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Abstract
Among various types of low- and high-threshold calcium channels, the high voltage-activated P/Q-type channel is the most abundant in
the cerebellum. These P/Q-type channels are involved in the regulation of neurotransmitter release and in the integration of dendritic
inputs. We used an antibody speci®c for the a1A subunit of the P/Q-type channel in quantitative pre-embedding immunogold labelling
combined with three-dimensional reconstruction to reveal the subcellular distribution of pre- and postsynaptic P/Q-type channels in the
rat cerebellum. At the light microscopic level, immunoreactivity for the a1A protein was prevalent in the molecular layer, whereas
immunostaining was moderate in the somata of Purkinje cells and weak in the granule cell layer. At the electron microscopic level, the
most intense immunoreactivity for the a1A subunit was found in the presynaptic active zone of parallel ®bre varicosities. The dendritic
spines of Purkinje cells were also strongly labelled with the highest density of immunoparticles detected within 180 nm from the edge of
the asymmetrical parallel ®bre±Purkinje cell synapses. By contrast, the immunolabelling was sparse in climbing ®bre varicosities and
axon terminals of GABAergic cells, and weak and diffuse in dendritic shafts of Purkinje cells. The association of the a1A subunit with the
glutamatergic parallel ®bre±Purkinje cell synapses suggests that presynaptic channels have a major role in the mediation of excitatory
neurotransmission, whereas postsynaptic channels are likely to be involved in depolarization-induced generation of local calcium
transients in Purkinje cells.

Introduction
In¯ux of calcium through voltage-activated calcium channels is an
important prerequisite for the regulation of signalling processes in
neurons such as neurotransmitter release, protein phosphorylation and
gene expression (Miller, 1987). Pharmacologically and kinetically
distinct calcium channels are involved both in electrical signalling
and in coupling electrical signals to changes in cytoplasmic calcium
concentration (Dunlap et al., 1995). Physiological and molecular
studies have de®ned low-threshold T-type calcium channels and high
voltage-activated (HVA) calcium channels ± referred to as L-, N-, P/Qand R-type ± in neurons (Jones, 1998). The HVA calcium channels are
multisubunit proteins composed of a1, a2/d, b and g subunits (Catterall, 1998). The primary subunits (a1) of neuronal calcium channels,
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designated a1A(Cav2.1), a1B(Cav2.2), a1C(Cav1.2), a1D(Cav1.3) and
a1E(Cav2.3), contain the domains necessary for the calcium-selective
pore and the voltage sensors (Catterall, 2000). The a1A subunit
constitutes the P/Q-type channel and mediates calcium in¯ux across
pre- and postsynaptic membranes, thereby triggering neurotransmitter
release and other neuronal responses (Dunlap et al., 1995; Catterall,
1998).
There is evidence for the implication of multiple types of HVA
calcium channels in the induction of long-term depression (LTD) and
for their role in the mediation of excitatory and inhibitory synaptic
transmission in the rodent cerebellum (Konnerth et al., 1992; Takahashi & Momiyama, 1993; Mintz et al., 1995; Eilers et al., 1996; Hartell,
1996; Doroshenko et al., 1997; Stephens et al., 2001). Among these
ion channels, the physiological implication of the most abundant P/Qtype calcium channel (Starr et al., 1991; Usowicz et al., 1992;
Westenbroek et al., 1995) is of particular interest in the pre- and
postsynaptic elements of the cerebellar cortex. Presynaptically, P/Qtype currents account for a large fraction of the total calcium current in
granule cells (Randall & Tsien, 1995) and climbing ®bre (CF) varicosities (Regehr & Mintz, 1994), indicating a role in the presynaptic
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regulation of transmitter release at both parallel ®bre (PF)± and CF±
Purkinje cell (PC) synapses (Regehr & Mintz, 1994; Mintz et al., 1995;
Matsushita et al., 2002). Postsynaptically, P/Q-type channels comprise
about 90% of the calcium channels found in PCs (Mintz et al., 1992b;
Jun et al., 1999). This channel type has a role in the generation of
dendritic spikes (Tank et al., 1988) and in the ampli®cation
of excitatory postsynaptic potentials (EPSPs) in the distal dendrites
of PCs as proposed in a computer model (De Schutter & Bower, 1994).
Most of the information on the distribution of the a1A subunit of the
P/Q-type channels in the rat and mouse brains derived from in situ
hybridization, toxin binding and light microscopic immunocytochemical studies (Stea et al., 1994; Nakanishi et al., 1995; Tanaka et al.,
1995; Westenbroek et al., 1995; Ludwig et al., 1997; Craig et al.,
1998). In the present work, an af®nity-puri®ed subunit-speci®c antibody was used to investigate the spatial distribution of the a1A subunit
on the plasma membrane of cerebellar neurons using pre-embedding
electron microscopy in combination with the quanti®cation of immunogold density on reconstructed pro®les.

Materials and methods
Antibodies
A polyclonal antibody speci®c for the a1A subunit of P/Q-type calcium
channel was produced by Alomone Laboratories (Jerusalem, Israel).
Brie¯y, the antibody was raised in rabbits against a synthetic peptide
corresponding to an intracellular loop between domains II and III
(amino acid residues 865±881/CNA1/) of the a1A subunit (Mori et al.,
1991; Starr et al., 1991) and then af®nity puri®ed on immobilized
CNA1. To identify GABAergic neurons we used a monoclonal antibody to glutamic acid decarboxylase (GAD65, Chemicon, Temecula,
CA, USA).

Nacalai Tesque, Japan) and 2.5% normal goat serum (NGS, Vector
Laboratories, Burlingame, CA, USA), and then incubated overnight at
4 8C with the anti-a1A antibody (1.5 mg/mL). After several washes
with PBS, sections were incubated with a horseradish-peroxidase
(HRP)-conjugated antirabbit secondary antibody (1 : 200, Zymed,
CA, USA) and then with 3,30 -diaminobenzidine tetrahydrochloride
(DAB, 0.05%) (Dojindo, Kumamoto, Japan) and 0.03% hydrogen
peroxide for 15 min. Three rats (250±280 g) were anaesthetized deeply
with Narkodorm-n (180 mg/kg, i.p.) (Alvetra GmbH, Germany) and
perfused transcardially ®rst with 0.9% saline followed by a ®xative
containing 4% paraformaldehyde, 15% saturated picric acid, and
0.05% glutaraldehyde (Polysciences, Warrington, PA, USA) in
0.1 M phosphate buffer (PB, pH 7.3). Tissue blocks containing the
cerebellum were cryoprotected in 30% sucrose in 0.1 M PB overnight
at 4 8C. Blocks were freeze-thawed in liquid nitrogen and then sections
were cut on a vibratome at a thickness of 40 mm. The sections were
blocked with PBS containing 10% NGS and 0.1% Triton X-100. They
were then incubated with 0.8 mg/mL antibody for a1A in 25 mM PBS
containing 3% NGS and 0.1% Triton X-100 overnight at room
temperature. After washes in PBS, the sections were incubated with
biotinylated goat antirabbit IgG antibody (1 : 100, Vector Laboratories)
at room temperature for 2 h. The sections were then washed and
reacted with avidin±biotin±peroxidase complex (ABC kit, 1 : 100,
Vector Laboratories) at room temperature for 2 h. Subsequently, the
sections were incubated in 50 mM Tris-buffer (TB, pH 7.3) containing
0.025% DAB (Sigma, St. Louis, MO, USA) and 0.003% hydrogen
peroxide. Finally, the sections were air-dried and coverslipped.
Immunocytochemistry for electron microscopy

A total of 12 adult male Wistar rats (Charles River, Freiburg,
Germany), two P14 wild-type and two P14 a1A-de®cient mice were
used in the present study. Care and handling of the animals prior to and
during the experimental procedures followed European Union regulations and was approved by the Animal Care and Use Committees of the
authors' institutions.

Adult male rats (n  9), P14 wild-type and a1A-de®cient mice (n  2)
were perfused with the same solutions as described for light microscopy. After perfusion, the tissue blocks were washed in PB, then
sections were cut on a vibratome at a thickness of 50 mm, and
cryoprotected in a solution containing 25% sucrose and 10% glycerol
in 50 mM PB. The sections were freeze-thawed and incubated in a
blocking solution containing 20% NGS in 50 mM Tris-buffered saline
(TBS, pH 7.3) for 1 h, followed by incubation with the primary antibody (2.0 mg/mL) diluted in TBS containing 3% NGS overnight at
room temperature. After washing, the sections were incubated either
with the biotinylated goat antirabbit IgG secondary antibody (1 : 50)
for immunoperoxidase reaction, or with 1.4 nm gold-coupled goat
antirabbit secondary antibody (1 : 100, Nanogold, Nanoprobes, Stony
Brook, NY, USA) for immunogold reaction, and then reacted with the
ABC (1 : 100) and HQ Silver kit (Nanoprobes), respectively. After
treatment with OsO4, the sections were stained with uranyl acetate,
dehydrated and ¯at-embedded in epoxy resin (Durcupan ACM,
Fluka, Sigma-Aldrich, Gillingham, UK). Ultrathin sections were cut
(Reichert Ultracut S; Leica, Germany), and then analysed in a Philips
CM100 electron microscope. For double immunoelectron microscopy,
sections incubated in a mixture of anti-GAD65 (1 : 800) and anti-a1A
(2.0 mg/mL) antibodies were reacted ®rst with the immunogold
method for a1A up to the silver enhancement and then incubated with
the ABC followed by a peroxidase reaction for GAD65.

Immunocytochemistry for light microscopy

Controls

Wild-type and a1A-de®cient mice were deeply anaesthetized with
35 mg/kg body weight of sodium pentobarbital and brains were
immediately removed and frozen in dry ice. Parasagittal sections were
cut with a cryostat microtome at 10 mm thickness, ®xed for 30 min in
50 mM phosphate-buffered saline (PBS, pH 7.4) containing 4% paraformaldehyde, treated with PBS containing 0.1% Triton X-100,
blocked with PBS containing 2.5% bovine serum albumin (BSA,

To document the speci®city of the immunolabelling, two series of
experiments were performed: (i) staining of sections obtained from the
a1A-de®cient mice, and (ii) adsorption of the primary antibody with
the antigen peptide. No immunolabelling was detected on sections
derived from a1A-de®cient mice. After adsorption of the primary
antibody with the antigen peptide (2 mg/mL), the speci®c immunostaining pattern was completely abolished.

Immunoblot analysis
Immunoblot analysis was performed as described previously (Kulik
et al., 2002). The crude membrane preparations from postnatal day 12
(P12) wild-type, a1A-de®cient mice brain, and adult rat cerebellum
were separated by 5% SDS-PAGE and transferred to polyvinylidene
di¯uoride (PVDF, Bio-Rad, Hercules, CA, USA) membranes. Preparation of the a1A-de®cient mice will be described elsewhere (A.
Futatsugi et al., personal communication). The membranes were
blocked with Block-Ace (Dainippon Pharmaceutical, Japan) and then
reacted with the af®nity-puri®ed a1A antibody (0.2 mg/mL). An alkaline phosphatase-labelled secondary antibody (1 : 5000, Chemicon)
was used to visualize the reacted bands.
Animals
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Three-dimensional reconstruction
The three-dimensional (3D) reconstruction of rat PF varicosities, PFs,
and PC dendrites and spines immunoreactive for a1A was carried out
from serial ultrathin sections covering a length of approximately 1.5±
2.0 mm for each PF and varicosity and approximately 0.8±1.2 mm for
dendrites and spines. In each case the ®rst ultrathin section of the series
was obtained from the surface of the 50-mm-thick section. For
graphical presentations, reconstructions were carried out by using
three-dimensional reconstruction imaging (TRI) software (Ratoc,
Tokyo, Japan).
Quantification of a1A immunoreactivity
Three samples were taken from the molecular layer of the rat
cerebellum immunolabelled for a1A. Serial ultrathin sections were
cut from the surface (up to 2.5 mm depth) of the samples of PF
varicosities (n  10), PC dendritic shafts (n  3) and spines (n  24),
which were reconstructed as described above. For each synapse
made by the PF varicosity and PC spine, distances between immunoparticles and the closest edge of the synapse were measured along
the surface of the 3D reconstructed images by using TRI software.
Immunoparticles were allocated to 60-nm-wide bins along the surface of the reconstructed images starting at the edge of synaptic
specializations. Density of immunoparticles was calculated by
dividing the number of immunoparticles in each bin by the sampled
surface area. Data taken from the three samples were pooled
after con®rming that the distribution of particles in each sample
was not signi®cantly different from those in the other samples
(P > 0.05, Kolmogorov±Smirnov nonparametric test). Serial ultrathin sections of CF varicosities (n  15) were prepared, then the
area of synaptic specializations and the number of immunoparti-
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cles, localized to the presynaptic membrane specialization of
the varicosities, were determined. The density of immunogold
particles on the presynaptic active zone was calculated as described
above.

Results
Immunoblot analysis
The speci®city of the antibody, used in the present study, was veri®ed
with immunoblot analysis using membrane fractions from whole
brains of P12 wild-type and a1A-de®cient mice, as well as adult rat
cerebellum (Fig. 1A). In the wild-type mice brain and rat cerebellum,
we found a major immunoreactive product of about 180 kDa, which
disappeared after adsorption of the primary antibody with the antigen
peptide (1 mg/mL, data not shown). Furthermore, the immunoreactive
band was completely abolished in the a1A-de®cient mice, indicating
speci®city of the antibody to the a1A subunit.
Light microscopic distribution of immunoreactivity for the
a1A subunit
The use of a1A af®nity-puri®ed antibody revealed a speci®c pattern of
immunostaining in the adult rat (Fig. 1B and C) and P14 wild-type
mouse (Fig. 1D) cerebellum. The most intense immunoreactivity was
observed in the molecular layer, where PC dendrites receive excitatory
and inhibitory afferents. Cell bodies of PCs showed moderate labelling
for a1A (Fig. 1C and D), whereas the granule cell layer was weakly
immunolabelled. No immunostaining for a1A was observed in the
white matter. In P14 a1A-de®cient mice, the speci®c immunolabelling
pattern described above was completely abolished (Fig. 1E). In
addition, after adsorption of the primary antibody with the antigen

Fig. 1. Immunoblot analysis of whole brains of P12 wild-type, a1A-de®cient mice, and adult rat cerebellum, and the distribution of immunoreactivity for the a1A
subunit in the cerebellum. (A) Crude membrane preparations from whole brains (WB) of P12 wild-type (WT), a1A-de®cient mice (KO), and from adult rat cerebellum
(Rat Cb) were subjected to 5% SDS-PAGE and transferred on to polyvinylidene di¯uoride ®lters. The ®lters were reacted with an anti-a1A antibody. Immunoreactive
products (about 180 kDa) were found in the brain of wild-type mice and rat cerebellum but not in the brain of a1A-de®cient mice. Positions of molecular mass markers
(Amersham) in kDa are indicated on the left. (B±D) Strong immunoreactivity for a1A is detected in the molecular layer (m), whereas the immunolabelling was
moderate in the Purkinje cell layer (p) and weak in the granule cell layer (g). (E) No immunoreactivity for a1A was found in the cerebellum of the a1A-de®cient mice.
Scale bars, 500 mm (B) and 100 mm (C±E).
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Fig. 2. Electron micrographs showing immunoreactivity for the a1A subunit in the molecular layer of the cerebellum as detected by the pre-embedding
immunoperoxidase method. (A and B) Peroxidase reaction end-product for a1A could be observed in varicosities of parallel ®bres (Pf), in parallel ®bres (asterisks
in A) and in climbing ®bre (Cf) boutons. (B) Note that the reaction end-product was seen along the presynaptic membrane specialization of the CF varicosity. (C and
D) Postsynaptically, immunostaining was found in Purkinje cell spines (s) establishing asymmetrical synapses with parallel ®bre or climbing ®bre varicosities. Scale
bars, 0.2 mm.

peptide (2 mg/mL), no immunostaining was detected in sections of the
rat cerebellum (data not shown).
Subcellular localization of the a1A subunit
For electron microscopic investigation tissue blocks were taken from
all the three layers of the cerebellum ± molecular layer, PC layer and
granule cell layer ± but a detailed investigation of the localization of
the a1A subunit was carried out in the molecular layer where the
functional properties of the P/Q-type calcium channels have been
extensively studied. Similar speci®c immunolabelling was detected in
rat and juvenile (P14) wild-type mice, but not in a1A-de®cient mice.
Pre-embedding immunoperoxidase labelling revealed that the vast
majority of PF varicosities were immunoreactive for the a1A protein
(Fig. 2A). Weak immunostaining was also seen in PFs (Fig. 2A) and in
varicosities of CFs (Fig. 2B). The PF and CF varicosities were distinguished on the basis of their main morphological features: the PF
varicosities contain round loosely aggregated synaptic vesicles and
establish mostly single synapses with spines of distal dendrites of PCs,
whereas CF varicosities are characterized by the dense packing of
spherical vesicles and make several or more synapses with dendritic
spines of proximal dendrites (Palay & Chan-Palay, 1974). Postsynaptically, virtually all PC spines were immunoreactive for the a1A
protein. Peroxidase reaction end-product for the channel subunit
accumulated in dendritic spines postsynaptic to PF (Fig. 2C) and
CF (Fig. 2D) varicosities. The dendritic shafts of PCs were also
immunolabelled, but the density of the reaction product was consistently lower than that observed within the spines (data not shown).
Using pre-embedding immunogold labelling, the highest density of
immunoparticles for a1A was found along the presynaptic membrane
specialization of PF varicosities making asymmetrical synapses with
dendritic spines of PC (Fig. 3A) and dendritic shafts (Fig. 3B) of

presumed interneurons. A lower density of labelling was also detected
on the extrasynaptic membrane of the varicosities (Fig. 3A and B) and
in the preterminal portions of presumed PFs (Fig. 3C). The labelling in
CF varicosities was also found along the presynaptic membrane
specializations (Fig. 4). It was, however, consistently weaker in comparison with the immunoreactivity detected in PF varicosities. In
postsynaptic elements, a high density of immunoparticles for a1A
was observed on the extrasynaptic plasma membrane of PC dendritic
spines (Figs 3A and 5). Immunoparticles also appeared in perisynaptic
position at the edge of asymmetrical synapses established by PF
(Fig. 5A) and CF varicosities (data not shown) on dendritic spines
of PCs. To test whether the a1A subunit is localized over the postsynaptic specialization, we used the postembedding immunogold
method, in which the antibodies have direct access to molecules
present at the surface of the sections (Lujan et al., 1996). The antibody
for the a1A protein, however, failed to provide suf®ciently strong
immunolabelling under these experimental conditions. The labelling
on dendritic shafts of PCs was sparse, and immunoparticles for a1A
localized to the extrasynaptic plasma membrane (Fig. 5B).
Immunoelectron microscopy further revealed that the immunostaining for a1A in somata of PCs was due to the abundance of the protein in
the endoplasmic reticulum. In the granule cell layer weak immunoreactivity for the subunit was found over the presynaptic membrane
specialization of presumed mossy ®bre axon terminals (data not
shown). There was no immunostaining for the a1A subunit in glial
cells.
Quantification of a1A immunoreactivity on pre- and
postsynaptic membranes
The results obtained by pre-embedding methods demonstrated stronger immunoreactivity for the a1A subunit of the P/Q-type calcium
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Fig. 3. Electron micrographs showing immunoreactivity for the a1A subunit in parallel ®bres as detected by the pre-embedding immunogold method. (A and B)
Immunoparticles for a1A were mainly localized to the presynaptic membrane specialization of parallel ®bre varicosities (Pf) making asymmetrical synapses with
either dendritic spines of Purkinje cells (s) or with dendritic shafts of presumed interneurons (Den). Occasionally, immunolabelling was detected on the extrasynaptic
plasma membrane of parallel ®bre varicosities (double arrows). (C) Immunoparticles for the a1A subunit were also found in the preterminal portions of presumed
parallel ®bres (asterisks). Scale bars, 0.2 mm.

channel in varicosities than in axonal portions of PFs, and also over the
presynaptic membrane specialization of PF varicosities than over that
of CF varicosities. Furthermore, in postsynaptic elements the immunolabelling for the channel subunit was consistently stronger in
dendritic spines than in dendritic shafts of PCs. In order to examine
quantitatively the 3D distribution of the a1A subunits relative to the
PF±PC synapses and to compare the density of immunoparticles in PF
and CF varicosities, PF varicosities (Fig. 6A), PFs (Fig. 6B), PC
dendrites (Fig. 6C) and CF varicosities were reconstructed from serial
ultrathin sections immunolabelled for a1A. Overall, PFs, PC dendritic

shafts and CF varicosities showed a low density of immunoparticles for
a1A [3.78  1.39 particles/mm2 in PFs (n  7), 4.18  2.01 particles/
mm2 in proximal (n  15) and 6.65  3.52 particles/mm2 in distal
(n  29) PC dendrites, and 32 particles/mm2 in CF varicosities
(n  15)], whereas PF varicosities (Fig. 6A) and PC dendritic spines
(Fig. 6C) had much higher densities of immunoparticles, especially
around the asymmetrical PF±PC synapses. A quantitative estimation of
immunogold particles (n  287) for a1A in 60-nm-wide membrane
segments of the reconstructed PF varicosities (n  10) revealed a clear
peak (217 particles/mm2) of a1A density within the presynaptic active
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Fig. 4. Consecutive electron micrographs showing immunoreactivity for the a1A subunit in a climbing ®bre varicosity as assessed by the pre-embedding immunogold
method. (A and B) Immunoparticles were localized to the presynaptic membrane specialization of the varicosity (Cf) establishing asymmetrical synaptic contacts
with Purkinje cell dendritic spines (s1 3). Note that spines were also immunolabelled (arrows). Scale bar, 0.2 mm.

zone with a steep decline of particle density outside the synapses
(Fig. 6D). In dendritic spines of PCs (n  24), immunoparticles
(n  237) for a1A were concentrated (61±66 particles/mm2) between
0 nm and 180 nm from the edge of asymmetrical synapses on the spines
with a gradual decrease further away from synapses (Fig. 6E). These
data indicate a close association of the P/Q-type calcium channels in
both pre- and postsynaptic structures with neuronal elements serving
glutamatergic transmission between PFs and PCs.
Localization of the a1A subunit in GABAergic cells
It has recently been demonstrated that P/Q-type calcium channels
have a role in mediating action potential-evoked inhibitory g-aminobutyric acid (GABA) release on to mouse PCs (Stephens et al.,
2001). Furthermore, this channel type is considered to be responsible
for a large fraction of the calcium rise in axons of GABAergic
neurons during development (Forti et al., 2000). To investigate the
localization of the a1A subunit in axons of GABAergic neurons,
double immunolabelling was performed to co-visualize a1A
and GAD65, the GABA-synthesizing enzyme. These experiments
revealed a weak immunogold labelling for a1A in GAD-immunoreactive (GAD-IR) terminals: immunoparticles were found over the
presynaptic membrane specialization of boutons and also localized
to their extrasynaptic plasma membrane (Fig. 7A). No labelling was,
however, detected in the preterminal portions of GAD-IR axons. To
establish the ratio of the synaptic and extrasynaptic proteins, the
location of immunogold particles for a1A was investigated in serial
ultrathin sections of axon terminals establishing symmetrical
synaptic contact with dendritic shafts (Fig. 7Ba and Bb). These
experiments revealed that approximately two-thirds of the immunoparticles (61%, n  20) were found in the active zones of the
terminals and one-third (39%, n  13) were localized to the extrasynaptic plasma membrane.

Discussion
Fig. 5. Subcellular localization of the a1A protein in dendritic spines and shafts of
Purkinje cells as revealed by the pre-embedding immunogold method. (A and B)
Immunoparticles were mainly present on the extrasynaptic plasma membrane
(arrows) of Purkinje cell dendritic spine (s). Ocassionally, they also appeared at the
edge of asymmetrical synapse (arrowhead in A) established by a parallel ®bre
varicosity (Pf) with the spine. Note that the presynaptic parallel ®bre varicosity was
also immunolabelled for a1A over the presynaptic membrane specialization. (B)
Immunoreactivity for a1A was weak on the extrasynaptic membrane (arrows) of
Purkinje cell dendritic shafts (Den). Scale bars, 0.2 mm.

This study provides a detailed description of the precise subcellular
localization of the a1A subunit of the P/Q-type calcium channel in the
rat cerebellum. We found a high density of the protein in the presynaptic active zone of PF varicosities and in the extrasynaptic
membrane of PC dendritic spines. In contrast to the association of
a1A with the glutamatergic PF±PC synapses, immunoreactivity for this
subunit was weak in CF varicosities, in dendritic shafts of PCs and
in axon terminals of GABAergic neurons. The association of the
P/Q-type channel with glutamatergic synapses at both pre- and
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Fig. 6. Distribution of the a1A subunit in parallel ®bres and Purkinje cells as shown by three-dimensional (3D) reconstruction and determined by quanti®cation of
immunogold density. (A±C) Three-dimensional reconstruction of a parallel ®bre varicosity (A), preterminal portion of a parallel ®bre (B), and a Purkinje cell dendritic
shaft with a spine (C) was carried out from serial ultrathin sections (n  22 in A, n  19 in B, n  14 in C), obtained from pre-embedding material, showing the
localization of immunogold particles for a1A (white dots) in relation to the asymmetrical synaptic junctions (yellow area) and the distribution of the a1A subunit along
the axonal membrane (B). (A) In the parallel ®bre varicosity, immunoparticles for a1A were concentrated within the asymmetrical synaptic junction. (B) In the parallel
®bre, immunogold particles for a1A were distributed sparsely along the plasma membrane. (C) In the Purkinje cell dendrite, most of the immunogold particles for the
a1A were located in the spine particularly around the asymmetrical synapses (yellow area) with parallel ®bre inputs. (D) Graph showing the distribution of
immunoparticles (n  278) for the a1A in parallel ®bre varicosities (n  10) relative to asymmetrical, glutamatergic synapses established with Purkinje cell dendritic
spines. Distances between immunoparticles and the closest edge of synapses were measured along the 3D reconstructed images. Immunoparticles collected from
varicosities were allocated to 60-nm-wide bins along the surface of the reconstructed images starting at the edge of asymmetrical synapses. The number of particles in
each bin was divided by the sampled area to calculate the density of immunoparticles. The result demonstrates a clear peak over the presynaptic membrane
specialization (open column). (E) Graph showing the distribution of immunoparticles (n  237) for the a1A subunit in Purkinje cell dendritic spines (n  24) relative to
asymmetrical synapses established with parallel ®bres. The measurement and the calculation of the density of immunoparticles followed the method described above
for parallel ®bres. This measurement demonstrates a peak of a1A labelling density between 0 nm and 180 nm from the edge of asymmetrical synapses on spines. Scale
bars, 0.3 mm.
ß 2004 Federation of European Neuroscience Societies, European Journal of Neuroscience, 19, 2169±2178
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Fig. 7. Electron micrographs showing immunoreactivity for the a1A subunit in
axon terminals of GABAergic cells as revealed by the pre-embedding immunogold method. (A) Immunogold particles for a1A were found on the presynaptic membrane specialization (arrowheads) and also at the extrasynaptic
plasma membrane (arrows) of a glutamic acid decarboxylase-immunoreactive
(peroxidase reaction end-product) axon terminal (T). (Ba and Bb) Consecutive
electron micrographs showing immunoreactivity for a1A in an axon terminal (T)
making symmetrical synapse with a dendritic shaft (Den). Approximately twothirds of the immunoparticles in such terminals with symmetrical synapses were
located on the active zone and the rest in the extrasynaptic plasma membrane of
these terminals. Scale bar, 0.2 mm.

postsynaptic sites suggests their involvement in diversi®ed regulation
of the excitatory neurotransmission between PFs and PCs.
Cellular distribution of the a1A subunit
The immunohistochemical distribution pattern of the a1A subunit in
the cerebellum, detected at the light microscopic level, appears to be
consistent with the distribution of binding sites for v-Aga-IVA, a
speci®c potent blocker of the P/Q-type channel, in the cerebellar cortex
(Nakanishi et al., 1995). The strong immunolabelling, observed in the
molecular layer, is mainly ascribable to the abundance of a1A in PF
varicosities and in PC dendritic spines. In addition, weak immunostaining was also detected in CF varicosities, in terminals of GABAergic cells and in dendritic shafts of PCs. These ®ndings are in agreement
with in situ hybridization studies reporting a high expression of a1A
mRNA in granule cells and PCs, and a much lower expression level of
the protein in neurons of the inferior olive and in cells of the cerebellar
molecular layer (Stea et al., 1994; Tanaka et al., 1995; Ludwig et al.,
1997; Craig et al., 1998).
Presynaptic a1A subunits are on excitatory and inhibitory
terminals
The PFs evoke a small calcium transient in PCs, whereas CFs exert a
powerful in¯uence on the ®ring of PCs (Konnerth et al., 1992). The
PF±PC synapses are characterized by a low release probability,
whereas CF±PC synapses have a high release probability (Silver
et al., 1998). The neurotransmitter release is steeply dependent upon

calcium in¯ux (Mintz et al., 1995) through calcium channels (Regehr
& Mintz, 1994; Mintz et al., 1995; Randall & Tsien, 1995). In this
study the a1A subunits were found on the presynaptic membrane
specialization of both PF and CF varicosities. This ®nding agrees
well with the effect of v-Aga-IVA, which decreased the presynaptic
calcium entry by 50% in PFs (Mintz et al., 1995) and reduced synaptic
strength by 77% at CF±PC synapses (Regehr & Mintz, 1994). Direct
binding of a1A with a synaptic vesicle protein, synaptotagmin I
(Charvin et al., 1997) and with synaptic plasma membrane SNARE
proteins (Zhong et al., 1999) further supports the role of the P/Q-type
channels in transmitter release. Evidence suggests that multiple types
of calcium channels contribute to neurotransmitter release at a single
release site (Borst & Sakmann, 1996; Wu & Saggau, 1997). Among
these channels, P/Q-type was demonstrated to be more ef®cient in
triggering neurotransmitter release than other calcium channels at
hippocampal synapses (Luebke et al., 1993; Takahashi & Momiyama,
1993; Castillo et al., 1994; Wheeler et al., 1994) and cerebellar
synapses (Takahashi & Momiyama, 1993; Regehr & Mintz, 1994;
Mintz et al., 1995). This may be partly due to the closer association of
a1A to the site of vesicle fusion, as found in the present study, than
other subunits (Wu et al., 1999).
Despite a major role of P/Q-type channels in neurotransmitter
release in both PFs and CFs (Doroshenko et al., 1997), a lower density
of immunoreactivity for a1A was found in CF varicosities (32 particles/
mm2) than in PF varicosities (217 particles/mm2) in the present study.
However, mRNAs for distinct sets of a1 subunits were found in
cerebellar granule cells and in neurons of the inferior olive (Tanaka
et al., 1995; Ludwig et al., 1997) and the extent of contribution of a1A
to the regulation of glutamate release from PF and CF varicosities may
depend on the relative abundance of a1A in the whole population of a1
subunits involved in the release. In addition, we should consider the
existence of electrophysiologically distinct P/Q-type channels in
varicosities based on a distinct subunit composition, i.e. different b
subunits (Castellano & Perez-Reyes, 1992) may be associated with the
pore-forming a1A subunit. Previous studies demonstrated that different
b subunits can differentially modulate the kinetic properties of the
calcium current generated by the a1A subunit (Stea et al., 1994; De
Waard & Campbell, 1995). Although decisive immunohistochemical
study is not available on the subunit composition of functional P/Qtype channels, in situ hybridization studies revealed different expression patterns of different b subunit splice variants in the cerebellar
granule cells and in the inferior olive (Tanaka et al., 1995; Ludwig
et al., 1997). This raises the possibility that P/Q-type channels located
to PF varicosities are different in their subunit composition and
kinetics from those localized to CF varicosities.
Some studies proposed that inhibitory interneurons of the molecular
layer do not posses the a1A subunit (Tanaka et al., 1995; Doroshenko
et al., 1997). By contrast, others revealed the expression of a1A in cells
of the molecular layer (Ludwig et al., 1997; Craig et al., 1998),
reporting that P/Q-type channels have a role in mediating action
potential-evoked inhibitory GABA release on to mouse PCs (Stephens
et al., 2001), and showing hot spots of P/Q-type channels along axons
of immature basket and stellate cells, which may be responsible for a
large fraction of the axonal calcium rise (Forti et al., 2000). Our
immunocytochemical data, showing the location of a1A in the active
zone and at the extrasynaptic plasma membrane of GABAergic
terminals, are in line with the results of these latter studies. The
labelling for this subunit, however, was weak and restricted to axon
terminals, seemingly different from the distribution pattern proposed
in calcium imaging study (Forti et al., 2000). This discrepancy
may re¯ect a decrease in P/Q-type channel density during axonal
maturation as it has been observed for the a1A transcripts in cerebellar

ß 2004 Federation of European Neuroscience Societies, European Journal of Neuroscience, 19, 2169±2178

Pre- and postsynaptic calcium channels
cultures (Falk et al., 1999) and/or subcellular redistribution of the
channels during neuronal development.
Dendritic localization of the a1A subunit in Purkinje cells
Virtually all PCs were found to be immunoreactive for a1A. This
favours the ®nding of Mintz et al. (1992a), who showed that bath
application of v-Aga-IVA almost completely abolished the high
threshold currents in all PCs. The dendritic localization of the a1A
protein is in agreement with observations of electrophysiological
studies demonstrating that the depolarization-induced generation of
dendritic calcium transients, evoked by the activation of PFs and CFs,
is partially due to the calcium in¯ux through voltage-activated calcium
channels (Tank et al., 1988; Konnerth et al., 1992; Denk et al., 1995;
Eilers et al., 1995, 1996; Wang et al., 2000), probably via the most
abundant P-type channels (Mintz et al., 1992a). In the present study,
the majority of the a1A subunits were localized to spines with the
highest density at sites of the extrasynaptic membrane between 0 nm
and 180 nm away from the synaptic membrane specialization of
putative glutamatergic synapses. Using similar quantitative immunocytochemical techniques, two subtypes of G-protein-coupled metabotropic receptors, GABAB1 and mGluR1a, have recently been shown at
extrasynaptic sites of PC spines, peaking at 180±240 nm (GABAB1)
and concentrated within 60 nm (mGluR1a) from the edge of the PF±PC
synapses (LujaÂn et al., 1997; Kulik et al., 2002). The location of a1A
near membrane areas to which GABAB1 and mGluR1a are localized is
in accordance with ®ndings proposing a role of metabotropic receptors
in the regulation of P/Q-type channels in controlling dendritic calcium
transients in PCs. Thus, whole-cell patch recording showed that P-type
channels are inhibited by GABAB receptors through a G-proteinmediated mechanism (Mintz & Bean, 1993), suggesting their involvement in the hyperpolarization of PCs. Regarding the close apposition
of a1A and mGluR1a, it has recently been demonstrated that the two
proteins form a heteromeric complex through direct protein±protein
interaction between their intracellular domains (Kitano et al., 2003).
Expression and pre-activation of mGluR1 alone inhibits the a1A
subunit-mediated increase of intracellular calcium concentration in
the absence of mGluR1 activation, whereas simultaneous stimulation
of the glutamate receptor and the ion channel induces a large increase
in calcium concentration (Kitano et al., 2003). Such synergistic effects
of a1A and mGluR1 activation on intracellular calcium concentration
would be advantageous for the induction of LTD in PF±PC synapses.
Furthermore, it was recently reported that, in addition to mGluR1mediated inositol-1,4,5-triphosphate (IP3) production, the depolarization, mediated by AMPA receptor activation, and the resultant calcium
in¯ux via calcium channels ± preferentially through P-type channels ±
induces IP3 production in PCs (Okubo et al., 2001). The activation of
IP3 receptors (IP3Rs) results in calcium release from internal stores of
PC spines generating a supralinear calcium signal (Okubo et al., 2001).
Thus, P-type channels in spines have a strategic position to activate
IP3Rs in a synergistic manner with mGluR1.
In conclusion, the present study demonstrates the apparent association of the a1A subunit of the P/Q-type calcium channel with the
glutamatergic synapses, suggesting that these channels play a role in
the regulation of excitatory neurotransmission and contribute to the
generation of postsynaptic calcium transport. Consequently, P/Q-type
channels are likely to be involved in the induction of cerebellar LTD
that underlies the cerebellar motor learning.
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