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Abstract—The regulation of neurotransmitter receptors during synapse formation has been studied extensively at the
neuromuscular junction, but little is known about the development of excitatory neurotransmitter receptors during
synaptogenesis in central synapses. In this study we show qualitatively and quantitatively that a receptor undergoes
changes in localisation on the surface of rat Purkinje cells during development in association with its excitatory synapses.
The presence of mGluR 1o at parallel and climbing fibre synapses on developing Purkinje cells was studied using high-
resolution immunoelectron microscopy. Immunoreactivity for mGluR 1o was detected from embryonic day 18 in Purkinje
cells, and showed dramatic changes in its localisation with age. At early postnatal ages (PO and P3), mGluR 1o was found
both in somata and stem dendrites but was not usually associated with synaptic contacts. At P7, mGluR 1o became
concentrated in somatic spines associated with climbing fibres and in the growing dendritic arborisation even before
innervation by parallel fibres. During the second and third postnatal week, when spines and parallel fibre synapses were
generated, mGluR 1o became progressively concentrated in the molecular layer, particularly in the synaptic specialisa-
tions. As a result, during the fourth postnatal week, the pattern and level of mGluR 1o expression became similar to the
adult and mGluR 1o appeared in high density in perisynaptic sites.

Our results indicate that mGluR 1o is present in the developing Purkinje cells prior to their innervation by climbing and
parallel fibres and demonstrate that this receptor undergoes a dynamic and specific regulation during postnatal develop-
ment in association with the establishment of synaptic inputs to Purkinje cell. © 2001 IBRO. Published by Elsevier
Science Ltd. All rights reserved.
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Purkinje cells (PC) receive distinct types of excitatory
inputs from parallel fibres (PFs), the ascending axons
of granule cells, and climbing fibres (CFs) which origi-
nate in the inferior olive (Palay and Chan-Palay, 1974,
Sotelo, 1978). In adults, PF synapses are established on
spines of distal PC dendrites, whereas CF synapses are
formed on spines along the proximal dendrites of PC
(Palay and Chan-Palay, 1974; Sotelo, 1978; Ito, 1984).
Both types of synapses develop during the first two post-
natal weeks: functional CF synapses are present on PC
somatic processes from postnatal day (P)2, whereas PF
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synapses begin forming at P7-P10 (Altman and Bayer,
1997). After PF and CF synapses are generated, they are
dynamically modified during postnatal development,
resulting in the elimination of redundant synapses.

The process of synapse elimination is crucial for cer-
ebellar development, and has been well documented
at the CF-PC synapse (Mariani and Changeux, 1980;
Crépel et al., 1981). Each PC is innervated by several
CFs during the first week after birth. A massive elimi-
nation of synapses then occurs, and the innervation of
each PC by only one CF, found in the adult animal, is
established at around P21 (Altman and Bayer, 1997).
However, multiple innervation of the PC persists in
adulthood in mutant animals lacking genes for iono-
tropic or metabotropic glutamate receptors (mGluRs)
(Kashiwabuchi et al., 1995; Kano et al., 1997; Ichise et
al., 2000).

mGluRs have modulatory functions on neuronal excit-
ability and transmitter release and are involved in syn-
aptic plasticity (Pin and Duvoisin, 1995). To date, eight
different subtypes of mGluRs have been identified and
termed mGIluR1 through mGIluRS8. These different sub-
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types have been classified into three groups based on
their sequence homology, transduction mechanisms and
pharmacological profiles (Nakanishi, 1994; Pin and
Duvoisin, 1995; Conn and Pin, 1997). Group I is acti-
vated most potently by quisqualate (Masu et al., 1991;
Abe et al., 1992; Aramori and Nakanishi, 1992) and
includes mGIluR 1 and mGIluR 5, which exist in a number
of alternatively spliced forms (mGluRla, B, ¢, d
and mGluR5a, b). Group II includes mGluR2 and
mGluR3, and Group III includes mGluR4, mGIluR6,
mGIluR7 and mGIluR8. Groups II and III are negatively
coupled to adenyl cyclase and inhibit the forskolin-
stimulated accumulation of cyclic AMP (Pin and
Duvoisin, 1995; Conn and Pin, 1997).

The functions of mGluR1 have been extensively
studied in the cerebellum because of its role in learn-
ing-related processes and its thoroughly characterised
cytoarchitecture and synaptic circuitry (Aiba et al.,
1994; Conquet et al, 1994; Ichise et al., 2000).
mGluR1 is found at very high levels in PCs (Masu et
al., 1991; Shigemoto et al., 1992). Immunoelectron mi-
croscopy has shown that, at least in adults, the mGluR 1
protein is localised in spines of PC dendrites facing PF
and CF terminals (Martin et al.,, 1992; Baude et al.,
1993; Shigemoto et al., 1994; Lujan et al., 1997; Nusser
and Somogyi, 1997). A number of studies have shown
that mGluR1 is found in the developing cerebellum
(Shigemoto et al., 1992; Ryo et al., 1993) and there are
indications suggesting an involvement of mGluR1 in the
early formation of PC synapses (Kano et al., 1997;
Levenes et al., 1997). Little is known, however, about
how mGluRs become organised during synaptogenesis
to respond efficiently to presynaptic glutamate release.

Information on the organisation and precise distribu-
tion of mGluRs at developing PC synapses is important
in helping to determine what role these receptors may
play in postnatal development. Therefore, in order to
understand how mGluR distribution develops relative
to specific excitatory inputs and becomes organised in
adult PC synapses, we have applied high-resolution
immunocytochemical techniques to reveal the subcellular
localisation patterns of mGluR1a, the major splice var-
iant of mGIluR1 in the cerebellum (Casabona et al.,
1997), during postnatal development of PCs.

EXPERIMENTAL PROCEDURES

Forty-three male Wistar rats from embryonic day (E)18 to
adulthood, obtained from the Animal House Facilities of the
University Miguel Hernandez, were used. The care and handling
of the animal prior to and during the experimental procedures
followed European Union regulations, and was approved and
supervised by the University Animal House Facilities. We have
minimised both the suffering and the number of animals used in
this study.

For each developmental stage, the animals used were from
different litters and were grouped as follows: E18 (n=3), day
of birth=P0 (n=4), P3 (n=4), P5 (n=4), P7 (n=4), P10 (n=4),
P12 (n=4), P15 (n=4), P21 (n=4), P30 (n=4) and P60 (n=4).
All animals were deeply anaesthetised with an intraperitoneal
injection of Rompun(xylazine; Bayer AG, Leverkussen,
Germany)-Imalgene(ketamine; Merial Laboratories, Lyon,

France) 1:1 (0.1 ml/kg body weight) and then the hearts were
surgically exposed for perfusion fixation. First, the vascular sys-
tem was flushed by circulating 0.9% saline with 0.1% sodium
nitrite followed by transcardial perfusion of freshly prepared ice-
cold fixative containing 4% paraformaldehyde, 0.05% glutaral-
dehyde and ~0.2% picric acid in 0.1 M phosphate buffer (PB,
pH 7.2-7.4). After perfusion, brains were removed from the
skull and immersed in the same fixative for 2 h at 4°C. Tissue
blocks containing cerebellum were dissected and thoroughly
washed in 0.1 M PB for several hours. Coronal 60-um sections
of cerebellum were cut with a vibratome and collected in 0.1 M
PB.

Antibodies and controls

An affinity-purified polyclonal antibody against mGluR 1o
was made in rabbits. The characteristics and specificity of this
antibody have been described elsewhere (Jaarsma et al., 1998).

As controls for method specificity, sections were incubated
omitting the primary antibody. Other sections were incubated
with 5% normal rabbit serum replacing the primary antibodies.
Under these conditions, no immunoreactivity could be detected.
Moreover, using a polyclonal rabbit antibody to Calretinin
(Chemicon, Temecula, CA, USA), no plasma membrane label-
ling was observed with our pre-embedding or post-embedding
methods, showing that the labelling found on the plasma mem-
brane is due to the antibodies raised for the peptide sequence
present in mGluRlo. As controls for the post-embedding
method, we used polyclonal rabbit antibodies to o-amino-3-
hydroxy-5-methyl-isoxazole-4-propionic acid (AMPA)-type glu-
tamate receptor GluR2/3 (Chemicon). Under these conditions
synaptic labelling was observed (data not shown), showing
that mGluR 1o is either absent from the main body of the syn-
apse or present at concentrations below detection levels.

Immunocytochemistry

Pre-embedding  immunoperoxidase — method. Immunocyto-
chemical reactions were carried out as described earlier (Baude
et al., 1993; Lujan et al., 1996). Free-floating sections were
incubated in 10% normal goat serum (NGS) diluted in 50 mM
Tris buffer (TB; pH 7.4) containing 0.9% NaCl (Tris-buffered
saline, TBS), with or without 0.2% Triton X-100, for 1 h. Sec-
tions were then incubated for 48 h in an affinity-purified poly-
clonal antibody anti-mGluR 1o at a final protein concentration
of 1-2 pg/ml diluted in TBS containing 1% NGS. After washes
in TBS, the sections were incubated for 2 h in biotinylated goat
anti-rabbit IgG (Vector Laboratories, Burlingame, CA, USA)
diluted 1:50 in TBS containing 1% NGS. They were then trans-
ferred into avidin-biotin-peroxidase complex (ABC kit, Vector
Laboratories) diluted 1:100 for 2 h at room temperature. Per-
oxidase enzyme activity was revealed using 3,3’-diaminobenzi-
dine tetrahydrochloride (0.05% in TB, pH 7.4) as chromogen
and 0.01% H,O, as substrate. Sections treated with Triton
X-100 were used exclusively for light microscopy.

Pre-embedding immunogold method. Sections for the pre-
embedding immunogold method were incubated together with
those used for peroxidase reaction up to the secondary antibody
stage. They were then incubated for 3 h in goat anti-rabbit 1gG
coupled to 1.4 nm gold (Nanoprobes Inc., Stony Brook, NY,
USA) diluted 1:100 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 Inc., Stony Brook, NY, USA).

The peroxidase-reacted sections and the gold-silver-labelled
sections were processed for electron microscopy. This included
treatment with OsO4 (1% in 0.1 M PB), block-staining with
uranyl acetate, dehydration in graded series of ethanol and
flat-embedding on glass slides in Durcupan (Fluka, Chemie
AG, Germany) resin.
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Post-embedding immunogold method. The procedure was
similar to that utilised by Lujan and co-workers (1996). Briefly,
ultrathin sections 60-80-nm thick from Lowicryl-embedded
blocks of cerebellum (Baude et al., 1993; Lujan et al., 1996)
were picked up on coated nickel grids and incubated for 45
min on drops of a blocking solution consisting of 20% NGS
in 0.05 M TBS, containing 0.9% NaCl and 0.03% Triton X-
100. The grids were transferred to solutions of mGluR 1o anti-
body at a concentration of 10 pg/ml in 0.05 M TBS with 2%
NGS, containing 0.9% NaCl and 0.03% Triton X-100. Incuba-
tion in the primary antibody proceeded overnight at room tem-
perature. After washing, the grids were incubated for 2 h on
drops of goat anti-rabbit IgG conjugated to 10 or 15-nm colloi-
dal gold particles (Nanoprobes) diluted 1:80 in 2% normal
human serum and 0.5% polyethylene glycol in 0.05 M TBS
containing 0.9% NaCl. The grids were then washed in TBS
for 30 min and counterstained for electron microscopy with
saturated aqueous uranyl acetate followed by lead citrate.

Quantification of immunoreactivity during postnatal development
following pre-embedding immunogold labelling

The procedure was similar to that used earlier (Lujan et al.,
1996, 1997). Two samples were taken from the cerebellar molec-
ular layer from two blocks of two animals at each age (P10, P15,
P21 and P60). Electron microscopic sections were cut from the
surface of 60-um thick sections, as immunoreactivity decreases
with depth. Randomly selected areas were photographed and
printed to a final magnification of 45000X and measurements
covered a total section area of ~1000 um? at each age. All
dendritic spines establishing synapses with PFs were counted
and assessed for the presence of immunoparticles; somatic or
dendritic spines making synapses with CFs were not included in
the present study, as they had complex morphologies. Only
spine heads were analysed since spine necks are rarely connected
to spine heads in single sections. The length of the synaptic
membrane specialisation and the extrasynaptic membrane
from all immunopositive spines at each age was measured
using a digitising tablet and MAC-STEREOLOGY software
(Ranforly MicroSystems, UK). The extrasynaptic spine mem-
brane was divided into 60-nm bins. The distance between the
centre of the immunoparticles and the closest edge of the post-
synaptic density was measured along the spine membrane.

For the estimation of the relative proportion of receptor im-
munoreactivity at different positions in spines at each age, 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 (Lujan et al., 1997).
Finally, the position of each immunoparticle within the sections
with respect to the edge of the postsynaptic density was mea-
sured.

In order to compare the level of immunoreactivity for
mGluR 1o between material processed by the pre-embedding
procedure that involves osmium fixation before dehydration
and the post-embedding procedure lacking osmium fixation,
the total number of immunoparticles along the plasma mem-
brane were counted within individual dendritic spines establish-
ing synapses with PFs as described above. For the post-
embedding method, two samples were taken from two blocks
of two animals at each postnatal age, and measurements were
obtained from photographs at a final magnification of 40000 X .
For comparisons, data were expressed as the number of immu-
noparticles per dendritic spine.

For the estimation of the background level in our incubations
using the post-embedding technique, quantification was carried
out from four sections for each one of the three rats at each
postnatal age (P5, P10 and P60), and for each rat a field of 149
um? of the cerebellar molecular layer was randomly photo-
graphed. Immunoparticles were counted within individual den-
dritic spines and the length of their plasma membrane was also
measured on each ultrathin section from photographs at a final
magnification of 38000 . These data were expressed as density
of immunoparticles per um? of the dendritic spine plasma mem-
brane.

Statistical analyses

The Kolmogorov—Smirnov non-parametric test was used to
examine whether samples taken for each postnatal age were
from a homogeneous population. All remaining statistical com-
parisons were done using the Mann-Whitney test. The differ-
ences were considered significant at the level of P<0.05. Data
are presented as mean £ S.D.

RESULTS

To establish correlation between the distribution of
glutamate receptors and the formation of the glutama-
tergic neurotransmission system, we studied the expres-
sion pattern and subcellular localisation of mGluR 1o
during PC development. Immunocytochemistry revealed
that mGluR 1o is expressed early in this cell type (Fig. 1),
though labelling intensity was irregular among PCs in
different folia (see for instance Fig. 1C), suggesting var-
iations in the rate of maturation of PCs. Therefore, the
descriptions that follow are based on sections taken from
the same region of the cerebellum (folia I1I-V) to elim-
inate variations due to regional differences.

Distribution of mGluRI o at the light microscopic level

Immunoreactivity for mGluR1a was seen in the PC
layer on E18, the earliest age we studied (Fig. 1A). The
intensity of labelling in developing PCs was characterised
by a progressive increase with age until P21, when adult
levels were reached (Fig. 1).

During the first week of development, intense
mGluR 1o immunoreactivity was observed in the undif-
ferentiated PC layer (Figs. 1B-D and 2A). Immunola-
belling was confined mainly to PC cell bodies and their
developing stem dendrites (see for instance Fig. 2A).

At P7, mGluR 1o immunoreactivity extended through-
out the PC dendritic arbor emerging from each soma,
including small branches (Fig. 2B, C). Dendritic arbor-
isations became apparent in the molecular layer as PC
dendrites grew towards the surface of the cerebellar lobe
(Fig. 2B, C). At higher magnifications, it was evident
that immunolabelling was particularly strong in PC
somatic spines and some spines on the growing dendritic
tree (Fig. 2C). Compared to the prominent immunoreac-
tivity in PCs, only weak staining was seen in the internal
granular layer, while the developing external granular
layer showed no detectable immunolabelling (Fig. 2B).
This indicates that granule cells do not express detectable
amounts of mGluR 1o proteins until they have migrated
to the internal granular layer. In the internal granular
layer, intermediate-size stained neurones, possibly Golgi
cells, were scattered among the general population of
granule cells (Fig. 2B).

Throughout the second postnatal week, immunoreac-
tivity for mGluR 1ot increased continuously and outlined
newly developing dendritic branches in the molecular
layer (Fig. 2D, E). At P10, strong mGluR 1o immunore-
activity was confined to PC bodies and their dendrites in
the molecular layer, with much less intense immunoreac-
tivity in granule cells (Fig. 2D). A higher number of
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Fig. 1. Coronal sections o

f developing rat cerebella immunolabelled for mGluR 1o.. Immunoreactivity was detected at E18 in

£ 4

i

the PC layer and gradually increased with age until P21, when the adult pattern was reached. Scale bars: A-J, 100 pum.

somatic spines was intensely labelled at this age. Immu-
nolabelled somatic spines were large and surrounded the
entire PC soma (Fig. 2E). At P12, the receptor remained
in PC somata and spread progressively throughout the
entire dendritic arbor (Fig. 2F). At the same time,
somatic spines were disappearing from the basal portion
of the cell bodies remaining confined to the upper part of
the PC somata (Fig. 2G, H).

During the third week of development, the molecular
layer was still expanding. Immunoreactivity for
mGluR 1o was weaker in PC somata and stronger in

the entire dendritic arborisation compared to previous
postnatal ages (Fig. 2I). At P15, PC somatic spines com-
pletely disappeared and only faint mGluR lo. immunore-
activity outlined PC cell bodies (Fig. 2I).

At P21, immunoreactivity for mGluR 1o was still con-
centrated in the molecular layer (Fig. 2J). Dendritic
arborisation was more compact and immunolabelling
was strong and punctate (Fig. 2J). At this age, the pat-
tern and intensity of mGluRlo expression closely
matched that of the adult, which was characterised by
very strong immunolabelling in the molecular layer and
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Fig. 2. Light microscopy distribution of mGluR1a in postnatal cerebellum. (A) At P3, strong immunolabelling for mGluR 1o

o

was visible in PC bodies and stem dendrites. (B, C) With ongoing development (P7) PC bodies and growing dendritic trees
were immunolabelled. Immunoreactivity for mGluR 1o was concentrated in somata (arrows in C) and in spine-like structures
in the molecular layer (closed triangles). (D, E) At P10, mGluR 1o was concentrated in the molecular layer (closed triangles),
but still very prominent in somatic spines (arrows). (F-H) At P12, mGluR 1o disappeared from the lower parts of the PC
somata, being confined to the upper portions only (arrows). (I) At P15, mGluR 1o disappeared completely from the somata.
(J) At P21, immunoreactivity for mGluR1a resembled that of the adult (K). During development, granule cells were weakly
immunolabelled and medium-size neurones (open arrowheads) were also observed. egl, external granular layer; igl, internal
granular layer; gl, granule cell layer. Scale bars: A, B, D, F, I, J, K, 100 um; C, E, G, H, 30 um.

faintly stained PC somata (Fig. 2K). The molecular layer
showed intense labelling, as compared to the much
weaker labelling found in the granule cell layer (Fig. 2K).

Distribution of mGluRI « at the electron microscopic level

To establish the precise subcellular distribution of

mGluR 1o during development, the receptor was studied
with pre-embedding immunoperoxidase and with pre-
and post-embedding immunogold methods at the elec-
tron microscopic level. The three different techniques
provided complementary information (Lujan et al.,
1996). The peroxidase reaction end-product for
mGluR 1o diffused from the plasma membrane, filling
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Fig. 3. Electron micrographs of the cerebellar cortex showing immunoreactivity for mGluR 1o detected by pre-embedding
immunoperoxidase (A-E) and immunogold methods (F-H). (A-C) At P3, immunoreactivity for mGluR1lo was uniformly
distributed in PCs (e.g. open triangles) or in patches associated with the membrane of the cell surface before the establish-
ment of synaptic contacts. Some CF synapses were already detected at this age and immunoreactivity was concentrated at
the postsynaptic level. (D) At PS5, immunoreactivity for mGluR1a concentrated close to the somatic (S) plasma membrane
facing CFs. (E) At P7, mGluR1o was localised in somatic spines embracing and establishing synapses with CFs. (F-H)
Immunoparticles were located at the extrasynaptic (arrowheads) and perisynaptic (arrows) membranes of PC somata (S) or
dendrites. Scale bars: A-C, E-H, 0.5 um; D, 1 um.

i 4 — o NP o
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immunopositive somatic and/or dendritic profiles and
also covering the postsynaptic membrane specialisations
(e.g. Fig. 3C, D). The use of this sensitive method
enabled us to establish the immunoreactivity of a partic-
ular structure, but its diffusion prevented determination
of the precise location of the receptors. The pre-embed-
ding immunogold method overcomes this technical limi-
tation by resulting in a non-diffusible marker and
electron-dense deposits along cell membranes. However,
the density of immunoparticles decreases gradually with
depth of the incubated section due to the limited pene-
tration of immunoreagents. Regarding post-embedding
reactions, all immunoreagents have direct access to the
molecules present at the surface of the ultrathin section
along the whole cut length of membranes. Therefore, this
is the only method that provides accurate localisation of
synaptic receptors. However, the labelling obtained with

- — o R

Fig. 4. Light and electron micrographs of the same mGluR 1o-i

this technique is weaker than that of equivalent sites
observed with the pre-embedding method.

At PO, immunoperoxidase reaction product was dif-
fusely distributed within PC somata and most of the
labelling was localised close to the plasma membrane.
At P3-P5, labelling was mainly restricted to PC somata
(Fig. 3A) and stem dendrites. In PC somata, immuno-
peroxidase reaction product was associated with intra-
cellular membranes, and was distributed close to the
plasma membrane (Fig. 3A, B), as found at every devel-
opmental age studied. Immunolabelling for mGluR 1o in
the developing somata was found in membrane patches
at the cell surface, often associated with adjacent axonal
processes and the establishment of immature synaptic
contacts (Fig. 3B). Very few presynaptic terminals iden-
tifiable as CFs (Altman and Bayer, 1997) were detected
establishing synapses on the PC somata at this age (e.g.

oxidase method. (A, B) The immunolabelling for mGluR 1o around the soma detected using light microscopy corresponded
to somatic spines (double open triangles) when observed with the electron microscope (double open triangles). Scale bars:
A, B, 2 um.
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Fig. 5. Immunoreactivity for m PCs revealed by pre-embedding immunoperoxidase and immunogold meth-
ods. (A-D) Immunolabelling was concentrated in somatic spines (A, C) and lateral processes of the main dendritic shaft
(B, C) (double open triangles in A and B). These processes embraced CFs and made synaptic contacts with them. (E, F) In
the molecular layer, mGluR1a was detected in morphologically immature dendritic spines establishing synapses with PF.
(G, H) Immunoparticles were located at the extrasynaptic (double closed triangles) and perisynaptic (closed triangles) mem-
branes of PC somata or dendrites (D). Scale bars: A, 2 um; B, E, G, | um; C, D, F, H, 0.5 um.
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Fig. 3C, D). Postsynaptic densities at the synaptic con-
tacts were asymmetrical (Fig. 3C, D). Nuclei were always
devoid of reaction product (e.g. Fig. 3A) and no labelling
was visualised in either presynaptic axon terminals or
glial cells. Symmetrical synapses on mGluR 1o immuno-
labelled profiles were not observed at this stage of devel-
opment. Using the pre-embedding immunogold method,
immunoparticles were located on plasma membranes

Fig. 6. Electron micrographs of the cerebellar cortex showing immunoreactivity for mGluR 1o revealed by pre-embedding

and, less frequently, scattered in the cytoplasm (Fig. 3F,
G). Membrane-associated immunoparticles were located
in perisynaptic positions or associated with the extrasy-
naptic plasma membrane (Fig. 3F, G).

At P7, CF terminals were numerous and immunoreac-
tivity for mGluR 1o was concentrated in somatic spines
emerging from the cell body (Fig. 3E). Synapses formed
by CFs with PCs were more frequently found at P7 than

immunoperoxidase and immunogold methods at P12 and P15. (A-D) At P12, immunoreactivity for mGluRlo was detected

in somatic spines facing CFs located in the upper portions of PC somata (S). In the molecular layer, immunoreactivity

became progressively concentrated in dendritic spines facing PFs. Immunoparticles were restricted to the plasma membrane,

always outside the postsynaptic density. (E-H) At P15, somatic spines disappeared completely from the somata and CFs

were found establishing synapses with dendrites and dendritic spines labelled for mGluR 1o in the molecular layer. mGluR 1o

was very abundant in spines establishing synapses with mature PFs. Immunoparticles were concentrated in the plasma mem-
brane of spines facing PFs or CFs. Scale bars: A, 1 um; E, 2 pym; B, D, F-H, 0.5 um; C, 0.2 pm.
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at earlier ages, but still had immature morphological
features. In the developing molecular layer, immuno-
labelling for mGluR1lo was found both in dendritic
membrane patches and immature dendritic spines prior
to the arrival of axon terminals and the establishment of
PF synaptic contacts. Immunoparticles were located in
perisynaptic positions or associated with the extrasynap-
tic plasma membrane (Fig. 3H).

During the second postnatal week, the strong immu-
noreactivity for mGluR 1o associated with the somata of
PCs identified by light microscopy, was mainly due to
the staining of somatic spines embracing CFs (e.g. Fig. 4).
Immunoperoxidase reaction product was present along
the somatic plasma membrane associated with CFs
(Figs. 4 and 5A-D) and, at P12, in somatic spines in
the upper portion of the cell body (Fig. 6A). The cyto-
plasm and nucleus were generally devoid of any label-

Fig. 7. Electron micrographs of the cerebellar cortex showing immunoreactivity for mGluR 1o as revealed by pre-embedding

ling, with the exception of some intracellular membranes
showing small patches of peroxidase reaction product
(Figs. 4, 5A and 6E). The emerging main dendrite also
contained spine-like lateral processes establishing synap-
ses with CFs which had features similar to those
observed close to the cell body (Fig. 5A, B). PC somatic
spines formed many synaptic contacts and had the
appearance of irregular, spine-like structures usually
lacking organelles (Fig. 5C, D), very often embracing
CF terminals (Figs. 3E and 5A-D). Synaptic contacts
were established at different positions on the somatic
spines.

In the molecular layer, immunoreactivity for mGluR 1o
originated from the staining of PC dendritic spines
(Fig. 5E, F). Labelled dendritic spines were seen unat-
tached to axon terminals or, more frequently, establish-
ing synapses with unlabelled terminals identified as PFs

immunoperoxidase and immunogold methods at P21 and P60. (A-F) The adult pattern of mGluRla distribution was

achieved by P21. Immunoreactivity for mGluR 1o was localised in immunolabelled spines establishing synapses with PFs and

CFs. Immunoparticles became progressively concentrated in perisynaptic sites (arrows), and were also present in extrasynaptic
sites. Scale bars: A, B, D, E, 0.5 um; C, F, 0.2 um.
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(Figs. SE, F, and 6B for P12). The synaptic specialisation
of these asymmetrical synapses was covered with immu-
noperoxidase reaction product (e.g. Figs. 5F and 6B). At
P10, PF-PC synapses had immature morphological fea-
tures, including small terminal swellings with few synap-
tic vesicles, small synaptic contacts and they were
incompletely surrounded by Bergmann glial processes
(Fig. 5F).

In immunogold-labelled sections using the pre-embed-
ding technique, particles were widely distributed in
somatic spines, dendritic profiles and dendritic spines
(Fig. 5G, H). Immunoparticles were mainly associated
with the plasma membrane (Fig. 5G, H) at extrasynaptic
sites and at perisynaptic membrane sites (Figs. 5G, H
and 6C, D) adjacent to the postsynaptic density of
CF-PC and PF-PC synapses.

During the third postnatal week, PC somatic spines
disappeared (Fig. 6E) and immunoreactivity for
mGluR 1o was located at non-synaptic sites. In the
molecular layer, immunolabelling was mainly found in
dendritic spines facing PFs and CFs (Fig. 6F-H).

At P21, the subcellular localisation of mGluR1a
already resembled that of the adult animal (Fig. 7).
Labelling for mGluR1lo. was restricted to dendritic
spines attached to wunlabelled presynaptic terminals
(Fig. 7). Labelled PF-PC dendritic spines increased
(Fig. 7B, E) and CF-PC dendrites immunoreactive for
mGluR 1o were also more easily detected in the molec-
ular layer (Fig. 7A, D). Immunoparticles were present in
dendritic spines and concentrated at perisynaptic sites

Fig. 8. Ele

(Fig. 7C, F). Axonal projections, glial processes and
symmetrical synapses lacked mGluRlo immunoreac-
tivity at all stages.

Finally, to provide direct evidence that the strong
mGluR 1o labelling associated with CFs and PFs was
due to the localisation of the receptor at the perisynaptic
and extrasynaptic level, but not at the synaptic level, we
used a post-embedding immunogold technique. Immuno-
labelling for mGluR 1o was examined at three different
ages (PS5, Fig. 8A; P10, Fig. 8B; and P60, Fig. 8C) rep-
resentative of the developmental changes found with the
pre-embedding method. At the three ages studied, immu-
noparticles were excluded from synaptic membranes
(Fig. 8). Instead, gold particles associated with CFs
and PFs were preferentially located at perisynaptic and
extrasynaptic membrane areas (Fig. 8).

The labelling obtained using the post-embedding
immunogold technique was always weaker than that
observed using the pre-embedding method in both
adult and developing animals. At P5, the difference
between techniques in the absolute number of immuno-
particles per spine in individual sections was large
(post-embedding reaction, 1.52%£0.49 particles/spine;
pre-embedding reaction, 2.97%1.09 particles/spine).
At P10, that difference was: post-embedding reac-
tion, 1.91+0.97 particles/spine; pre-embedding reaction
3.16 £ 1.34 particles/spine. At P60, the difference was
reduced (post-embedding reaction, 2.11 % 1.07 particles/
spine; pre-embedding reaction, 3.54%1.69 particles/
spine). However, no difference in distribution of immu-

ctron micrographs of the cerebellar cortex showing immunoreactivity for mGluR 1o, as detected by a post-embed-

ding immunogold method at P5 (A,B), P10 (C,D) and P60 (E). Gold particles were never detected in the anatomically defined
synaptic junctions at any age, but rather at perisynaptic (arrows) or extrasynaptic sites only. cf, climbing fibres; pf, parallel
fibres; s, somata. Scale bars: A-E, 0.2 um.
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noparticles was detected between the two methods,
(P<0.069), confirming that the quantitative results
obtained with the pre-embedding method are not biased
by the differential accessibility of the epitopes (see next
Section).

In addition, to determine whether the relatively low
intensity of labelling using post-embedding reactions
was specific or due to background, we carried out quan-
titative studies on control incubations. The density of
particles (mean*S.D., n=3 rats for each age) when
the primary antibody was omitted, was negligible: at
P5, 0.129+0.011 immunoparticles/um?; at P10, 0.132+
0.013 immunoparticles/um?; and at P60, 0.139+0.016
immunoparticles/um?. This indicates that the low inten-
sity of labelling detected with our post-embedding immu-
nogold method is due to the specific antibody and,
therefore, that mGluR 1o is found mainly outside synap-
tic sites.
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Quantitative comparison of the location of mGluRI o
during postnatal development following pre-embedding
immunogold labelling

To establish the relative densities of mGluR 1o in rela-
tion to glutamate release sites (PF synapses) during post-
natal development, measurements were taken from single
and serial EM sections. The densities of mGluR 1a rela-
tive to CF synapses have not been included in the present
study because of the complex and irregular morphology
of the somatic spines.

The position of immunoparticles (P10, n=317; P15,
n=2321; P21, n=329; P60, n=314) was measured from
the closest edge of the synaptic specialisation. Data are
displayed as frequency of particles in arbitrarily chosen
60-nm wide segments of the membrane of dendritic
spines, starting at the edge of the synaptic membrane
specialisation. Two samples, one from each of two ani-
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Fig. 9. Distribution of mGluR1o immunoreactivity in relation to PF synapses as assessed by pre-embedding immunogold
reactions at P10 (A), P15 (B), P21 (C) and P60 (D). Arrows mark the middle (1) and the edge (2) of the average length of
the postsynaptic membrane specialisation at each postnatal age. Arrowheads mark the mean head diameters of PC dendritic
spines at each postnatal age. Data are expressed as the proportion of immunoparticles at a given distance from the edge of
the synaptic specialisation. Measurements show that mGluR 1o, was more concentrated in a perisynaptic annulus at P21 and
P60 than at younger ages. In contrast, in younger animals, mGluR 1o was distributed along a broader membrane segment.

At P10 it was more uniformly distributed along the dendritic spine plasma membrane.
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mals, were analysed for each postnatal age. Since the
distributions in the two samples for each age did not
differ from each other (Kolmogorov—Smirnov test,
P>0.27, P10; P>0.39, P15; P>0.43, P21; P>0.48,
P60), the data were pooled. The mean length of the syn-
aptic membrane specialisation of the immunopositive
PCs spines facing PFs at P10, P15, P21 and P60 was
261.49+86.25 nm, 264.37+84.40 nm, 272.93%95.52
nm and 275.48£87.80 nm, respectively, as measured
from single sections. The mean head diameters of PC
spines were estimated from serial sections at P10, P15,
P21 and P60, and they were 369.831+65.67 nm,
366.17+61.42 nm, 35526%+53.58 nm and 359.77%
63.53 nm, respectively.

The counts of immunoparticles were normalised to the
observed relative frequency of the 60-nm membrane seg-
ments at a given distance in the sample spine population.
The data expressed in this way showed the change in
density of receptor as a function of distance from the
PF synapse.

Immunogold particles for mGluR1o were preferen-
tially located in a perisynaptic position (Fig. 9) at each
postnatal age studied. However, following normalisation
for the membrane area, differences in density along the
dendritic spine plasma membrane were detected. At P10,
it is apparent that about 25% of all receptor immuno-
particles are within 60 nm of the synaptic membrane
specialisation (Fig. 9), but receptor density remained rel-
atively uniform in the 300 nm band around the synapse.
At P15, mGluR 1o became progressively concentrated in
a perisynaptic annulus (35%). Furthermore, at P21 and
P60, a high density of immunoparticles (about 48%) was
concentrated within 60 nm of the synaptic membrane
specialisation (Fig. 9). Immunoparticle concentration
dropped markedly as a function of distance from the
synapse.

The distribution of mGluRlo immunoparticles for
each postnatal age was compared pairwise. No differen-
ces were found between the distribution of mGluR 1o at
P21 and P60 (P>0.51). However, differences were
detected when the distribution of immunoparticles at
P21 and P60 was compared with that at P10 and P15,
and when the distribution at P10 was compared to that
at P15 (P <0.001 in each case).

DISCUSSION

A major factor affecting the response of a neurone to
synaptically released glutamate is the distribution of glu-
tamate receptors along the surface of the neurone. The
distribution pattern is established during synaptogenesis
and may be dynamically modified during synapse matu-
ration. PCs are good models for studying this pattern
because they receive two distinct types of glutamatergic
synapses formed by PF and CF which undergo changes
in architecture during development (Landis, 1987;
Landis et al., 1989) and because they express high levels
of mGluRloa, which is involved in synaptic plasticity
(Aiba et al., 1994; Shigemoto et al., 1994). The present
study provides detailed data on the temporal expression

pattern and precise subcellular localisation of mGluR 1o
in PCs during postnatal development.

Our immunocytochemical results demonstrated that
mGluR 1o is highly expressed in developing PCs, show-
ing a progressive increase in labelling intensity from E18
to adulthood, parallel to the morphological events occur-
ring during PC ontogenesis (Takacs and Hamori, 1994)
and suggesting that this receptor is dynamically regulated
during postnatal development. Protein expression at E18
is consistent with the detection of the mRNA (Shigemoto
et al., 1992). Furthermore, the temporal expression for
mGluR 1o is in accordance with results obtained by in
situ hybridisation (Shigemoto et al., 1992) and binding
studies (Catania et al., 1994).

Using high-resolution immunocytochemical techniques
and quantification, mGluR 1o showed dramatic changes
in localisation along the neuronal surface during PC
ontogenesis, in association with the arrival and matura-
tion of excitatory inputs. Thus, using immunoperoxidase,
mGluR 1o was seen concentrated in PC somatic spines
facing CFs during the first 2 weeks of development and
in PC dendritic spines facing PFs and a few CFs, from
the second postnatal week to adulthood. These observa-
tions indicate that a major redistribution of receptors
occurs in PCs during the first 2 weeks of development
and provide evidence that glutamatergic transmission is
critical to cerebellar development in vivo.

The use of immunogold methods provided stronger
evidence for the association of mGluRlo with PC
plasma membranes than that achieved with the immuno-
peroxidase method. Immunoparticles for mGluR 1o were
found at the periphery of CF-PC and PF-PC synapses
or at more distant sites on the plasma membrane. In
addition, the application of quantitative immunocyto-
chemistry demonstrated that mGluR 1o has a unique dis-
tribution in the plasma membrane of dendritic spines
facing PFs. The receptor is concentrated to a different
degree in perisynaptic positions, depending on the
maturational state of PC-PF synapses. As the PC-PF
synapse matures, mGluR1a is redistributed along the
plasma membrane and progressively concentrates in
perisynaptic sites, which have important functional
implications in the acquisition of mature PC responses.

Using the post-embedding immunogold method,
mGluR 1o was present perisynaptically but absent from
the anatomically defined synaptic junction at all postna-
tal ages. This localisation pattern is similar to that
observed previously in adults (Baude et al., 1993; Nusser
et al,, 1994; Lujan et al., 1997) and during postnatal
development (Liu et al., 1998; Petralia et al., 1998). In
contrast, the AMPA- and delta-type ionotropic gluta-
mate receptors were concentrated in synaptic junctions
during development (Petralia et al., 1998; Zhao et al.,
1998), suggesting that the segregation of glutamate
receptors at individual synapses occurs during early
stages of synaptogenesis. Moreover, the location and
high density of mGluR 1o around the membrane special-
isation during development suggests that mGluR 1o may
also be activated by high frequency presynaptic activity,
as demonstrated in the adult cerebellum (Batchelor et al.,
1994). This finding brings interesting functional implica-
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tions, because the perisynaptic location of mGluR 1o
means that it is spatially close to the synaptic ionotropic
glutamate receptors at all ages. This indicates that since
ionotropic glutamate receptors are inserted in the post-
synaptic density at early ages, they can be modulated by
the mGIluR (Pin and Duvoisin, 1995). In addition, the
perisynaptic reorganisation of mGluR1o. with matura-
tion could mean differences in its efficacy of modulation
until mature PC responses are produced.

Developmental regulation of mGluRI « distribution

mGluR 1o showed a differential subcellular localisa-
tion pattern along the plasma membrane in each post-
natal week of PC synaptogenesis (see Fig. 10). During
the first week of postnatal development, PC innervation
involved the formation of synapses from multiple CFs
with somatic spines (Altman and Bayer, 1997). At PO-
P3, some CF synapses were already detected, which are
presumably functional at this stage (Crépel et al., 1981;
Kano et al., 1997). Interestingly, mGluR 1o was observed
extending uniformly from the PC somata to the stem
dendrite or in membrane patches on the cell surface
prior to the establishment of CF synapses. Therefore,
expression of mGluR 1o seems to be independent of the
presence of presynaptic terminals (Takacs et al., 1997),
the receptor being compartmentalised at the subcellular
level before the establishment of synaptic contacts. This
finding suggests that mGluR 1o may be activated by glu-
tamate release either non-synaptically or from neigh-

P10-P14

P7

bouring synapses, and that this mechanism might be
involved in synaptogenesis.

The second postnatal week is a period of great devel-
opmental activity in PCs. At this time there is consider-
able outgrowth and differentiation of the PC dendritic
arborisation. Thereafter, as dendrites grow, the somatic
spines and CF synapses located on them disappear, and
the CFs form synaptic contacts on the dendrites (Altman
and Bayer, 1997). A few PF synapses begin forming by
P7, but the main period of PF synapse formation along
the PC dendrite occurs at P10 (Altman and Bayer, 1997).
Immunocytochemically, we have demonstrated a pro-
gressive reduction in the number of somatic spines
from lower to upper portions of PC somata and their
final disappearance during this period, coincident with
progressive accumulation of mGluRlo in dendritic
spines in the molecular layer. Activation of mGluR1o
signal transduction pathways during this period may
result in elevation of internal Ca?* levels associated
with dendritic growth and spine maturation (Casabona
et al., 1997).

The third week involves final maturation of excitatory
synapses until the adult state is reached, when PCs are
innervated by many PFs, but by only one CF (Altman
and Bayer, 1997). We have observed that from P21,
mGluR 1o expression level reached that of the adult
and that the receptor was concentrated at dendrites
and dendritic spines facing CFs and PFs, respectively.
Overall, the qualitative and quantitative changes in
mGluR 1o observed during these 3 weeks of postnatal

P21-Adult

P3-P5

PO

External
Granular Layer

Molecular
Layer

Purkinje cell
Layer

%

Inferior Olive

xx

Inferior Olive

Inferior Olive

Granule cell
Layer

White matter
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Fig. 10. Postnatal development of mGluR 1 in climbing and PFs in the cerebellar cortex. At PO and P3-P5, mGluR 1o was

detected uniformly distributed in PCs before the arrival of CFs. CFs innervate PC somata up to the end of the second

postnatal week. CF synapses on somatic spines (P7 and P10-P14) contained high levels of mGluR1co. During the second

postnatal week, CF synapses disappeared from the somata and were localised in the molecular layer. By P21, CF innervation

was reduced to a single fibre per PC. PFs innervate PC dendritic spines from approximately P10 to adulthood. The expres-
sion of mGluR 1o in PF synapses is very high at all stages. GC, granule cells.
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development may alter the excitable properties of PC in
the developing cerebellum and modulate the acquisition
of mature phenotypic features by PC neurones. Simi-
larly, the localisation of ionotropic glutamate receptors
also seems to be developmentally regulated in the
cerebellar cortex (Bergmann et al., 1996; Hafidi and
Hillman, 1997).

An obvious question suggested by the differential sub-
cellular location of mGluR 1o during development is how
it is brought about. Whatever the mechanism by which
mGluR 1o reaches its final destination, receptor sorting
presumably involves a selective association with other
specific proteins (Brakeman et al., 1997). These proteins
may anchor mGluR 1o to extrasynaptic and perisynaptic
PC membranes. One possibility is that different subcel-
lular compartments have distinct anchoring mechanisms,
which could explain why CF synapses are eliminated
from the cell body but are maintained on dendrites,
providing a potential mechanism for regulating syn-
apse-specific expression of mGluR1o. Further studies
are needed to identify the developmental sequence of
expression of such anchoring proteins and whether they
anchor the same receptor type located at different exci-
tatory synapses.

The role of mGluRI o in the developing cerebellum

The explanation for such a major redistribution of
mGluR 1o in PCs as development proceeds is not clear,
but likely relates to PC plasticity. Combined stimulation
of CFs and PFs induces a characteristic long-lasting
change in synaptic transmission between PCs and PFs,
referred to as long-term depression (LTD; Ito, 1989).
The induction of LTD requires the activation of
mGluR1 (Daniel et al., 1992; Shigemoto et al., 1994).
High concentrations of mGluRla in PC spines could
contribute to the increase on intracellular Ca>* necessary
for the induction of LTD (Linden, 1994; Linden and
Connor, 1995). This is consistent with results demon-
strating that LTD and motor learning are impaired in
mice lacking mGluR1 (Aiba et al., 1994; Conquet et al.,
1994 Ichise et al., 2000) and could provide information
on the process of the establishment of the cerebellar net-
work involved in motor coordination.

mGluRs may also play a role in the early formation
of PC synapses. Postsynaptic mechanisms involving

mGluR 1o during PC synaptogenesis include activation
of phospholipase C, producing diacylglycerol, which in
turn activates protein kinase C (PKC). The vy isoform of
PKC is highly expressed in PCs (Huang et al., 1988;
Tanaka and Kondo, 1994). Recent studies demonstrated
that in mice lacking mGluR1 or PKCy, multiple CF
innervation persists through adulthood without signifi-
cant changes in the architecture and function of PF-
PC synapses (Kano et al., 1995, 1997; Levenes et al.,
1997; Ichise et al., 2000). Therefore, the signal transduc-
tion pathway from mGluR1 to PKCy may play an
important role in mediating activities of PF—PC synapses
to eliminate multiple CF-PC synapses during postnatal
development. Our immunocytochemical results suggest
that mGluR 1o, the major isoform of mGluR1, may be
the subtype involved in such processes. However, inner-
vation of PCs by multiple CFs was recently reported in
animals lacking the glutamate receptor 62 subunit
(Kashiwabuchi et al., 1995; Kurihara et al., 1997), indi-
cating that mGluR 1oe may be necessary but not sufficient
for the elimination of redundant synapses.

Previous studies have suggested that the presence of
granule cells or functional PF-PC synapses are essential
for the regression of multiple CF innervation (Crépel,
1982). Models studied included granule cells destroyed
by X-ray-irradiation (Woodward et al., 1974; Crépel
and Delhaye-Bouchard, 1979) and mutant mice (reeler,
weaver and staggerer) in which granule cells die or PF-
PC synapses are impaired (Crépel and Mariani, 1976;
Mariani et al., 1977; Crépel et al., 1980; Mariani and
Changeux, 1980). Our results show that granule cells
express mGluR 1o immunoreactivity, albeit at low levels,
during development. It is thus possible that mGluR 1o
expressed in granule cells may be involved in the regres-
sion of CFs.
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