre of the im-
munoparticles was measured along the spine mem-
brane. Values are given as measurements in the
sections; the total tissue shrinkage during the histologi-
cal processing of such material is �12–19% relative to
the living brain (Beaulieu and Colonnier, 1983), but it is

not known how the overall shrinkage of the tissue
affects the dimensions of the plasma membrane.

In order to compare receptor patterns between mate-
rial processed by the pre-embedding procedure that
involves osmium fixation before dehydration and the
post-embedding procedure lacking osmium fixation, it
is important that possible differences in shrinkage are
estimated, so that a correction can be made to achieve
the comparison of equivalent membrane segments.
Shrinkage due to processing was compared in the two
procedures by measuring the mean sectioned synaptic
lengths of parallel fibre synapses following the pre- or
post-embedding immunogold reactions. The mean
synaptic length obtained from material in the post-em-
bedding reaction (freeze substitution embedding in
Lowicryl resin) was 32% smaller than that in pre-em-
bedding reaction (epoxy resin). Therefore, for compara-
bility the measurements obtained with the post-
embedding method were multiplied by 1.32.

For the estimation of the mean relative proportion of
receptor immunoreactivity in spines, the area of mem-
brane as a function of distance from the synaptic
junction was estimated. Since the receptor density
changes as a function of distance from the synapse, the
amount of receptor at a given distance from the
synapse will depend on the receptor density in that
position and the area of membrane, which depends on
the shape of the postsynaptic element. In order to take
into account the change in membrane fraction as a
function of distance, spine heads were approximated as
spheres and spine necks as cylinders. The average di-
ameter of a spine head and synaptic specialisation was
estimated from measurements obtained from serial sec-
tions of completely reconstructed spines. The average
length of the two longest orthogonal lines that could be
fitted in the largest sectioned profile from the series of
each spine was used as the diameter of the sphere. For
calculating the mean spine head diameter 30 estimated
diameters were averaged. The extrasynaptic spine mem-
brane on the sphere was divided into 60 nm wide
concentric bins centred around the synaptic junction
and the surface areas were calculated for each bin. The
mean synaptic junction dimensions were estimated from
measurements on 30 serially sectioned synapses. The
synaptic specialisation was approximated as a surface
segment of one base on the spherical spine head. To
obtain an estimate of the mean synaptic base circumfer-
ence, the section containing the largest dimension of
each synapse was chosen from serial sections and the
synaptic membrane length was measured accurately
along the curvature of the synapse. One half of the
mean synapse length was used as the length of the
shortest line (l) connecting the pole of the spherical
spine head with a point in the base of the surface
segment along the surface. From the diameter of the
sphere and l the circumference of the base could be
calculated.



R. Luján et al. / Journal of Chemical Neuroanatomy 13 (1997) 219–241224

2.4. Quantification of mGluR2 immunoreacti6ity on
dendritic shafts and axon terminals

Two samples were taken from the cerebellar molecu-
lar layer from one block. As described above for
mGluR1a, electron microscopic sections were obtained
from a thick section close to the surface where im-
munoreactivity was strongest. Two Golgi cell dendrites
immunolabelled by antibodies to mGluR2/3 were iden-
tified, photographed in serial sections and printed to a
final magnification of ×62 500. Dendritic spines usu-
ally make only one synaptic junction and therefore the
most likely source of glutamate that might be relevant
for the receptors on the spine can be predicted. In
contrast, it is much less obvious which, if any, of the
synapses on the smooth dendritic shafts of Golgi cells
could act as a source of glutamate for receptors scat-
tered along the dendritic membrane. In single EM
sections of dendritic shafts it is not possible to measure
the distance of a receptor to the nearest synapse, be-
cause synapses in all directions have to be considered.
Therefore, three dimensional reconstructions were car-
ried out from 25 sections covering a length of �2 mm
for each dendrite. For graphical presentations, recon-
structions were carried out using MACSTEREOLOGY
software (Ranforly Microsystems, UK). Two physical
models were also constructed to scale by tracing the
outline of each sectioned profile onto board of appro-
priate thickness, estimating EM section thickness as 80
nm. The distance between the closest edge of the
nearest postsynaptic density and the centre of the im-
munoparticles present in the dendritic shaft was mea-
sured along the dendritic surface on the physical
models. The measurements are presented in relation to
the synaptic junctions present in the reconstructed den-
dritic segments. It is possible that some of the particles
close to the cut ends of the dendritic segments were
closer to synapses outside the reconstructed segments,
therefore the estimates may be slightly biased for larger
values. However, the conclusion of the analysis is not
affected by this possible overestimation of the distance
for a fraction of the particles.

We tested whether the construction of physical mod-
els may be replaced by a mathematical estimation of
the distance of receptor immunoparticles to the closest
synaptic junction. The more regularly shaped dendrite
(D1) was approximated by a stack of two cylinders.
The shape of dendrite D2 was irregular, therefore mea-
surements by cylindrical approximation could not be
applied. For the mathematical approximation each se-
rial EM section was superimposed in a correct 3D
position for which a general co-ordinate reference sys-
tem was established. The position of every gold particle
and synapse was measured relative to this reference
system. The perimeter of the dendrite on every section
was approximated by the closest circle, which also was

used to determine the diameter and position of the
optimal cylinder. The position of gold particles was
changed to fit the cylinder using radial projection.
Finally, the surface of the cylinder was rolled out and
the distances between gold particles and the edge of
each synapse were measured and the shortest distance
was used in statistical analysis.

For quantification of mGluR2 on axon terminals,
Golgi cell boutons immunoreactive for mGluR2 were
identified, photographed on single or serial sections and
printed to a final magnification of ×33 000. Measure-
ments were carried out on a total section area of
approximately 400 mm2. All vesicle-containing Golgi
cell axon profiles in apposition with granule cell den-
drites were assessed for the presence of immunoparti-
cles, regardless of whether they formed synaptic
contact. The number of immunogold particles present
in the extrasynaptic membrane of the axon terminals, in
the presynaptic grid of synapses formed with granule
cell dendrites and within the terminal away from the
plasma membrane was counted. Data are expressed as
percentages of immunoparticles in each compartment.

2.5. Quantification of mGluR5-immunoreacti6e spines

For calculating the mean distribution of the receptor
on spines, the same data set that has already been
published (Lujan et al., 1996) was re-analysed and a
new data set was also collected from serial sections. For
the estimation of the relative proportion of receptor
immunoreactivity at different positions in spines, the
area of membrane as a function of distance from the
synaptic junction was estimated by approximating spine
heads with spheres and spine necks with cylinders, as
described above. The mean estimated diameter of 30
spine heads was obtained from serial sections.

For the characterisation of individual spines by serial
section analysis, nine new areas of strata oriens or
radiatum of the CA1 area were sampled from two
blocks of two animals. The same area was pho-
tographed in five to twelve serial sections in each sam-
ple and printed to a final magnification of ×33,500,
covering a total tissue volume of �200 mm3. Dendritic
spines in a section from the middle of the series from
strata oriens (16–28 per series; total of 90) and radia-
tum (25–32 per series; total of 115) were numbered and
then followed through serial sections in both directions
as long as the synaptic specialisation was detected. All
profiles of each immunopositive dendritic spine with a
clear synaptic specialisation were assessed, but only
spines with completely reconstructed synaptic densities
were included in the analysis. The number of im-
munoparticles on the spine membrane was counted and
the proportion of particles within 60 nm of the edge of
the active zone was established. In addition the position
of each particle was measured within the individual
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Fig. 2. Electron micrographs showing immunoreactivity for mGluR1a in the molecular layer of the cerebellar cortex (A) and mGluR5 in the
hippocampal CA1 area (B and B%, serial sections), as demonstrated by pre-embedding silver intensified immunogold labelling. (A) Immunogold
particles are located at the edge of the synaptic specialisation (e.g. arrows) and also at some distance from the synapse (e.g. arrowheads) on
Purkinje cell spines (s). (B and B%) An axon terminal (b) in stratum radiatum establishes a synapse with a pyramidal cell spine (s) which contains
particles (e.g. arrows) surrounding the postsynaptic membrane specialisation and also along the extrasynaptic spine membrane (e.g. arrowheads).
The perisynaptic 60 nm wide segments of the plasma membrane are indicated by bars, and the half distance in the perimeter of extrasynaptic spine
membrane by double arrows. Scale bars: 0.2 mm.

sections with respect to the edge of the postsynaptic
density.

2.6. Display of data and statistics

The Kolmogorov–Smirnov non-parametric test was
used to examine whether samples taken for each
mGluR were from a homogeneous population. The
grouped data for the three mGluRs were also compared
to each other using the Kolmogorov–Smirnov test and
the same test was used to compare spine populations
for the location of mGluR5. All remaining statistical
comparisons were done using the Mann–Whitney test.
The differences were considered significant at the level
of PB0.05. Data are presented as mean9S.D.

3. Results

3.1. Pattern of distribution of immunoreacti6e mGluRs
in the plasma membrane as re6ealed by pre-embedding
reactions

Since the antibodies are applied to 70 mm thick
sections, the strength of labelling decreases with depth
and antibodies may penetrate unevenly into the tissue
depending on the microenvironment. Therefore, at any
given depth in the thick section, only immunolabelled

structures can be compared because some structures
that contain the receptor may remain unlabelled due to
the limited antibody penetration. Variability amongst
labelled structures may also be partly a result of differ-
ential antibody penetration. The post-embedding proce-
dure overcomes these problems, but it is less sensitive
and in the present project could not be applied equally
to all three receptors.

The pre-embedding silver-intensified immunogold
method resulted in a non-diffusible label which was
mainly associated with plasma membranes for all three
mGluRs (Figs. 2 and 3). As reported previously (Baude
et al., 1993; Nusser et al., 1994), immunoparticles were
located on the intracellular surface of the plasma mem-
brane (Figs. 2 and 3), which confirms the predicted
intracellular location of the C-terminal part of
mGluR1a, mGluR2/3 and mGluR5, supporting the
predicted transmembrane topology of the receptors as
deduced from the amino acid sequence (Masu et al.,
1991; Abe et al., 1992; Tanabe et al., 1992).

mGluR1a and mGluR5: In the cerebellar molecular
layer, presynaptic boutons containing few or no mito-
chondrial profiles and establishing single asymmetric
axo-spinous synapses on Purkinje cells were considered
to originate from parallel fibres (Peters et al., 1991). As
reported previously (Baude et al., 1993; Nusser et al.,
1994), immunolabelling for mGluR1a in Purkinje cell
spines showed an enrichment of receptor in a perisy-
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naptic position (0–60 nm), but labelling was also
present throughout the extrasynaptic (60–900 nm)
membrane (Fig. 2A). In the hippocampal CA1 area,
axon terminals make asymmetric axo-spinous synapses
on pyramidal cells and immunolabelling for mGluR5
could be found both perisynaptically and extrasynapti-
cally on these postsynaptic spines (Lujan et al., 1996
and see also Fig. 2B and B%). The pattern was consistent
in different sections of the same spines as visualised
through serial sections (Fig. 2B and B%). However, some
other mGluR5-immunoreactive spines lacked im-
munoparticles at the perisynaptic sites, but were la-
belled on the extrasynaptic membrane.

mGluR2: Golgi cells of the cerebellar cortex are some
of the most strongly labelled neurons for group II
mGluRs in the brain (Ohishi et al., 1993a), therefore
they were chosen for comparison with group I mGluR-
containing cells. In situ hybridisation results show that
Golgi cells express mainly mGluR2 and to a small
extent mGluR3 (Ohishi et al., 1993a,b). Although the
antibody used in the present study weakly recognises
mGluR3 in addition to strongly reacting with mGluR2,
it is likely that the labelling is mainly or exclusively due
to mGluR2. This conclusion is supported by the obser-
vation that in mGluR2 knock-out mice this antibody
failed to reveal Golgi cells, although strong labelling
was obtained in wild type mice (Fig. 1).

The molecular layer contained smooth, radial den-
drites labelled for mGluR2 as revealed by electron
microscopy. Based on the previous (Ohishi et al.,
1993a) and the present light microscopic results show-
ing that only the dendrites of Golgi cells were labelled
strongly with this antibody in the molecular layer, we
assumed that the dendrites analysed in the electron
microscope belonged to Golgi cells, although they
could not be traced to cell bodies in the granule cell
layer. Immunolabelling for mGluR2 was found
throughout the dendritic shafts (Fig. 3B and C), which
received input from parallel fibres. Immunoparticles
were found occasionally at the edge of synaptic special-
isations (Fig. 3A), although most of them were present
throughout the extrasynaptic dendritic membrane, of-
ten in clusters (e.g. D1 in Fig. 3B). Immunoparticles for
mGluR2 could also be seen outlining the somatic
plasma membrane and the endoplasmic reticulum

cisternae including the nuclear envelope of some Golgi
cells (Fig. 3D). As described earlier (Ohishi et al., 1994),
Golgi cells were also immunolabelled along their axons
and boutons (Fig. 3E–G). Out of a total of 350 im-
munoparticles associated with vesicle-containing
bouton profiles, 79% were located along the plasma
membrane at various distances from the synaptic junc-
tion (Fig. 3E and F), 2% were found on the presynaptic
grid of both symmetrical and asymmetrical synapses
(Fig. 3E), and 19% of immunoparticles within the ter-
minals were not associated with the plasma membrane.
In many cases these intraterminal particles were associ-
ated with the smooth endoplasmic reticulum (ER)
tubules, but because of the small diameter of the
tubules and the relatively large size of the particles, the
smooth ER could not be identified in every case. Since
the ER tends to occur frequently near mitochondria,
the intraterminal particles also often followed the out-
line of mitochondria.

3.2. Validation of the pre-embedding
immunocytochemical procedure for quantification

In order to exclude the possibility that the patterns of
receptor distribution are biased by limitations of the
pre-embedding immunocytochemical method, which
has been shown to be inadequate to reveal some recep-
tors within the synaptic junction (Baude et al., 1995;
Nusser et al., 1995), the distributions of mGluR1a on
spines of Purkinje cells was also studied using the
post-embedding method. This receptor and the anti-
body recognising it were chosen for the comparison
because, out of the three receptors studied here, the
highest level of labelling was obtained for mGluR1a.
Measurements were carried out on micrographs in the
same way from material obtained by either method and
correction was made for differential shrinkage to ensure
the comparison of equivalent plasma membrane areas.

Labelling using the post-embedding method was al-
ways weaker than that observed using the pre-embed-
ding technique, as revealed by the difference in the
absolute number of immunoparticles per spine in indi-
vidual sections (post-embedding reaction, 2.2591.15
particles/spine; pre-embedding reaction 3.1691.80 par-
ticles/spine). However, the distributions of immunopar-

Fig. 3. Immunoreactivity for mGluR2 in Golgi cells in the cerebellar cortex as demonstrated by pre-embedding silver intensified immunogold
labelling. (A and C) Two different Golgi cell dendritic shafts (Gd1 and Gd2) receiving synapses from parallel fibre terminals (b). Immunoparticles
were rarely found at the edge of the synaptic junctions (arrow); most particles were at the dendritic membrane away from synapses (e.g.
arrowheads), often in groups. (B) Reconstruction (n=25 sections) of two Golgi cell dendrites from serial sections showing the position of
immunoreactive mGluR2 in relation to parallel fibre synapses (numbered; the other synapses are on the back of the dendrites). Arrows indicate
the EM sections illustrated in A and C. Synapses numbered 3 in A and C correspond to synaptic specialisation seen in B. (D) Non-synaptic areas
along the somatic membrane (e.g. arrowheads) and the endoplasmic reticulum (e.g. double arrowheads), including the nuclear envelope, of some
Golgi cells (Gc) were also labelled. (E and F) Golgi cell axon terminals (Gt) making symmetrical (double filled triangles) and asymmetrical (double
open triangles) synapses with granule cell dendrites (d). Immunoparticles were occasionally located in the presynaptic grid (double arrow), but
most of them were found away from the synaptic junction (e.g. arrowheads). (G) Axons of Golgi cells (Ga) were also heavily immunolabelled for
mGluR2 along the plasma membrane (e.g. arrowheads). gc, granule cell. Scale bars: 0.2 mm.
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ticles (Fig. 4) detected with the two methods did not differ
from each other (P\0.08), confirming that the quanti-
tative results obtained with the pre-embedding method
are not biased by the differential accessibility of the
epitopes.

To our knowledge, the detection of group II mGluRs
has not been reported with the post-embedding method,
therefore we also validated the pre-embedding results for
mGluR2. Unfortunately, in spite of trying many different
post-embedding conditions no signal was obtained with
the guinea pig antibody. However, the recently developed
monoclonal antibody to mGluR2 selectively labelled a
few interneuron dendrites in the molecular layer and also
labelled thin axons and Golgi cell terminals in the
granular layer (not illustrated). None of the seven parallel
fibre synapses seen on mGluR2 labelled dendrites had
gold particles over the synaptic membrane specialisation,
but the extrasynaptic plasma membrane was sparsely
labelled, in agreement with the results of the pre-embed-
ding reaction. The signal in the post-embedding reaction
was weaker, therefore the pre-embedding material was
used for measurements.

3.3. Quantitati6e comparison of the location of mGluRs

To establish the relative densities of postsynaptic
mGluR1a, mGluR5 and mGluR2 in relation to gluta-
mate release sites, measurements were taken from single
and serial EM sections. The measurements for mGluR5
are taken from our previous work (Lujan et al., 1996) and
re-analysed here for comparison with the other two

mGluRs. The position of immunoparticles (mGluR1a,
n=332; mGluR5, n=345; mGluR2, n=218) was mea-
sured from the closest edge of the nearest synaptic
specialisation. Equidistant membrane segments on oppo-
site sides of a synaptic junction correspond to an annulus
centred on the synapse, therefore for the display of the
data the measurements from the two sides are pooled.
Data are displayed as frequency of particles in arbitrarily
chosen 60 nm wide segments of the membrane of
dendritic spines and shafts, starting at the edge of the
synaptic membrane specialisation. Two samples, one
each from two animals, were analysed for mGluR1a and
two Golgi cell dendrites from one block were measured
for mGluR2. Since the distributions in the two samples
for each receptor did not differ from each other (Kol-
mogorov–Smirnov test, P\0.16, mGluR1a ; P\0.67,
mGluR2), the data were pooled. In a total measured area
of �1000 mm2 of the cerebellar molecular layer, 108
immunopositive Purkinje cell spines exhibiting synaptic
specialisation in a single section were encountered. The
mean length of the synaptic membrane specialisation of
the immunopositive Purkinje cell spines (n=108) was
279.3994.5 nm as measured from single sections that
randomly cut the synaptic junction, therefore the value
does not represent the maximum dimension of the
synapse. The synaptic junctions on Golgi cell dendrites
were completely reconstructed and had a mean largest
dimension of 169.4943.7 nm (n=8).

The perimeter of the Purkinje cell spines appearing in
a section greatly varies from one spine to another (mean
1055.19346.8 nm, extrasynaptic membrane only) due to
the variation in the size of spines and in the plane of the
section. In the comparison of different mGluRs, the
relative density of receptor in the plasma membrane as
a function of distance from the transmitter release site is
an important parameter. Since measurements on spines
could only be taken if they had the synaptic junction in
the plane of the section, the sample was enriched in
membrane close to the synapse. Therefore, to compen-
sate for the under-representation of distal spine mem-
brane, the counts of immunoparticles were normalised to
the observed relative frequency of the 60 nm membrane
segments at a given distance in the sampled spine
population (Fig. 5A and B). The data expressed in this
way show the change in density of receptor as a function
of distance from the synapse.

Depending on the shape of the spines and the area
occupied by the synaptic specialisation, concentric seg-
ments of equal width of spine membrane, which were
used for binning the data, represent different areas of
membrane. Since we wanted to determine and compare
the relative size of receptor pools at a given distance from
the transmitter release site, it is necessary to normalise
the data for the area of membrane at a given distance.
This is difficult to do for each single spine in the absence
of full 3D reconstruction, because their shapes are very

Fig. 4. Comparison of pre-embedding (n=108 spines; solid columns)
and a post-embedding (n=64 spines; striped columns) immunogold
methods for characterising the distribution of immunoreactive
mGluR1a on spine heads of cerebellar Purkinje cells in relation to the
postsynaptic membrane specialisations (arrows). Measurements using
either methods resulted in a similar distribution (P\0.08), showing
that mGluR1a is strongly concentrated in a perisynaptic annulus
surrounding the postsynaptic membrane specialisation. Arrows 1 and
2 mark respectively, the middle and the edge of the average length of
synaptic junction as measured in individual sections.
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different. Therefore, as a first approximation we made
a normalisation for an average spine represented by a
spherical head and a cylindrical neck. The mean head
diameters were estimated from serial sections and
they were 349.7952.2 nm for Purkinje cell spine
heads with a neck of 174.6 nm in diameter and
281.2979.8 nm for pyramidal cell spine heads with a
neck of 91.3 nm in diameter (Fig. 5A% and B%). The
neck diameters are not based on measurements: they
were arbitrarily chosen to coincide with the base of a
60 nm membrane segment closest in diameter to 100
nm, a dimension that is in the range of observed
spine neck diameters. The normalisation also required
an estimate of the mean synaptic junction dimension
in order to calculate the circumference of the base of
the perisynaptic membrane segment. The synaptic spe-
cialisation was approximated by a surface segment of
one base on the spherical spine head. The mean
synaptic membrane specialisation length (measured
along the largest extent in the plane of sections that
randomly cut the synapses) was 316.0979.0 nm for
Purkinje cell spines and 189.6952.1 nm for pyrami-
dal cell spines.

Immunogold particles for mGluR1a had the highest
density in a perisynaptic position (Fig. 5A) where
90% of immunoreactive spines were labelled within 60
nm of the edge of the synaptic junction. Since the
synaptic specialisation occupied a substantial segment
of the spine head, the absolute membrane area per
bin changed relatively little within 240 nm from the
edge of the synapse, therefore the skewed receptor
density distribution resulted in a skewed distribution
of the absolute amount of receptor (c.f. Fig. 5A and
A%). Following normalisation for the membrane area,
it is apparent that about 50% of all receptor im-
munoparticles are within 60 nm of the synaptic mem-
brane specialisation. Immunoparticle concentration
and fraction dropped markedly as a function of dis-
tances from the synapse. The density of mGluR5 was
also highest in a perisynaptic annulus (Fig. 5B), but
in contrast to mGluR1, receptor density remained rel-
atively uniform in the 240 nm band around the
synapse. Since the dimension of the average synaptic
specialisation is smaller on pyramidal cells than on
Purkinje cells (see above), the area of the first mem-
brane segment around the synapse is smaller than the
subsequent three segments. Therefore, after normalisa-
tion for membrane areas (Fig. 5B%), the level of recep-
tor labelling is closer between 60–240 nm to that of
the first 60 nm membrane segment. Nevertheless,
about 25% of immunolabelled mGluR5 is associated
with the immediate edge of the synapse, followed by
about 50% of all receptors on spines in a 60–240 nm
wide band (Fig. 5B%). The receptor density and frac-
tion appear to decrease markedly further in the spine
membrane.

In contrast to group I mGluRs, immunoparticles
for mGluR2 were not associated with the glutamater-
gic parallel fibre synapses, but were distributed
throughout the plasma membrane separating different
synaptic junctions on the dendritic shafts (Fig. 5C).
Because of the differences of distances between
synapses on Golgi cell dendrites, no attempt was
made to calculate the membrane areas at a given dis-
tance. Nevertheless, it can be predicted that the ap-
parent increase in receptor fraction away from the
synapses (Fig. 5C) reflects the increase of membrane
area between 180–420 nm from synapses. The pro-
portion of immunoparticles at distances larger than
600 nm (Fig. 5C) may not be representative because
some of the particles could be close to synaptic junc-
tions present outside the dendritic segment that was
included in the EM reconstruction for quantification.

The distributions of immunoparticles for the three
mGluRs were compared pairwise and differences be-
tween each of them were found to be significant
(Kolmogorov–Smirnov test, PB0.0001 in each case).
A representation of the distribution of mGluRs that
avoids possible binning artefacts is achieved by using
cumulative probabilities which allow a comparison to
hypothetical distributions as shown in Fig. 6. The
steep slope of the cumulative probability curve for
mGluR1a (Fig. 6A) reflects the tight association of
the receptor with positions very close to the synaptic
membrane specialisation. The cumulative probability
curve for the mGluR5 (Fig. 6B) also has a pro-
nounced initial slope, but it becomes less steep than
that for mGluR1a (see also Section 3.4). A second
change in the slope at around 250 nm demonstrates
that overall pyramidal spines have three levels of
mGluR5 in their membrane. In the case of mGluR2,
the distribution of immunoparticles for dendrite D1
measured on the physical model and calculated by a
cylindrical approximation of the dendrite surface was
not significantly different (P\0.74, Fig. 6C). The
probability curve has a smooth and uniform slope
along the whole distance on the dendrite (Fig. 6C).
The distributions on the two dendrites were not dif-
ferent (P\0.67).

To test to what degree the distribution of im-
munoparticles in the plasma membrane relative to the
synaptic junction differed from random distribution,
random distributions were generated for the same
number of gold particles over the same membrane
length. The averages of randomly generated receptor
positions from ten simulations are shown in Fig. 6.
The distributions of mGluR1a and mGluR5 differed
significantly from random distribution (Kolmogorov–
Smirnov test, PB0.0001 and B0.002, respectively),
whereas the distribution for mGluR2 did not differ
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from random distribution (P\0.07, physical model;
P\0.24, cylindrical approximation).

3.4. Heterogeneity of mGluR5-immunoreacti6e spines
on pyramidal cells

When the distribution of the pooled population of
mGluR5 on pyramidal spines was compared to
mGluR1a on spines of Purkinje cells, the former was
significantly less tightly aligned to the synaptic junc-
tions. We tested whether this pattern was a result of all
pyramidal spines having less perisynaptic and more
extrasynaptic receptors, or if the perisynaptic receptor
pool was missing from some spines, as it appeared from
single sections (see e.g. Fig. 2C in Lujan et al., 1996).
The serial section analysis also helped to measure the
fraction of immunopositive spine population which was
between 70–85% of the total spine population at a
given depth within the block. Measurements were taken
from nine samples of five to 12 serial EM sections each,
in strata oriens and radiatum. Although the samples
from the two strata did not differ from each other
(Kolmogorov–Smirnov test, P\0.1) data were not
pooled, because strata oriens and radiatum receive
partly different glutamatergic inputs. All dendritic
spines (n=90, stratum oriens; n=115, stratum radia-
tum) were included in the sample from the pho-
tographed areas if all their sectioned profiles having a
clear synaptic membrane specialisation were in the sec-
tioned volume. Because the position of particles relative
to the synaptic junction could not be measured in the
sections where the synaptic junction disappeared, the
immunoparticles were not counted in the sectioned
profiles of the same spines which had no synaptic
specialisation. In stratum oriens, 61 spines (68%) were
immunopositive using the criterion of at least one parti-
cle associated with the spine membrane. In stratum
radiatum, 99 spines (86%) were immunopositive, but
with the pre-embedding method the two strata cannot
be compared. From 236 gold particles on spines in
stratum oriens, 44 (18.6%) were in perisynaptic posi-
tion. In stratum radiatum, from 410 particles counted

on spines, 121 (29.5%) were in perisynaptic position.
The position of mGluR5 in the membrane of the
pooled spine population relative to the synaptic junc-
tion was significantly different (Kolmogorov–Smirnov
test, PB0.0001) from random distribution (Fig. 7B),
but not different (P\0.07) from the other sample
obtained from single sections and presented in Section
3.3.

The distribution of mGluR5-immunoreactive den-
dritic spines (Fig. 7) appears to be heterogeneous with
respect to the ratio of perisynaptic versus extrasynaptic
mGluR5 pools in both strata oriens and radiatum.
Thus, approximately half of the immunopositive den-
dritic spines had no immunogold particles in the perisy-
naptic position whereas others were labelled at both
perisynaptic and extrasynaptic positions (Fig. 7A). The
proportion of immunoparticles within 60 nm of the
active zone was variable (Fig. 7A). To determine
whether the heterogeneity between spines was due to
differences in labelling intensity, perhaps caused by
technical factors, comparisons were carried out between
populations of spines. The number of gold particles in
spines having or lacking mGluR5 in perisynaptic sites
did not differ from each other either in stratum oriens
(4.2992.40 particles and 3.5492.36 particles, respec-
tively; Mann–Whitney test, P\0.1) or in stratum ra-
diatum (4.5392.87 particles and 3.5892.37 particles,
respectively; Mann–Whitney test, P\0.7). However,
when spines containing immunoparticles only within 60
nm of the active zone were compared to the other
spines containing receptors in perisynaptic locations, a
significant difference was found in stratum radiatum
(1.7390.65 vs 5.1492.81 particles, respectively;
Mann–Whitney test, PB0.0001). The trend was simi-
lar in stratum oriens, but the difference was not signifi-
cant (3.0091.15 and 4.5092.50 particles, respectively;
Mann–Whitney test, P\0.24). The exclusively perisy-
naptic labelling in spines that are labelled by few parti-
cles, might reflect the preferential reaction of antibodies
with sites of high receptor density when only a limited
number of antibodies penetrate into a spine, i.e. the
receptor may be in the spine membrane at several sites,

Fig. 5. Distribution of immunoreactive mGluRs in relation to glutamate release sites as assessed from immunogold reactions (see Figs. 2 and 3).
(A and A%) Spine heads (n=108) of cerebellar Purkinje cells. (B and B%) Spine heads (n=207) of hippocampal CA1 pyramidal cells (stratum
radiatum). (C) Dendrites (n=2) of cerebellar Golgi cells. Arrows mark the middle (1) and the edge (2) of the average length of the postsynaptic
membrane specialisations on each structure. Arrow 3 marks the half distance of extrasynaptic membrane perimeter of the average spine as
measured from electron micrographs (see Fig. 2). (A and B) Immunoparticles were recorded in 60 nm wide bins along the extrasynaptic plasma
membrane. (A% and B%) The same data displayed after normalisation for membrane area by approximating the shape of spine heads as spheres
and the spine neck as cylinders. Arrow 4 marks the distance along the spine membrane at the start of the cylindrical spine neck in the
approximation. Data are expressed as the proportion of immunoparticles at a given distance from the edge of the synaptic specialisation. The
measurements show that mGluR1a is more strongly concentrated in a perisynaptic annulus surrounding the postsynaptic specialisation than
mGluR5 which is distributed at high density in a broader membrane segment. In contrast to the above two group I mGluRs, mGluR2 is not
associated with glutamatergic synapses in the dendritic plasma membrane of cerebellar Golgi cells (data not normalised for membrane area, all
distances of immunoparticles measured on physical model).
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but at different concentration, and only the highest
concentration is revealed by immunoreaction. However,
the genuinely exclusive concentration of receptor at the
edge of the synapse cannot be excluded.

It follows from the above that the average distribu-
tion of mGluR5 in spines does not appear in individual
spines. Therefore, to see whether the distribution of
mGluR5 in pyramidal spines that have perisynaptic
receptor is the same as the distribution of mGluR1a, in
Purkinje cell spines which almost always exhibit perisy-
naptic receptor, comparisons were made between the
distributions of receptor populations. Even after select-
ing only pyramidal spines that showed some perisynap-
tic mGluR5, the receptor distribution is significantly
different from that of mGluR1a, (Kolmogorov–
Smirnov test, PB0.0003). The difference results from
the higher proportion of mGluR1a in perisynaptic posi-
tion, as opposed to the higher fraction of extrasynaptic
mGluR5 in the 60–240 nm membrane band of pyrami-
dal spines (Fig. 7B). Interestingly, when the distribution
of mGluR5 is compared only in the 60–900 nm mem-
brane band of pyramidal spines with or without perisy-
naptic labelling (0–60 nm band), the distributions are
not different (Kolmogorov–Smirnov test, P\0.16). It
therefore appears that the fraction of receptor, present
in the perisynaptic position of some spines having a
perisynaptic pool, is evenly distributed in the extrasy-
naptic membrane of other spines that lack the perisy-
naptic pool.

4. Discussion

The application of quantitative immunocytochem-
istry has demonstrated that each of the three receptors,
mGluR1a, mGluR5 and mGluR2 have a unique distri-
bution in the somato-dendritic plasma membrane do-
main of neurons in relation to glutamate release sites.
Group I mGluRs are concentrated to a differing degree
in a perisynaptic position, whereas mGluR2 does not
appear to be associated spatially with synaptic inputs.

Fig. 6.

Fig. 6. Comparison of the distribution of immunoreactive mGluRs
(solid symbols) to simulated random distribution (open squares,
average of n=10) of receptor immunoparticles on the same popula-
tion of postsynaptic profiles. Data are expressed as cumulative prob-
ability of occurrence at a given distance from the edge of the synaptic
specialisation. The distribution of immunoparticles for mGluR1a and
mGluR5, differ significantly from random distribution (Kol-
mogorov–Smirnov test, PB0.0001 and B0.002, respectively) on the
same membrane surface. In contrast, the distribution of immunopar-
ticles for mGluR2, measured in two different ways on a Golgi
dendrite, did not differ from the simulated distribution of randomly
placed receptors (Kolmogorov–Smirnov test, P\0.24, cylindrical
approximation [CA]; P\0.07, physical model [PM]). Arrows in B
indicate the points of change in the slope of the curve showing the
distribution of mGluR5.
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Since all three receptor subtypes were found outside the
synaptic membrane specialisation, the previous sugges-
tion (Baude et al., 1993) that their location reflects their
differential activation in an activity dependent manner
seems to apply to all mGluRs in the somato-dendritic
domain. Furthermore, considering that their affinity is
higher for glutamate than that of the synaptic AMPA
type receptors, the location outside the synaptic junction
decreases the likelyhood of receptor desensitization,
maintaining their role in activity-dependent processes.
The measurements were carried out on three different cell
types in two brain areas, therefore both the subtype of
mGluR and factors associated with the cell type could
have influenced the patterns of distribution. We have not
been able to identify a cell type which expresses several
subtypes of postsynaptic mGluR at sufficiently high
concentration to enable a comparison of distributions
with the immunogold technique, therefore we compared
the three receptors on different cell types.

4.1. Methodological considerations

With regard to the qualitative pattern of receptor
distribution the results of the pre-embedding im-
munogold localisation of mGluR1 and mGluR5 are in
agreement with both the results obtained with the post-
embedding method (Baude et al., 1993; Nusser et al.,
1994; Lujan et al., 1996) and those obtained in other
brain areas (Vidnyanszky et al., 1994, 1996). However
they are at variance with the results of electron micro-
scopic immunoperoxidase studies which show a dense
labelling of the postsynaptic membrane specialisation
(Martin et al., 1992; van den Pol, 1994; Romano et al.,
1995; van den Pol et al., 1995). We could reproduce such
a labelling with our antibodies (Baude et al., 1993; Lujan
et al., 1996) and interpreted it as showing the diffusion
of the peroxidase reaction product from peri- and ex-
trasynaptic sites, followed by secondary deposition on
the postsynaptic density. This interpretation and the
perisynaptic location of the receptors have been ques-
tioned on the basis of the immunoperoxidase results (van
den Pol et al., 1995), but no experimental evidence has
been offered to exclude the diffusion of the peroxidase
reaction product. Group II and III mGluRs have also
been suggested to be in the postsynaptic membrane
specialisation (Bradley et al., 1996; Petralia et al., 1996),
but again, until such a localisation can be demonstrated
with a particulate marker, the most parsimonious inter-
pretation of the immunoperoxidase results is that the
reaction product is deposited secondarily on the postsy-
naptic density, and the main body of the postsynaptic
density lacks mGluRs.

As discussed earlier (Baude et al., 1995; Lujan et al.,
1996; Matsubara et al., 1996), for a high resolution
quantitative evaluation of membrane receptors, the post-
embedding immunogold method is preferred, because all

Fig. 7. Dendritic spines are heterogeneous with respect to the precise
location of mGluR5 relative to the synaptic active zone in the
hippocampal CA1 region. (A) Distribution of immunopositive den-
dritic spines according to the position of mGluR5. Spines containing
completely reconstructed postsynaptic membrane specialisation were
assessed from serial sections. Spines are grouped according to the
proportion of immunoparticles within 60 nm of the synaptic active
zone. Both strata oriens and radiatum contain a substantial propor-
tion of spines without immunoparticles within the perisynaptic an-
nulus surrounding the synaptic junction, although the mean number
of particles in these spines was not different (P\0.1) from that of
spines having various proportions (10–90%) of perisynaptic recep-
tors. (B) Comparison of the position of immunoparticles for mGluR5
(same spine populations as in A) with simulated random distribution
() on the same membrane surface. The cumulative probability plots
and statistical comparisons demonstrate that the position of mGluR5
significantly differ from random distribution in the total spine popu-
lation (�), in the spines with perisynaptic (PS) receptors (�) and in
the spines having extrasynaptic (ES) receptor only (").
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sectioned membranes are uniformly exposed to the same
concentration of antibody on the surface of the section.
The post-embedding method however has a lower sensi-
tivity with some antibodies than the pre-embedding
method. From the antibodies used in the present study,
under post-embedding conditions, the antibodies to
mGluR5 and the monoclonal antibody to mGluR2
provided only a weak signal whereas the guinea pig
antibody to mGluR2 could not be used, therefore we
used pre-embedding conditions for quantification. The
comparison carried out for mGluR1a and the qualita-
tively similar results obtained for mGluR5 using either
method (Lujan et al., 1996) indicate that, for the local-
isation of mGluRs, the pre-embedding technique is
suitable as far as the location in the plasma membrane
is concerned. The limitation of differential diffusion of
antibodies into the tissue and neighbouring cellular
elements cannot, however, be excluded. Therefore, the
absence of immunolabelling in elements close to im-
munopositive ones cannot be interpreted as indicating
the absence of receptor.

The resolution of the pre-embedding technique is
lower than that of the postembedding method (�20 nm)
because the immunoparticles tend to be larger (up to
50–70 nm) in the former. In theory, using the indirect
immunocytochemical method, the 1.4 nm gold particle
is about 15 nm from the epitope, but the increase in
particle size due to silver intensification, the joining of
particles at sites of high density and the possible distor-
tion introduced by glutaraldehyde fixation may intro-
duce variables that make the location of epitope less well
defined using the pre-embedding technique. Therefore,
we chose a bin width of 60 nm for displaying the
measurements, but this does not necessarily mean that
the annulus having high receptor density and surround-
ing the synaptic density is so wide; it could be much
narrower.

The postsynaptic membrane specialisation has a fuzzy
edge which is difficult to define precisely both in anatom-
ical and in molecular terms. Both the pre- and the
post-embedding immunocytochemical methods show the
highest concentration of group I receptors at the edge of
the postsynaptic specialisation, the particles often over-
lapping with the fuzzy edge of electron opaque material.
The pool of receptor within 60 nm of the electron
microscopically detectable edge of the fuzzy material is
termed the ‘perisynaptic’ pool. At present, in the absence
of co-labelling with markers exclusively present in the
postsynaptic density, it is not possible to determine
whether the particles apparently overlapping with the
postsynaptic density are in the most peripheral part of
the postsynaptic density or just adjacent to it. The main
reason for this uncertainty is that the edge of the synapse
can change substantially in tangential position within the
80 nm depth of the section which provides the image. In
some cases the particles appear to overlap with the edge

of the postsynaptic density; in others they appear to be
just lateral to it. In any case, in terms of glutamate
concentration and time course there would be no differ-
ences over such a short distance. However, as the
postsynaptic density is clearly a distinct molecular envi-
ronment, the receptor anchoring and transduction mech-
anisms may change abruptly at the edge of the
postsynaptic density.

The comparison of the relative densities and the
fraction of receptors in relation to synapses assumes that
the signal is not saturated at sites of high receptor density.
For mGluR2 this could well be the case, because it
occurred at relatively low density. For mGluR5, a 25%
labelling frequency (two sides of the synapse treated as
independent occurrences) was observed at the site of
highest density in the perisynaptic position of immuno-
labelled spines, as detected in individual section. There-
fore, provided that the receptor is not grouped in the
perisynaptic position, it is unlikely that the labelling is
saturated. However, for mGluR1a, up to 50% of perisy-
naptic sites (two sides of the synapse treated as indepen-
dent occurrences) were labelled in single sections,
indicating a very high density of perisynaptic receptor.
Therefore, the saturation of the signal cannot be ex-
cluded. If it occurred, the measurements would tend to
underestimate the fraction of receptor at the edge of the
synapse.

4.2. Compartmental location of mGluRs in the plasma
membrane

As described earlier, in several areas of the central
nervous system (Baude et al., 1993; Nusser et al., 1994;
Vidnyanszky et al., 1994; Lujan et al., 1996; Vidnyanszky
et al., 1996) mGluR1 and mGluR5 are located at both
perisynaptic and extrasynaptic sites. Moreover, splice
variant mGluR1a (Baude et al., 1993; Nusser et al., 1994)
as well as mGluR1b/c (Lujan et al., 1996) show this
pattern. The present quantification extends these findings
and demonstrates that, taking into account several cor-
rection factors, the fraction of receptor in this perisynap-
tic pool is significantly different for the two receptor
subtypes. Even comparing only those mGluR5 positive
pyramidal spines which have a perisynaptic receptor pool
with mGluR1a positive Purkinje cell spines, the receptor
distributions are significantly different.

In our previous quantitative study of mGluR5 on
dendritic spines there appeared to be three levels of
receptor density in the membrane of hippocampal pyra-
midal cell spines as a function of distance from the edge
of the synaptic specialisation (Lujan et al., 1996). How-
ever, in the previous calculation only the frequency of
receptor labelling was recorded for each position which
gave a measure of the relative densities of receptor at a
given distance from the synapse. In the present calcula-
tion we have compared the fraction of receptors at a
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given position and have taken into account the differ-
ences in spine membrane area as a function of distance
from the synapse, approximating spine heads as spheres.
Although in general there is agreement between the two
representations, the latter calculation gives a better
overall picture of the relative amount of receptor at any
given distance from the synapse. Both calculations have
the limitation that they cannot account for the differences
in the shape, size and receptor content of individual
spines. Nevertheless they proved to be useful for reveal-
ing differences between cell types and receptor subtypes.

Different positions on dendritic spines may represent
differences in the location of isoforms mGluR5a and
mGluR5b, both of which would be recognised by our
antibodies. Although the extent of expression of the two
isoforms changes during development (Minakami et al.,
1995; Romano et al., 1996) both are expressed in the
adult hippocampus. The mGluR5b protein contains an
additional 32 amino acid sequence (Minakami et al.,
1993), as compared with the mGluR5a, which could lead
to differences in function and location of the receptor.
For example, one splice variant may be preferentially
located at the edge of the postsynaptic density. Unfortu-
nately, the physiological significance of the isoform
diversity of mGluR5 remains unknown (Joly et al., 1995).
Since the insertion is in the C-terminal intracellular
domain of the protein, it remains to be tested if the two
isoforms can interact with other proteins in a differential
manner.

The comparison of the distribution of mGluR5 with
mGluR1a revealed that the latter is much more highly
enriched immediately adjacent to the postsynaptic mem-
brane specialisation. Using mean parameters of spines it
has been calculated that, in relative terms, at least twice
as high a fraction of spine mGluR1a is at the edge of the
synaptic junction as mGluR5. The decline in receptor
fraction as a function of distance from the synapse is
monotonic for mGluR1a, suggesting a single effector
mechanism, and is much steeper than for mGluR5.

The association of a large fraction of both mGluR1a

and mGluR5 with the edge of the synaptic junction made
by the terminal innervating a given dendritic spine,
suggests input specificity for the activation of the perisy-
naptic pool of receptors. As the distance increases from
the synapse the likelihood that the extrasynaptic receptor
pools are exposed to transmitter released from other
terminals increases, particularly in the hippocampus
where the spines are not isolated from each other by glial
lamellae as in the cerebellum. However, the fraction of
the extrasynaptic receptor pool decreases due to the
decline in receptor density as well as in the area of
membrane towards the neck of the spine. The receptor
density then remains at a low level throughout the
somato-dendritic domain of Purkinje cells and CA1
pyramidal cells, but because the extrasynaptic membrane
area of both cell types is much larger than the perisynap-

tic zone the overall fraction of receptor away from the
synapses received by the cell is not insignificant.

The distribution of mGluR2 in the plasma membrane
of Golgi cells does not reflect input specificity of activa-
tion. The transmitter activating mGluR2 could originate
from synaptic terminals innervating the cell, from termi-
nals innervating other cells, or from glial cells. Although
the position of mGluR2 relative to parallel fibre termi-
nals does not differ from random distribution, overall,
mGluR2 is not randomly distributed in the membrane,
but appears to occur in patches of higher receptor density
interspersed by areas of scattered receptors at low
density. It will be interesting to establish whether poten-
tial effector molecules are also distributed in patches in
the somato-dendritic membrane.

The striking difference between the location of
mGluR2 on Golgi cells and mGluR1a on Purkinje cells
may provide a clue for an additional factor influencing
receptor distribution. Both cells receive input from
parallel fibre terminals, but the Purkinje cell spine is
intimately surrounded by glial lamellae (see e.g. Somogyi
et al., 1990), whereas the terminals on interneuron
dendrites lack the glial wrapping. In an elegant quanti-
tative, post-embedding immuno-localisation study
Chaudhry et al. (1995) demonstrated that two glial
glutamate transporters, GLAST and GLT, occurred at
a much higher density around Purkinje cell spine
synapses than around the synapses on interneuron den-
drites (e.g. Golgi cells). Thus, due to the difference in
binding to transporters the extrasynaptic spine mem-
brane would be exposed to a lower and more steeply
declining glutamate concentration than the interneuron
dendritic membrane. The much tighter association of
postsynaptic mGluR1a with the release site on spines, as
compared to mGluR2 on dendritic shafts may reflect the
fine tuning of receptor location to such a predicted
difference in transmitter concentration. Of course, since
many other differences exist between the two synapses
and receptors, other factors are just as likely to make a
contribution.

4.3. Are different effector mechanisms co-localised with
distinct pools of mGluR on the same cell?

The pools of mGluR5 in the plasma membrane of
dendritic spines and dendritic shafts of pyramidal cells,
or mGluR5 having different position on the same den-
dritic spine, could be coupled to different effector mech-
anisms (reviewed by Gerber and Gahwiler, 1994; Pin and
Duvoisin, 1995). Group I mGluRs regulate pyramidal
cell activity by potentiating NMDA receptor-mediated
responses (Aniksztejn et al., 1992; Fitzjohn et al., 1996),
suppressing several types of potassium and calcium
currents (Baskys et al., 1990; Charpak et al., 1990; Lester
and Jahr, 1990; Gerber et al., 1992; Sahara and West-
brook, 1993) and activating a non-selective cationic
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current (Crepel et al., 1994; Guerineau et al., 1994). The
modulation of one of the potassium currents, IKAHP,
does not require the activation of the enzymes PKC,
PKA or CaMKII (Gerber et al., 1992; Muller et al.,
1992), but the potentiation of NMDA receptor-mediated
responses in CA1 pyramidal cells involves the activation
of PKC (Aniksztejn et al., 1992), although additional
mechanisms not involving PKC may also be involved
(Harvey and Collingridge, 1993). The precise location of
the ion channels and the enzymes that mediate their
modulation by mGluR5, the principal Group I mGluR
in the somato-dendritic domain of CA1 pyramidal cells
(Abe et al., 1992), is not known. One possibility is that
they are diffusely distributed in the plasma membrane
and the mGluR5-evoked rise in second messenger, such
as Ca2+ released from intracellular stores, uniformly
activates all mechanisms. However, CA1 pyramidal cells
may be able to compartmentalise ion channels to distinct
plasma membrane domains which would enhance their
coupling to co-localised receptor pools, including
mGluR5. In line with this suggestion, NMDA type
glutamate receptors are likely to be concentrated in the
postsynaptic density (Kharazia et al., 1996), making the
perisynaptic mGluR5 pool at the edge of the synaptic
junction the most likely candidate to regulate them.
Many of the small dendritic spines that have mGluR5 do
not appear to have smooth ER (Spacek and Harris, 1997)
that serves as the IP3 sensitive Ca2+ store, therefore the
high level mGluR5-containing zone of extrasynaptic
membrane may be involved in the suppression of K+

channels that do not require the involvement of Ca2+

(Charpak et al., 1990; Glaum and Miller, 1992). Finally,
the postsynaptic mechanisms that involve the release of
calcium, such as the activation of the non-specific cation
current (Crepel et al., 1994, but see Guerineau et al., 1995
for CA3 cells) may be preferentially located furthest from
the synapse in the zone of low mGluR density on spines,
their necks and in the dendritic shaft membrane, which
are closest to the Ca2+ store in the smooth ER. Of
course, as suggested by the variation of mGluR5 position
on individual spines (see below), different physiological
states of single spines may result in dynamic changes in
the distribution of the effector mechanisms as well.

In the cerebellum mGluR1 activation evokes an in-
ward current and depolarisation of Purkinje cells, which
is consistent with the activation of a calcium-dependent
non-specific cation current (Staub et al., 1992; Batchelor
and Garthwaite, 1997) or an electrogenic sodium/calcium
exchanger (Glaum et al., 1992; Staub et al., 1992). The
activation of mGluR1 is a necessary component of
producing Ca2+-dependent long-term depression of
AMPA receptor-mediated synaptic responses of parallel
fibre synapses (Shigemoto et al., 1994; reviewed by
Linden and Connor, 1995). Immunocytochemical studies
confirmed that AMPA type (Baude et al., 1993; Nusser
et al., 1994) and delta (Landsend et al., 1997) glutamate

receptors are concentrated in the synaptic specialisation.
Since the pool of mGluR1a in spines is strongly and
unimodally aligned to the parallel fibre synapses, it is
possible that a single transduction and effector mecha-
nism explains its role in the function of parallel fibre
synapses. The location and relative densities of the other
mGluR1 isoforms remain to be determined.

The effector mechanism of mGluR2 activation in
Golgi cells is not known, and it may be different in the
somato-dendritic and axonal domains. The activation of
mGluR2 in a heterologous expression system produced
strong inhibition of forskolin stimulated cAMP forma-
tion (Tanabe et al., 1992) and reduced Ca2+ influx into
olfactory bulb interneurons (Bischofberger and Schild,
1996). Since the activation of group-II mGluRs and the
suppression of cAMP production reduces transmitter
release (for review see Pin and Duvoisin, 1995) it is likely
that mGluR2 activation on Golgi cell terminals has a
similar effect. Regarding the effect of mGluR2 activation
on the somato-dendritic domain, it is noteworthy that an
inhibitory action of glutamate on the firing of some
neurons in the granule cell layer have been reported
(Yamamoto et al., 1976). These cells may have been
Golgi cells as suggested by the authors, and this would
indicate that mGluR2 activation leads to postsynaptic
inhibition, which might explain why the receptor is not
localised near parallel fibre synapses activating Golgi
cells.

4.4. Heterogeneity of dendritic spines in CA1
pyramidal cells

The quantitative comparison of individual dendritic
spines revealed that nearly half of the immunopositive
spines lacked mGluR5 in a perisynaptic position,
whereas the remaining spines had a wide range of
receptor fraction at the edge of the synaptic active zone.
Such heterogeneity may correlate with the origin of
presynaptic terminals. In the stratum oriens there are at
least three sources of glutamatergic terminals making
asymmetrical synapses: Schaffer collaterals from the
CA3 area, local collaterals of the CA1 pyramidal cells
and the alvear input from the entorhinal cortex (Deller
et al., 1996; Sanz et al., 1996). Whether the differences
in mGluR5 location are correlated with the source of
input to the spine remains to be determined. However,
the heterogeneity of inputs is unlikely to be an explana-
tion in stratum radiatum, because although CA1 pyrami-
dal axon collaterals and entorhinal synaptic inputs are
present in stratum radiatum (Sanz et al., 1996), they
represent a much smaller fraction of synapses than in
stratum oriens and the heterogeneity of mGluR5 frac-
tional distribution is the same in both layers.

A more likely reason for the distinct spine populations
may be related to different physiological states. If the
different locations along the spine membrane correspond
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to different transduction and effector mechanisms, as
suggested above, then it is possible that, depending on
the state of a spine and its synaptic input, distinct roles
of the receptor are represented with a different weight
in a spine specific manner. For example, if the primary
role of the perisynaptic pool associated with the edge of
the synaptic specialisation was the modulation of
synaptic NMDA receptors via PKC, then such an
effector mechanism would be reduced in spines lacking
the perisynaptic pool. The fraction of the different
pools, however, may vary dynamically by the transloca-
tion of receptors. Cytoplasmic proteins associated with
the intracellular domain of mGluR5 such as the protein
‘homer’ (Brakeman et al., 1997), which can be induced
by increased synaptic activity, may play a role in the
translocation of the receptor within the spine. Another
consequence of the heterogeneity of mGluR5 distribu-
tion in spines is that the input specificity of mGluR
activation is likely to be lower for spines which exclu-
sively or mainly contain receptors away from the gluta-
matergic synapse.

4.5. Presynaptic location of mGluR2 in GABAergic
Golgi cells

In previous electron microscopic studies, mGluR1a/
b/c and mGluR5a/b were only found in the somato-
dendritic plasma membrane in the cerebellum and
hippocampus (Martin et al., 1992; Baude et al., 1993;
Shigemoto et al., 1993; Lujan et al., 1996). In contrast,
mGluR2/3 was found at both postsynaptic and presy-
naptic domains in the same cell type, the Golgi cell
(Ohishi et al., 1994; Neki et al., 1996a,b). The im-
munogold labelling revealed that, similar to the den-
dritic domain, mGluR2 does not seem to be associated
with any particular area along the axons and terminals
whether they made symmetrical or asymmetrical
synapses, therefore it probably acts as a heteroreceptor.
The pattern of mGluR2 in GABAergic terminals is also
different from mGluR7, a member of receptor group
III, which is predominantly located in the presynaptic
membrane specialisation in glutamatergic terminals,
and probably acts as an autoreceptor (Shigemoto et al.,
1996). A surprisingly high fraction of immunoreactivity
for mGluR2 was located within the terminal, associated
with the smooth ER and predicting a high receptor
turnover, which is also supported by the frequent la-
belling of the somatic rough ER.

Generally, Golgi cell terminals are at the periphery of
the glomeruli, separated from the mossy fibre terminals
which contain glutamate (Somogyi et al., 1986) by an
interwoven meshwork of granule cell dendrites. It has
been proposed that glutamate released from mossy fibre
terminals may diffuse and reach Golgi cell terminals
activating mGluR2 by a mechanism of transmitter
spillover (Ohishi et al., 1994). Alternatively, glutamate

or some other endogenous mGluR agonist may be
released by granule cell dendrites and act in a retro-
grade manner on Golgi cell terminals, as suggested for
interneuron to Purkinje cell GABAergic synapses
(Glitsch et al., 1996).

4.6. Possible role of the C-terminal domain in the
precise location of mGluRs

The mechanism of mGluR targeting and membrane
anchoring is unknown, but the presence of multiple
receptor pools in the plasma membrane suggests several
mechanisms. Interestingly, the two group I mGluRs,
which have a pool associated with the edge of synapses
in Golgi cells, have a long C-terminal intracellular
domain, with more than 350 residues, whereas the two
group-II mGluRs, one of which as we have shown is
not associated with synapses, have a shorter C-termi-
nus, with only 48 residues. However, the difference in
receptor subtype location cannot simply be a conse-
quence of the length of the C-termini because
mGluR1b/c which have short C-termini, were also
found in perisynaptic position (Lujan et al., 1996). In
cerebellar Purkinje cells, which express mRNA for the
three mGluR1 splice variants (Pin et al., 1992), both
mGluR1a and mGluR1b appear to be present in den-
dritic spines (Grandes et al., 1994). Whether the degree
of their synaptic alignment is similar remains to be
established. The two splice variants of mGluR5 which
differ in a C-terminal insertion could also be related to
differential location since so far no functional difference
has been detected between them (see above).

It is possible that the C-terminal domain allows
mGluR1a and mGluR5 to be expressed at a higher
density at the edge of the synaptic junction by facilitat-
ing the coupling of the receptors to postsynaptic density
molecules at the edge of the synapse. A soluble protein
named ‘homer’, containing a PDZ domain has recently
been cloned and shown to interact with the C-termini
of group I mGluRs (Brakeman et al., 1997). Interaction
of the C-terminal domain of the NR2B subunit of the
NMDA receptor with several synapse associated
proteins has been demonstrated (Kornau et al., 1995;
Kim et al., 1996). Similarly, other glutamate receptor
subunits, the GluR2 and GluR3 subunits of the AMPA
type receptor, were also found to interact with a
synapse associated protein (Dong et al., 1997). In addi-
tion to localising the receptors, the C-terminal domain
may play other roles in the function of mGluRs, as
mGluR1a has different functional characteristics from
the shorter proteins mGluR1b and mGluR1c (Pickering
et al., 1993; Pin et al., 1992; Joly et al., 1995). In
contrast, no functional differences were observed when
mGluR1a was compared with mGluR5a and b (Joly et
al., 1995), all containing a long C-terminal domain of
more than 350 amino acids. The C-terminus of
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mGluRs, together with other intracellular domains, has
been proposed to be involved in the coupling efficiency
to G proteins (Gomeza et al., 1996; Prezeau et al.,
1996). Moreover, changes in the C-terminal domain can
generate receptors with different transduction mecha-
nisms, as functional studies have demonstrated for the
prostaglandin EP3 receptor (Namba et al., 1993; Sugi-
moto et al., 1993), a member of the seven transmem-
brane domain receptor family.

4.7. Possible functional consequence of graded group I
mGluR distribution

In several physiological experiments, the activation
of mGluRs by synaptically released transmitter could
be detected only after activating the presynaptic input
repeatedly (Charpak and Gahwiler, 1991; Miles and
Poncer, 1993; Batchelor et al., 1994; Batchelor and
Garthwaite, 1997). This indicates that detectable recep-
tor activation in many cells requires repeated release of
glutamate in order to reach sufficiently high levels at
the extrasynaptic mGluR sites as suggested earlier
(Baude et al., 1993; Nusser et al., 1994). In addition to
the frequency of release, the extracellular concentration
of glutamate also depends on the efficacy of neuronal
and glial uptake, the number of receptors and trans-
porters, the tortuosity of the extracellular space and
other factors, all of which are likely to be specific and
optimised for a given type of synaptic connection (for
review see Clements, 1996). The density gradient differ-
ences in mGluR distribution, in a synapse and cell type
specific manner, probably also reflect the optimisation
of mGluR activation as a function of the amount of
released glutamate. The degree of activation is probably
non-linearly related to glutamate release frequency,
partly due to the specific receptor density gradients
demonstrated in this study. The possible differential
location of distinct effector mechanisms activated by
the same receptor subtype on the same cell could also
introduce additional non-linearity into the transmitter
release frequency-dependent effects of mGluRs.
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