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In the adult cerebellum, each Purkinje cell (PC) is innervated by a single climbing fiber (CF) in proximal dendrites and 10 5-10 6 parallel
fibers (PFs) in distal dendrites. This organized wiring is established postnatally through heterosynaptic competition between PFs and CFs
and homosynaptic competition among multiple CFs. Using PC-specific Cav2.1 knock-out mice (PC-Cav2.1 KO mice), we have demon-
strated recently that postsynaptic Cav2.1 plays a key role in the homosynaptic competition by promoting functional strengthening and
dendritic translocation of single “winner” CFs. Here, we report that Cav2.1 in PCs, but not in granule cells, is also essential for the
heterosynaptic competition. In PC-Cav2.1 KO mice, the extent of CF territory was limited to the soma and basal dendrites, whereas PF
territory was expanded reciprocally. Consequently, the proximal somatodendritic domain of PCs displayed hyperspiny transformation
and fell into chaotic innervation by multiple CFs and numerous PFs. PC-Cav2.1 KO mice also displayed patterned degeneration of PCs,
which occurred preferentially in aldolase C/zebrin II-negative cerebellar compartments. Furthermore, the mutually complementary
expression of phospholipase C�3 (PLC�3) and PLC�4 was altered such that their normally sharp boundary was blurred in the PCs of
PC-Cav2.1 KO mice. This blurring was caused by an impaired posttranscriptional downregulation of PLC�3 in PLC�4-dominant PCs
during the early postnatal period. A similar alteration was noted in the banded expression of the glutamate transporter EAAT4 in
PC-Cav2.1 KO mice. Therefore, Cav2.1 in PCs is essential for competitive synaptic wiring, cell survival, and the establishment of precise
boundaries and reciprocity of biochemical compartments in PCs.

Introduction
Cerebellar Purkinje cells (PCs) receive two excitatory afferents at
distinct dendritic domains (Palay and Chan-Palay, 1974). In
adulthood, single climbing fibers (CFs), which are projection fi-
bers from the inferior olive, innervate the proximal dendrites of
individual PCs, whereas distal dendrites or spiny branchlets are
innervated by 10 5-10 6 parallel fibers (PFs) of cerebellar granule
cells (GCs). This well-organized excitatory wiring is established
through heterosynaptic competition between PFs and CFs and

homosynaptic competition among multiple CFs in early postna-
tal development (Watanabe and Kano, 2011). In the first week of
a rodent’s life, multiple CFs innervate PC somata and form a
dense plexus called the pericellular nest (Ramón y Cajal, 1911;
Larramendi, 1969; Altman, 1972; Chedotal and Sotelo, 1992,
1993; Morara et al., 2001). Thereafter, single “winner” CFs trans-
locate to PC dendrites, and the remaining perisomatic synapses
formed by “winner” and “loser” CFs are subsequently eliminated,
leading to the establishment of mono-innervation (Hashimoto et
al., 2009). PF synaptogenesis and activity play an essential role in
this refinement process (Woodward et al., 1974; Crepel et al.,
1981; Mariani, 1982; Bravin et al., 1995; Sugihara et al., 2000).

This competitive excitatory wiring is regulated by various
molecules expressed in presynaptic and postsynaptic elements of
PC synapses, such as the metabotropic glutamate receptor
mGluR1, P/Q-type Ca 2� channel, glutamate receptor GluR�2
(GluD2), and precerebellin (or Cbln1) (Kano et al., 1995, 1997,
1998; Kashiwabuchi et al., 1995; Offermanns et al., 1997; Sugi-
hara et al., 1999; Ichikawa et al., 2002; Miyazaki et al., 2004; Hirai
et al., 2005). Of these, the P/Q-type Ca 2� channel is the major
postsynaptic Ca 2� channel in PCs and mediates Ca 2� influx dur-
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ing strong depolarization elicited by CFs (Kano et al., 1992; Kon-
nerth et al., 1992; Regehr and Mintz, 1994). In mice, global gene
knock-out (KO) of the pore-forming subunit Cav2.1 (�1A) of
P/Q-type Ca 2� channels causes regressed CF territory down to
the soma and basal region of proximal dendrites and severe per-
sistence of multiple CF innervation (Miyazaki et al., 2004). Fur-
thermore, the loss of Cav2.1 function has profound effects on the
pattern and territory of PF innervation and survival of PCs (Her-
rup and Wilczynski, 1982; Heckroth and Abbott, 1994; Rhyu et
al., 1999a,b; Miyazaki et al., 2004; Sawada et al., 2009). Because
the P/Q-type Ca 2� channel is also the major presynaptic Ca 2�

channel involved in transmitter release (Mintz et al., 1992; Stea et
al., 1994; Westenbroek et al., 1995), it is important to determine
the synaptic and cellular locations in which P/Q-type Ca 2� chan-
nels perform these functions.

To answer this question, we have recently created a mouse
model in which Cav2.1 is deleted in PCs (PC-Cav2.1 KO mice).
Using this model, we demonstrated that postsynaptic Cav2.1
plays an essential role in homosynaptic competition, because
functional strengthening and dendritic translocation of single
winner CFs are severely impaired in PC-Cav2.1 KO mice
(Hashimoto et al., 2011). In the present study, we report that
Cav2.1 in PCs regulates heterosynaptic competition, cell survival,
and the formation of precise boundaries and reciprocity of bio-
chemical cerebellar compartments in PCs.

Materials and Methods
Animals. All animal experiments were performed according to the guide-
lines for the care and use of laboratory animals of the Hokkaido Univer-
sity School of Medicine. PC-Cav2.1 KO mice, in which Cav2.1 is deleted
in PCs as early as postnatal day 2 (P2), were produced as described
previously (Hashimoto et al., 2011). Briefly, Cav2.1-floxed mice
(Cav2.1lox/lox) were crossed with D2CreN mice (GluD2Cre/�) to yield
Cav2.1lox/lox; GluD2�/� (control) mice and Cav2.1lox/lox; GluD2Cre/�

(PC-Cav2.1 KO) mice. For production of global Cav2.1 KO mice, Cav2.1-
floxed mice were crossed with TLCN-Cre mice (Nakamura et al., 2001;
Fuse et al., 2004) to yield heterozygous KO mice. Heterozygous mice
were further interbred to generate homozygous KO mice and to elimi-
nate the introduced Cre gene from the line. In the present study, we
produced GC-specific Cav2.1 KO mice (GC-Cav2.1 KO mice) by cross-
ing Cav2.1-floxed mice with E3CreN mice (GluN2CiCre/�), in which the
Cre gene was expressed in cerebellar GCs under the control of the
GluN2C (GluR�3 or NR2C) promoter, as described below.

A C57BL/6 BAC genomic clone RP23–117K15, which contains the
GluN2C gene (Grin2c), was purchased from the BACPAC Resources Center.
The Quick and Easy BAC Modification Kit (Gene Bridges) was used for
vector construction. We designed a gene-targeting vector in which the
codon-improved Cre recombinase (iCre) gene was placed just behind the
translation initiation site of the GluN2C gene in frame. Fragments of the iCre
coding sequence and SV40 poly(A) were amplified by PCR from pBlue–iCre
and pIRES–EGFP (Clontech), respectively, and ligated into pDTMC/
FRTpgkgb2Neo (modified from pgkgb2Neo; Gene Bridges) containing a
pgk/gb2–Neo cassette flanked by two frt sequences. This construct was used
as the PCR template for the amplification of the fragment composed of the
iCre–Neo cassette. By using two primers, Grin2cMet-iCre/sense (5�-TACC
TCTCTCTGTGCCTGCTCTGATTTCTCTGCAGGACCCTCCAGTGGA
CATGGTGCCCAAGAAGAAGAG-3�) and FRT3�/antisense (5�-GGTTGG
TATTGTTGACCCCGATGGTGAGTGGCTGGATCTCCAGAGGCAAG
GATATCGACTCACTATAGGGCTCGAG-3�), the cassette attached by 5�
and 3� homology arms was amplified by PCR and then recombined into the
translation initiation site of the GluN2C gene in RP23–117K15. The �21.5
kb fragment containing the exon 1–11 of the GluN2C gene and the iCre–Neo
cassette was subcloned into pDT–MC#3 vector (modified from pPauDT3;
Yanagawa et al., 1999), including an MC1-promoter-driven diphtheria toxin
gene. The resulting construct contained the translation initiation site of the
GluN2C gene inserted by the iCre–Neo cassette, 8.1 kb upstream and 10.4 kb

downstream genomic sequences, and 4.4 kb pDT–MC#3. To establish the
E3CreN mouse line, we introduced the linearized targeting vector into the
C57BL/6N-derived ES line RENKA and then selected recombinant clones
under the medium containing 175 �g/ml G418. Culture of ES cells was
performed as described previously (Mishina and Sakimura, 2007). The tar-
geted clones were confirmed by Southern blot analysis using the SpeI-,
EcoRI-, and EcoRV-digested genomic DNA hybridized with 5�, 3�, and iCre
probes, respectively (see Fig. 5B). A 362 bp fragment of the genomic se-
quence was generated by PCR with the primers 5�-GTCTAGAGGTGAGT
CTCGTG-3� and 5�-GGCCTGTCTCAAAGCTGTG-3� and used as the 5�
probe for Southern blot analysis. A 305 bp fragment was generated by PCR
with the primers 5�-CCCTGGCTCATTGGAACTTG-3� and 5�-TTTTCA
CTGGGGTCTCATGG-3� and used as the 3� probe. A fragment of iCre
coding sequence was obtained from pBlue–iCre and used as the iCre probe.
Generation of chimeric mice was performed as described previously
(Mishina and Sakimura, 2007). Briefly, targeted clones were microinjected
into eight-cell-stage embryos of a CD-1 mouse strain. The resulting chimeric
embryos were developed to the blastocyst stage by incubation for �24 h and
then transferred to a pseudopregnant CD-1 mouse uterus. Germ-line chi-
meras were crossed with C57BL/6N female mice, and the heterozygous off-
spring were used as the E3CreN line. The heterozygous (GluN2CiCre/�) and
homozygous (GluN2CiCre/iCre) mutant mice were viable, grew normally, and
were fertile, as reported previously (Abe et al., 2004).

�-Galactosidase assay. To examine Cre recombinase activity in the
brain of E3CreN mice, we crossed the E3CreN line with the Cre-
inducible lacZ reporter mouse line (CAG-CAT-Z11) (Araki et al., 1995).
The offspring carrying both the iCre and CAG-CAT-Z11 genes
(GluN2CiCre/�; CAG-CAT-Z11/�) were used as Cre activity reporter
mice, and �-galactosidase expression was examined by X-gal staining as
reported previously (Tsujita et al., 1999).

Sections. In each morphological analysis, we analyzed three control
mice and three mutant mice. Under deep pentobarbital anesthesia (100
mg/kg body weight, i.p.), mice were fixed transcardially with 4% para-
formaldehyde (PFA) in 0.1 M sodium phosphate buffer (PB), pH 7.2, for
light microscopy or 4% PFA/0.1% glutaraldehyde (GLA) in PB for im-
munoelectron microscopy, and microslicer cerebellar sections (50 �m in
thickness) were prepared (VT1000S; Leica) for histological, histochemi-
cal, and neuronal tracer analyses. Some sections were counterstained by
0.5 �M propidium iodide for 10 min. For electron microscopy, mice were
fixed with 2% PFA/2% GLA in 0.1 M cacodylate buffer, pH 7.2, and
microsliced sections (400 �m in thickness) were prepared. Sections were
treated with 1% osmium tetroxide for 15 min, dehydrated, and embed-
ded in Epon812.

Antibodies. We used affinity-purified primary antibodies raised
against the following molecules (host species): mouse calbindin (goat;
Nakagawa et al., 1998); rat vesicular glutamate transporters VGluT1 and
VGluT2 (guinea pig; Miyazaki et al., 2003); mouse phospholipase C�3
(PLC�3) (guinea pig; Nomura et al., 2007); mouse PLC�4 (rabbit; Na-
kamura et al., 2004); and mouse plasmalemmal glutamate transporter
EAAT4 (rabbit; Yamada et al., 1996). In the present study, we produced
antibodies against 87–105 and 314 –363 amino acid residues of mouse
aldolase C (NCBI Reference Sequence NM_009657) in the rabbit and
guinea pig and 361– 400 amino acid residues of mouse Cav2.1 (GenBank
accession number U76716) in the guinea pig. Procedures for making
these affinity-purified antibodies have been reported previously (Fukaya
et al., 2006). The specificity of the aldolase C antibody was confirmed by
identical immunostaining patterns in the mouse brain with use of the
two non-overlapping antibodies (data not shown). The lack of cross-
reactivity to aldolases A and B was confirmed by immunoblot detection
of a single protein band at 40 kDa in HEK293 lysates transfected with the
pTracer–CMV2 mammalian expression plasmid vector (Invitrogen) en-
coding aldolase C but not aldolase A or B (data not shown). The speci-
ficity of Cav2.1 antibody was confirmed by blank immunohistochemistry
in global Cav2.1 KO mice and by selective loss of immunohistochemical
signals in PF terminals in GC-Cav2.1 KO mice (see Fig. 5E–N ).

Immunohistochemistry. Immunohistochemical incubations were done
at room temperature using PBS, pH 7.2, containing 0.1% Triton X-100
(TPBS) for diluent and washing buffers. For immunofluorescence, most
sections were successively incubated in a free-floating state with 10%
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normal donkey serum for 30 min, a mixture of primary antibodies over-
night (1 �g/ml), and a mixture of Alexa Fluor-488-, indocarbocyanine
(Cy3)-, and indodicarbocyanine (Cy5)-labeled species-specific second-
ary antibodies (1:200; Invitrogen; Jackson ImmunoResearch) for 2 h or
with 10 �M propidium iodide for 10 min (Invitrogen). For Cav2.1, we
used fresh frozen sections mounted on silane-coated slide glasses, which
were fixed with 4% PFA for 10 min and then subjected to immunofluo-
rescence incubation as above. Images were taken with a laser scanning
microscope (FV1000; Olympus) equipped with a helium–neon/argon
laser and a PlanApo (10�/0.40) and a PlanApoN (60�/1.42, oil immer-
sion) objective lens (Olympus). To avoid crosstalk between multiple
fluorophores, Alexa Fluor-488 (or FITC), Cy3, and Cy5 fluorescent sig-
nals were acquired sequentially using the 488, 543, and 633 nm excitation
laser lines. Single optical sections were obtained (640 � 640 pixels; pixel
size, 110 nm).

To examine the change in parasagittal cerebellar compartments, we
performed immunofluorescence for PLC�3, PLC�4, EAAT4, and aldo-
lase C using horizontal cerebellar sections. Using MetaMorph software
(Molecular Devices), the intensity of immunofluorescent signals was
measured to obtain the gray density in the molecular layer of immuno-
positive (or strong) and immunonegative (or weak) compartments, from
which we calculated the relative intensity gap between adjacent P1 � and
P1 �, P2 � and P2 �, P3 � and P3 � regions, respectively (percentage; see

Figs. 11 I, J, 13F ). We also measured the width of cerebellar compart-
ments P1 �, P1 �, P2 �, P2 �, and P3 � in lobules 3– 6 (see Figs. 10 E, 13E).

Immunoelectron microscopy. For preembedding immunogold electron
microscopy, microslicer sections were incubated with 0.1% sodium
borohydride in TPBS for 10 min. After incubation with blocking solution
(Aurion) for 30 min, sections were incubated overnight with the primary
antibody diluted with PBS containing 1% bovine serum albumin and
0.004% saponin and incubated with 1.4 nm gold-conjugated secondary
antibody (1:200; Nanogold; Nanoprobes) for 3 h. After intensive washing
in 0.004% saponin/PBS, sections were treated with 2% GLA in PB for 60
min and incubated with silver enhancement solution (SE-EM; Aurion)
for 90 min. Sections were treated with 1% osmium tetroxide for 15 min,
dehydrated, and embedded in Epon812.

Anterograde tracer labeling. Under anesthesia with chloral hydrate (350
mg/kg body weight, i.p.), a glass pipette (G-1.2; Narishige) filled with 2–3
�l of 10% solution of dextran Alexa Fluor-594 (DA-594; Invitrogen) in
PBS was inserted stereotaxically into the inferior olive by the dorsal ap-
proach, as described previously (Miyazaki and Watanabe, 2011). Tracers
were injected by air pressure (Pneumatic Picopump; World Precision
Instruments). After 4 d, mice were anesthetized and fixed by transcardial
perfusion. For combined labeling by tracer and immunofluorescence,
DA-594-labeled microslicer sections were incubated with a mixture of
calbindin and VGluT2 antibodies followed by incubation with fluores-

Figure 1. Enlargement of PF terminals and proximal expansion of PF territory in PC-Cav2.1 KO mice. A–D, Immunofluorescence for calbindin (calb) in control (A, B) and PC-Cav2.1 KO mice (C, D).
Arrows in D indicate spine-like protrusions from PC soma. The lobule number is indicated by numerals 1–10. E–H, Electron micrographs showing shaft dendrites of PCs (PCD; E, G) and neuropil
regions (F, H ) in control (E, F ) and PC-Cav2.1 KO (G, H ) mice. Arrows in G indicate ectopic spines from shaft dendrites. Asterisks in F and H indicate PC spines in contact with putative PF terminals.
Arrowheads indicate PC spines thoroughly surrounded by enlarged PF terminals. I, J, Immunofluorescence for VGluT1 in control (I ) and PC-Cav2.1 KO (J ) mice. Scale bars: A, 500 �m; B, inset in I,
10 �m; E, F, 500 nm; I, 50 �m.
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cent secondary antibodies for 2 h. Images of double or triple labeling
were taken with a confocal laser-scanning microscope.

Fluorescent in situ hybridization. cDNA fragments of mouse PLC�3
(nucleotide residues 2881–3812; GenBank accession number BC035928)
and mouse PLC�4 (nucleotide residues 230 –1082; GenBank accession
number AF332072) were subcloned into the Bluescript II plasmid vector.
Digoxigenin- or fluorescein-labeled cRNA probes were prepared by in
vitro transcription, as described previously (Yamasaki et al., 2001, 2010).

After anesthesia with diethyl ether, fresh brains were removed from the
skulls and immediately frozen in powdered dry ice. Sections were treated
with the following incubation steps: fixation with 4% PFA–PB, pH 7.2,
for 10 min; washing in PBS for 10 min; acetylation with 0.25% acetic
anhydride in 0.1 M triethanolamine-HCl, pH 8.0, for 10 min; and prehy-
bridization for 1 h in a hybridization buffer (50% formamide, 50 mM

Tris-HCl, pH 7.5, 0.02% Ficoll, 0.02% polyvinylpyrrolidone, 0.02% bo-
vine serum albumin, 0.6 M NaCl, 200 �g/ml tRNA, 1 mM EDTA, and 10%
dextran sulfate). Hybridization was performed at 63.5°C for 12 h in the
hybridization buffer supplemented with cRNA probes at a dilution of
1:1000. Posthybridization washing was done at 61°C successively with
5� SSC for 30 min, 4� SSC containing 50% formamide for 40 min, 2�
SSC containing 50% formamide for 40 min, and 0.1� SSC for 30 min.
Sections were immersed at room temperature in NTE buffer (0.5 M NaCl,
0.01 M Tris-HCl, pH 7.5, and 5 mM EDTA), 20 mM iodoacetamide in NTE
buffer, and in TNT buffer (0.1 M Tris-HCl, pH 7.5, and 0.15 M NaCl) for
20 min each. Immunohistochemical detection of hybridized probes was
done using FITC–TSA and Cy3–TSA plus tryamide signal amplification
kits (PerkinElmer Life and Analytical Sciences), as reported previously
(Yamasaki et al., 2010).

Electrophysiology. Coronal slices (250 �m in thickness) were prepared
from control and PC-Cav2.1 KO mice at P14 –P21 as described previ-
ously (Hashimoto and Kano, 2003). Whole-cell recordings were made
from visually identified PCs using an upright microscope (BX51WI;
Olympus) at 31°C. Resistances of patch pipettes were 3– 4 M� when
filled with an intracellular solution composed of the following (in mM):
60 CsCl, 10 Cs D-gluconate, 20 tetraethylammonium-Cl, 20 BAPTA, 4
MgCl2, 4 ATP, 0.4 GTP, and 30 HEPES, pH 7.3, adjusted with CsOH. The
pipette access resistance was compensated by 80%. The composition of
the standard bathing solution was as follows (in mM): 125 NaCl, 2.5 KCl,
2 CaCl2, 1 MgSO4, 1.25 NaH2PO4, 26 NaHCO3, and 20 glucose (bubbled
with 95% O2 and 5% CO2). Bicuculline (10 �M) was always added to
block inhibitory synaptic transmission. Ionic currents were recorded
with a patch-clamp amplifier (EPC10; HEKA). Glass pipettes of the same
type as the recording electrodes were used for focal stimulation. Stimu-
lation pipettes were filled with the standard saline and placed halfway
between the PC layer and the pia mater at a position �200 �m lateral to
the recorded PC to stimulate PFs. The stimulus consisted of balanced
bipolar pulse pairs (100 �s anodal pulse, 100 �s gap, and 100 �s cathodal
pulse) produced by a biphasic isolator (BAK Electronics), and selective
stimulation of PFs was confirmed by paired-pulse facilitation of EPSCs
with a 50 ms stimulation interval (Konnerth et al., 1990). For a minimal
stimulation experiment, the stimulus intensity was gradually increased
until a small all-or-none response was detected in PCs with a 40 –50%
failure rate. PCs were voltage clamped at �80 mV to record PF-mediated
EPSCs (PF-EPSCs). The signals were filtered at 2 kHz and digitized at 20
kHz. Online data acquisition and offline data analysis were performed
using PULSE software (HEKA). The decay time constant of PF-EPSCs
was measured by fitting the EPSC decay with single exponential.

Results
In the present study, we investigated the cerebellum of PC-Cav2.1
KO mice to determine the role of PC-Cav2.1 in the cytological
and synaptic development of PCs. For comparison, we also pro-
duced and examined the cerebellum of GC-Cav2.1 KO mice.

Expanded PF territory and enlarged PF terminals forming
multiple contacts
Cerebellar histology and PC morphology were examined at P21
by immunofluorescence for calbindin, a marker of PCs in the

cerebellum. In PC-Cav2.1 KO mice, the cerebellum was smaller in
size than the cerebellum in control littermates, but its histology
was grossly normal in terms of the foliation and laminar organi-
zation in the cerebellum (Fig. 1A,C) and the monolayer align-
ment and dendritic branching in PCs (see Fig. 4A,D). The
reduced cerebellar size and normal dendritic branching are
consistent with another line of PC-specific Cav2.1 KO mice,
Cacna1apurk(�/�) (Mark et al., 2011; Todorov et al., 2011) and
global Cav2.1 KO mice (Miyazaki et al., 2004). The surface of the
somata and proximal dendrites was smooth in control mice (Fig.
1B) but considerably rough in PC-Cav2.1 KO mice (Fig. 1D,
arrows). Electron microscopy revealed that the rough cell surface
reflected frequent protrusion of spines or spine-like processes,
and they formed asymmetrical synapses with nerve terminals
(Fig. 1E,G). The number of spines per 1 �m of shaft dendrites
(�2 �m in caliber) was significantly increased in PC-Cav2.1 KO
mice (0.26 � 0.05) compared with control mice (0.02 � 0.01,
mean � SEM, n 	 3 mice, p 
 0.001, U test). In control mice,
most terminal profiles in the neuropil of the molecular layer were
small in size (0.5–1.0 �m in diameter), oval in shape, and in
contact with single PC spines, i.e., one-to-one contact (Fig. 1F).

Figure 2. Multiple spine contact with enlarged PF terminals and proximal innervation of PFs
in PC-Cav2.1 KO mice. Preembedding immunogold microscopy for VGluT1 in control (A) and
PC-Cav2.1 KO (B, C) mice. Asterisks indicate PC spines contacting to VGluT1(�) PF terminals.
Arrow indicates a spine from PC dendrite (PCD). Scale bars, 500 nm.
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In contrast, terminal profiles in PC-Cav2.1 KO mice were re-
markably enlarged (�1.0 �m in diameter) (Fig. 1H). These en-
larged terminals were in contact with multiple PC spines, i.e.,
multiple contact, and often engulfed them (Fig. 1H, arrowheads),

resulting in highly convoluted terminal con-
tours. On single-electron micrographs, the
fraction of terminal profiles forming multi-
ple contact was 2.1 � 0.1% in control mice
and 26.7 � 1.5% in PC-Cav2.1 KO mice, a
significant difference (n 	 3 mice, p 

0.001, U test). Despite the increased contact
ratio, the density of asymmetrical synapses
on PC spines was significantly decreased in
PC-Cav2.1 KO mice (15.0 � 2.8 per 100
�m2 of neuropil area) compared with con-
trol mice (21.5 � 0.7, n 	 3 mice, p 
 0.05,
U test).

PF terminals were neurochemically
identifiable by immunohistochemistry
for VGluT1, a marker for PF terminals in
the cerebellar molecular layer (Fremeau et
al., 2001; Miyazaki et al., 2003; Figs. 1 I, J,
2A–C). In control mice, VGluT1(�)
puncta were uniformly fine, moderate in
intensity, and densely distributed in the
molecular layer (Fig. 1 I). In contrast, they
were sparse in PC-Cav2.1 KO mice, and a
substantial fraction was apparently coarse
and intense (Fig. 1 J). By preembedding
immunogold microscopy, the majority
of terminals forming asymmetrical syn-
apses on dendritic spines were labeled
for VGluT1 in both types of mice, indicat-
ing that these asymmetrical synapses are
PF–PC synapses. As expected, almost all
PF–PC synapses in control mice had one-
to-one contact, with a few being one-to-
two contact between PF terminals and PC
spines, and PF terminals were uniformly
small and oval (Fig. 2A). In PC-Cav2.1 KO
mice, however, some PF–PC synapses had
such one-to-one contact, but others had
enlarged PF terminals forming multiple
contacts (Fig. 2B). Furthermore, we found
that many ectopic spines on proximal den-
drites were innervated by VGluT1(�) PF
terminals (Fig. 2C). Therefore, the loss of
Cav2.1 in PCs induces proximal expansion
of PF territory and marked enlargement of
PF terminals forming multiple contacts.

Electrophysiological properties of PF–PC
synapses in PC-Cav2.1 KO mice
The altered synaptic morphology may af-
fect electrophysiological properties of
PF–PC synapses in PC-Cav2.1 KO mice.
To address this issue, we recorded PF-
EPSCs of PCs at P14 –P21 and examined
the input– output relationship of PF-
EPSCs. Their amplitudes gradually in-
creased with PF stimulus intensity in both
control and PC-Cav2.1 KO mice (Fig. 3A),
and there were no significant differences

in the 10 –90% rise time and decay time constant: the 10 –90%
rise time was 1.1 �. 0.2 ms (mean � SD; n 	 18) and 1.1 �. 0.5
ms (n 	 16) in control and PC-Cav2.1 KO mice, respectively (p 	
0.29, U test). The decay time constant was 5.9 �. 2.0 ms (n 	 18)

Figure 3. Enhanced PF-to-PC synapse transmission in PC-Cav2.1 KO mice. A, Left, Representative traces of PF-EPSCs recorded at
various stimulus intensities in the control (top) and the PC-Cav2.1 KO (bottom) PC. A, Right, Averaged input– output relationship
of PF-EPSCs in control (white circles; n 	 16 PCs) and PC-Cav2.1 KO (black circles; n 	 16 PCs) PCs. B, Left, Representative traces of
PF-EPSCs with an interpulse interval of 50 ms in control (top) and PC-Cav2.1 KO (bottom) PCs. B, Right, Paired-pulse facilitation of
PF-EPSCs in control (white circles; n 	 20) and PC-Cav2.1 KO (black circles; n 	 22) mice. The amplitude of the second response is
expressed as the percentage of the first response and is plotted as a function of interpulse intervals. Stimulus pairs were applied at
0.5 Hz. C, Left, Representative traces of PF response to a minimal intensity stimulation [unitary EPSC (uEPSC)] in control (top) and
PC-Cav2.1 KO (bottom) PCs. C, Right, Amplitudes of unitary EPSCs in control (white circles; n 	 21) and PC-Cav2.1 KO (black circles;
n 	 38) mice. Six, six, and eight traces are averaged at a holding potential of �80 mV for A, B, and C, respectively. ***p 
 0.001,
U test. Error bars indicate the SEM.
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and 5.6 � 2.0 ms (n 	 16) in control and PC-Cav2.1 KO mice,
respectively (p 	 0.81). However, PCs in PC-Cav2.1 KO mice
displayed significantly larger PF-EPSC amplitudes than those in
control mice at all stimulus intensities examined (n 	 16 each;
p 
 0.001, at all stimulus intensities). These results suggest that
PF-to-PC synaptic transmission is markedly enhanced in PC-
Cav2.1 KO mice.

We further performed experiments to assess possible changes
in the physiological properties of PF-EPSCs. We found that the

paired-pulse ratio at interpulse intervals 
50 ms was significantly
smaller in PC-Cav2.1 KO mice than in control mice (p 
 0.001),
suggesting a higher presynaptic release probability in PC-Cav2.1
KO mice (Fig. 3B). Furthermore, by using minimal extracellular
stimulation, we isolated EPSCs elicited by single PFs (unitary
PF-EPSC). Small increments in a weak stimulation current often
elicited an all-or-none excitation of a single axon, producing a
unitary synaptic response (Bekkers and Clements, 1999). We
found that the amplitudes of unitary EPSCs in PC-Cav2.1 KO PCs

Figure 4. Regressed CF territory and multiple CF innervation in PC-Cav2.1 KO mice. A–F, Double immunofluorescence for calbindin (green) and VGluT2 (red) in control (A–C) and PC-Cav2.1 KO
(D–F ) mice. Boxed regions in A and D are enlarged in B, C, E, and F. Dotted lines indicate the pia mater. Arrowheads in B and E indicate the distal tips of VGluT2(�) CF terminals along PC dendrites.
G–J, Triple fluorescent labeling for calbindin (blue in G, I; brown in H, J ), VGluT2 (green), and anterograde tracer DA-594 injected into the inferior olive (red) in control (G, H ) and PC-Cav2.1 KO (I,
J ) mice. Boxed regions in G and I are enlarged in H and J, respectively. calb, calbindin; CF-a and CF-b, tracer(�)/VGluT2(�) or tracer(�)/VGluT2(�) CFs, respectively; GL, granule cell layer; ML,
Molecular layer; PCL, Purkinje cell layer. Scale bars: A, G, 20 �m; B, C, H, 10 �m.
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were larger and more variable (57.5 � 39.9 pA; n 	 38) than those
in control PCs (20.5 � 3.8 pA; n 	 21; Fig. 3C). Together, these
results indicate that PF–PC synaptic transmission is enhanced in
PC-Cav2.1KO mice, at least in part as a result of increases in the
release probability from PF terminals and the number of contacts
between individual PF terminals and PC spines (Fig. 2).

Regressed CF territory and multiple innervation at soma and
basal dendrites
Next, we investigated the distribution patterns of CF terminals in
the cerebellar molecular layer at P21 by double immunofluores-
cence for calbindin and VGluT2, a marker of CF terminals in the
molecular layer (Fig. 4A–F). In control mice, CF terminals were
distributed in the basal four-fifths of the molecular layer and
extended up along proximal shaft dendrites until the border with
distal spiny branchlets (Fig. 4B, arrowhead). In PC-Cav2.1 KO
mice, CF terminals were irregular in shape and size, and their
innervation stopped midway along proximal dendrites (Fig. 4E,
arrowheads). This impaired innervation was reflected in a signif-
icant lowering of the mean height to the tips of VGluT2(�) ter-
minals relative to the molecular layer thickness: 75.2 � 0.7% in
control mice and 52.2 � 2.1% in PC-Cav2.1 KO mice (mean �
SEM, n 	 3 mice, p 
 0.001; U test). Around PC somata,
VGluT2(�) CF terminals were rare in control mice (Fig. 4C) but
frequent in PC-Cav2.1 KO mice (Fig. 4F). We counted the num-
ber of perisomatic CF terminals on the upper half of PC somata,
in which most of the perisomatic CF terminals directly attach to
the soma without glial intervention (Hashimoto et al., 2011;
Ichikawa et al., 2011). The mean number of VGluT2(�) periso-
matic terminals per 100 �m of the somatic surface was signifi-
cantly higher in PC-Cav2.1 KO mice (2.4 � 0.4) than in control
mice (0.6 � 0.1, mean � SEM, n 	 3 mice, p 
 0.05, U test). In
preembedding immunogold microscopy for VGluT2 (Fig. 5A–
C), dendritic innervation by CFs was observed in both control
and PC-Cav2.1 KO mice (Fig. 5A,B). Unlike PF terminals, no
obvious changes were noted in the morphology of CF terminals.
However, consistent with light microscopic observation, CF in-
nervation to somatic spines was frequently observed in PC-
Cav2.1 KO mice (Fig. 5C).

In PC-Cav2.1 KO mice, we recently demonstrated impaired
functional strengthening of single winner CFs and severe persis-
tence of multiple CF innervation (Hashimoto et al., 2011). In the
present study, we confirmed this by using triple labeling with
anterograde DA-594 tracer (Fig. 4G–J, red) and immunofluores-
cence for VGluT2 (Fig. 4G–J, green) and calbindin (Fig. 4G,I,
blue, H, J, brown). In control mice, DA-594 and VGluT2 over-
lapped almost completely along dendritic trees of a given PC,
displaying the typical anatomical pattern of CF mono-
innervation (Fig. 4G,H ). In PC-Cav2.1 KO mice, however, the
proximal somatodendritic domain of a given PC was inner-
vated by both DA-594(�)/VGluT2(�) and DA-594(�)/
VGluT2(�) CFs (Fig. 4 I, J ). Thus, Cav2.1 KO in PCs leads to
regressed CF territory down to basal dendrites and somata, at
which portions multiple CFs of different neuronal origins
form aberrant wiring patterns.

Normal synaptic structure and wiring in GC-Cav2.1 KO mice
To create a mouse model lacking presynaptic Cav2.1 at PF–PC
synapses, we produced GC-Cav2.1 KO mice by crossing Cav2.1-
floxed mice with E3CreN mice (Fig. 6A,B). Cre activity in
E3CreN mice was examined using reporter mice and strong
�-galactosidase staining was observed in the granular layer of the
cerebellum, thalamus, olfactory bulb, and pontine nuclei at P21

(Fig. 6C). At a higher magnification, �-galactosidase staining was
observed in GCs but not in PCs or in molecular layer interneu-
rons in the cerebellar cortex (Fig. 6D). We also observed weak
staining in other brain regions, including the cerebral cortex,
hippocampus, and brainstem. This staining pattern in reporter
mouse brains faithfully reflected GluN2C mRNA expression
(Watanabe et al., 1992; Mitani et al., 1998). Immunofluorescent
signals for Cav2.1 were markedly reduced in the cerebellar cortex
of GC-Cav2.1 KO mice (Fig. 6E–H) and were lost almost com-
pletely in that of global Cav2.1 KO mice (Fig. 6 I, J). In control
mice, tiny punctate clusters for Cav2.1 were associated with both
VGluT1(�) PF terminals and VGluT2(�) CF terminals (Fig.
6K,M, arrowheads). In GC-Cav2.1 KO mice, however, Cav2.1
was lost in PF terminals (Fig. 6L, arrowheads), whereas Cav2.1
was detected in CF terminals (Fig. 6N, arrowheads) and shaft
dendrites of PCs (PCD, Fig. 6L). Thus, Cav2.1 in PF terminals is
selectively eliminated in the cerebellar cortex of GC-Cav2.1 KO
mice.

In GC-Cav2.1 KO mice, none of the phenotypes observed in
PC-Cav2.1 KO mice were observed. The size and histology of the
cerebellum were normal, and the thickness and cell density in the
granular layer were also normal (Fig. 7A–C). Furthermore, we
found no hyperspiny transformation in the proximal dendrites

Figure 5. Somatic CF innervation in PC-Cav2.1 KO mice. Preembedding immunogold micros-
copy for VGluT2 (A–C) in control (A) and PC-Cav2.1 KO (B, C) mice. Asterisks indicate PC spines in
contact with VGluT2(�) CF terminals. Arrows indicate spines from PC dendrites (PCD) or PC
bodies (PCB). Scale bars, 500 nm.
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Figure 6. Production of mice with GC-specific Cav2.1 elimination. A, Schematic representation of the GluN2C genomic DNA (Grin2c �) and targeted genome (Grin2c iCre). The open and filled boxes
indicate the noncoding and coding exons, respectively. The filled circles in the Grin2c iCre allele delineate the 5�and 3� termini of the targeting vector. The vector was constructed to insert an improved
Cre recombinase gene (iCre) into the translational initiation site of the GluN2C gene in frame. The gray bars indicate the probes for Southern blot analysis. Two frt sequences (semicircles) are attached
to remove the neomycin resistant gene (Neo). EI, EcoRI; EV, EcoRV; S, SpeI. B, Southern blot analysis of the GluN2C wild-type (�/�) and targeted (iCre/�) genome. Left, SpeI-digested genomic
DNA hybridized with 5� probe; middle, EcoRI-digested DNA hybridized with iCre probe; right, EcoRV-digested DNA hybridized with 3� probe. Positions of DNA size markers (kilobases) are indicated
on the left. C, D, Cre recombinase activity induced by E3CreN in lacZ reporter mouse. �-Galactosidase staining (blue) of parasagittal brain section (C) and cerebellar cortex (D) at P21. Asterisks indicate
PC bodies. E–J, Immunofluorescence for Cav2.1 in control (E, F ), GC-Cav2.1 KO (G, H ), and global Cav2.1 KO (I, J ) mice. Cav2.1 immunoreactivity is selectively decreased in the cerebellar cortex of
GC-Cav2.1 KO mice and disappears in the brain of global Cav2.1 KO mice. K–N, Double immunofluorescence for Cav2.1 (red) with VGluT1 (green, K, L) or VGluT2 (green, M, N ) (Figure legend continues.)
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and somata of PCs (Fig. 7D1,E), no enlargement or multiple con-
tact of PF terminals (Fig. 7D2,F), and no regressed CF territory
(Fig. 7D3). These results demonstrate that the loss of postsynap-
tic, but not presynaptic, Cav2.1 at PC synapses is responsible for
the aberrant synaptic structure and wiring defects in PCs of
Cav2.1 mutant mice (Miyazaki et al., 2004).

Progressive and patterned PC degeneration
In PC-Cav2.1 KO mice, the size of the cerebellum was further re-
duced from P21 to maturity, suggestive of neuronal degeneration.
We examined the mechanism of this size reduction by calbindin
immunofluorescence using horizontal cerebellar sections. In this

section plane, a fan-like dendritic tree observed in the parasagittal
plane (Fig. 4A,D) is visible as a single straight bar traversing the
molecular layer (Fig. 8B,D). At P14, dendritic bars were densely
arranged in a palisade-like pattern in both types of mice (Fig. 8A–D).
This feature was maintained in control and GC-Cav2.1 KO mice at
P21, P28, and P35 (data not shown). In PC-Cav2.1 KO mice, PCs
started to decrease at P21 (Fig. 8E,F) and further decreased thereaf-
ter (Fig. 8G–J). By electron microscopy, the soma and dendrites of
PCs in PC-Cav2.1 KO mice at P28 exhibited degenerative features,
including somatic shrinkage, darkened cytoplasm, increased
electron-dense materials, and extensive accumulation of mitochon-
dria (Fig. 9C,D). No such degenerative features were observed in PCs
of control mice (Fig. 9A,B) or in PCs and GCs of GC-Cav2.1 KO
mice (data not shown). At P35, PC somata and dendrites were rarely
encountered in the cerebellar cortex of PC-Cav2.1 KO mice (data not
shown). Thus, it appears that PCs degenerate progressively in PC-
Cav2.1 KO mice.

We noticed that PC degeneration in PC-Cav2.1 KO mice oc-
curred more in anterior lobules than in posterior lobules and that

4

(Figure legend continued.) in control (K, M) and GC-Cav2.1 KO (L, N) mice. Note the disappear-
ance of Cav2.1 in VGluT1(�) PF terminals (arrowheads in K, L) but not in VGluT2(�) CF termi-
nals (arrowheads in M, N) or shaft dendrites of PCs (PCD) in GC-Cav2.1 KO mice. �-gal,
�-galactosidase; GCL, Granular cell layer; ML, molecular layer; PCL, Purkinje cell layer. Scale
bars: C, E, 1 mm; D, F, 20 �m; K, M, 2 �m.

Figure 7. Normal synaptic wiring and structure in GC-Cav2.1 KO mice. A, Immunofluorescence for calbindin in the cerebellum of GC-Cav2.1 KO mice. The lobule number is indicated by numerals
1–10. B, C, Normal histology of the granular layer, as shown by propidium iodide (PI) staining in control (B) and GC-Cav2.1 KO (C) mice. D, Triple immunofluorescence for calbindin (D1), VGluT1 (D2),
and VGluT2 (D3) in GC-Cav2.1 KO mice. E, F, Electron micrographs showing smooth surface of PC shaft dendrites (E) and normal morphology of PF–PC synapses (F). GCL, Granular cell layer; ML,
molecular layer; PCD, Purkinje cell dendrite; PCL, Purkinje cell layer; WM, white matter. Scale bars: A, 1 mm; B, D1, 20 �m; D1, inset, 10 �m; E, F, 500 nm.

Miyazaki et al. • Postsynaptic Cav2.1 in Purkinje Cell Wiring J. Neurosci., January 25, 2012 • 32(4):1311–1328 • 1319



clusters of surviving PCs showed banded or striped patterns (Fig.
8G,I, arrows). This pattern of PC degeneration is known to occur
in aldolase C/zebrin II antigen(�) cerebellar compartments of
spontaneous Cav2.1 mutant mice (so-called leaner and tottering
mice; Herrup and Wilczynski, 1982; Heckroth and Abbott, 1994;
Sawada et al., 2009). To confirm this, double immunofluores-
cence for calbindin and aldolase C was applied to control and
PC-Cav2.1 KO mice at P21 (Fig. 8K–N). In both types of mice

(Fig. 8L,N), aldolase C was intense in PC subsets, which formed
symmetrical arrays of parasagittal compartments across the cer-
ebellum (Fig. 8K,M). In PC-Cav2.1 KO mice, decreased calbin-
din immunoreactivity was discernable in PCs located within
aldolase C(�) compartments (Fig. 8N, white arrows). Thereaf-
ter, the decrease or loss of calbindin signals became overwhelm-
ing in aldolase C(�) compartments and also occurred mildly in
aldolase C(�) compartments (Fig. 8G, I). Therefore, Cav2.1 ab-

Figure 8. Progressive PC loss in aldolase C(�) cerebellar compartments of PC-Cav2.1 KO mice. A–J, Immunofluorescence for calbindin in horizontal cerebellar sections of control mice at P14 (A, B) and
PC-Cav2.1KOmiceatP14(C, D),P21(E, F),P28(G, H),andP35(I, J).Arrowsin G and I indicatebandedclustersofremainingPCs. K–N,Double immunofluorescenceforcalbindin(calb;green)andaldolaseC(aldC;
red) in control (K, L) and PC-Cav2.1 KO (M, N) mice at P21. Red arrows in L and N indicate aldolase C(�) compartments. Arrows in N indicate that PC somata with lowered calbindin immunofluorescence were
preferentially distributed in aldolase C(�) compartments. Numerals 3– 8 indicate the lobule number. Scale bars: A, 1 mm; B, L, N, 50 �m; K, M, 500 �m.
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lation in PCs causes patterned PC degeneration, which starts in
the third postnatal week and occurs preferentially in aldolase
C(�) compartments.

Blurred reciprocity of PLC�3 and PLC�4 expression
In addition to aldolase C, several other molecules are known
to display banded patterns of expression in PC populations
(Hawkes, 1997; Hawkes and Eisenman, 1997; Herrup and Kue-
merle, 1997; Larouche and Hawkes, 2006). Of these, two isoforms
of phospholipase C�, PLC�3 and PLC�4, are expressed in pat-
terns reciprocal to each other (Kano et al., 1998; Nomura et al.,
2007), with PLC�3 predominating in aldolase C(�) compart-
ments and PLC�4 in aldolase C(�) ones (Sarna et al., 2006). We
examined PLC�3 and PLC�4 expression in horizontal cerebellar
sections to test whether their compartmentalized expression was
affected in PC-Cav2.1 KO mice (see Figs. 10 –12).

Double immunofluorescence for PLC�3 and PLC�4 at P21 re-
vealed that wide PLC�4-dominant compartments in the anterior
lobules and wide PLC�3-dominant compartments in the posterior
lobules were well preserved in both types of mice (Fig. 10A,C). Fig-
ure 10F shows an example of the anterior lobules in control mice, in
which narrow PLC�3-dominant compartments (P1�, P2�, and
P3�) are separated by wide PLC�4-dominant compartments (P1�

and P2�). At high magnifications, however,
altered expression patterns were evident
between the two groups (Fig. 10B,D). In
control mice, each dendritic bar was pre-
dominantly labeled for either PLC�3 or
PLC�4, never for both, and the boundary of
their compartments was sharply defined at
the cellular level (Fig. 10B). In PC-Cav2.1
KO mice, the boundary was obscured by oc-
casional coexpression of PLC�3 and PLC�4
in the same PCs at peri-boundary regions
(Fig. 10D). To quantitatively evaluate this
altered banding, we measured the width of
PLC�3-dominant, PLC�4-dominant, and
PLC�3/4-coexpressing compartments in
cerebellar compartments P1�, P1�, P2�,
P2�, and P3� of the lobules 3–6. The rela-
tive width was comparable for PLC�3-
dominant compartments (Fig. 10E, green
bars) but significantly decreased for PLC�4-
dominant compartments in PC-Cav2.1 KO
mice (red bars). Clearly, the fractional de-
crease of PLC�4-dominant compart-
ments was comparable with the aberrant
increase of PLC�3/4-coexpressing com-
partments (yellow bars). Therefore, the
blurred cerebellar banding is likely attrib-
utable to ectopic expression of PLC�3 in
PCs of PLC�4-dominant compartments.

Furthermore, altered banding was evi-
dent in somatic PLC� immunolabeling.
In control PCs, PLC�3 was moderate
in perikarya of PLC�3-dominant PCs,
whereas PLC�4 was very low in perikarya
of PLC�4-dominant PCs (Fig. 10B) (Na-
kamura et al., 2004; Nomura et al., 2007).
In PC-Cav2.1 KO mice, PLC�3 and
PLC�4 were intensified to various degrees
in the perikarya of PCs (Fig. 10D). Here
again, the intensification of perikaryal

PLC�4 labeling appeared to follow the border of compartments
in control mice (Fig. 10B3 vs 10D3), whereas the intensification
of perikaryal PLC�3 labeling apparently extended beyond the
border (Fig. 10B2 vs 10D2). All these changes were also observed
in the posterior lobules (data not shown). Thus, Cav2.1 elimina-
tion in PCs not only blurs the reciprocity of PLC�3 and PLC�4
expression but also affects their intracellular distribution.

Posttranscriptional modification of PLC�3 expression during
early postnatal period
Next, we investigated the developmental profile of this blurred
reciprocity during the early postnatal period. In control mice,
banded expression of PLC�4 was already seen at P7 (Fig. 11A2),
and it was maintained thereafter (Fig. 11B2,C2). This early onset
of PLC�4 banding and its continuity to adulthood are consistent
with a previous study (Marzban et al., 2007). Conversely, PLC�3
was homogeneously distributed throughout the molecular layer
at P7 (Fig. 11A1). Banded pattern of PLC�3 expression became
discernible at P14 by downregulation of PLC�3 in PLC�4-
dominant compartments (Fig. 11B1). However, PLC�3 banding
at P14 was still immature, because PLC�3-dominant compart-
ments were wider and less sharply defined than those at later
stages. Moreover, insufficient downregulation of PLC�3 in

Figure 9. Degenerative features of PCs in PC-Cav2.1 KO mice. Electron micrographs showing cell bodies (PCB; A, C) and shaft
dendrites of PCs (PCD; B, D) in control (A, B) and PC-Cav2.1 KO (C, D) mice at P28. In A and C, the outline of PC somata is indicated
by dotted lines. Boxed region in C1 and D1 are enlarged in C2 and D2, respectively. Arrows indicate electron-dense materials in
PC-Cav2.1 KO PCs. Scale bars: A, B, C1, D1, 3 �m; C2, D2, 500 nm.
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PLC�4-dominant compartments produced
transient ectopic bands at P14 (Fig. 11B1,
arrowheads). Typical adult-pattern PLC�3
banding, which precisely alternates with
PLC�4 banding, was completed at P21
(Fig. 11C1).

In PC-Cav2.1 KO mice, spatiotem-
poral profiles of PLC�4 banding closely
mirrored those in control mice (Fig.
11D2,E2,F2), and the homogeneous distri-
bution of PLC�3 at P7 was also similar.
However, PLC�3 banding was less clear in
PC-Cav2.1 KO mice at P14 and P21 than in
age-matched control mice (Fig. 11E1,F1).
This obscurity was assessed quantitatively
by measuring the gray density of fluorescent
signals for PLC�3 or PLC�4 in the molecu-
lar layer and calculating the relative intensity
gap of PLC�3 between PLC�3-strong and
PLC�3-weak compartments (Fig. 11I) and
the relative intensity gap of PLC�4 between
PLC�4-strong and PLC�4-weak compart-
ments (Fig. 11J). Compared with control
mice, the relative intensity gap in PC-Cav2.1
KO mice was significantly reduced for
PLC�3 at P14 and P21 (Fig. 11I), whereas
no significant changes were observed for
PLC�4 (Fig. 11J). This phenotype was not
found in GC-Cav2.1 KO mice (Fig. 11G),
but it was present in global Cav2.1 KO mice
(Fig. 11H). Therefore, PLC�3 banding de-
velops its precise reciprocity to the preexist-
ing PLC�4 banding during the second and
third postnatal weeks in normal develop-
ment, and the elimination of Cav2.1 in PCs
impairs this process.

Whether the impaired reciprocity oc-
curred at the transcription level was tested
by double fluorescent in situ hybridization
(FISH) for PLC�3 and PLC�4 mRNAs (Fig.
12). The specificity of FISH signals was
checked by reciprocal patterns of PC label-
ing with the use of antisense riboprobes (Fig.
12A,C) and by blank labeling with the sense
riboprobes (Fig. 12B,D). Similarly to im-
munohistochemical patterns, PCs dom-
inantly expressing PLC�3 mRNA (Fig.
12E,G, �3) or PLC�4 mRNA (Fig. 12E,G,
�4) formed narrow or wide bands, respec-
tively, in the anterior lobules. At a high
magnification, many PCs strongly ex-
pressed either PLC�3 mRNA (Fig. 12F,H,
green arrowheads) or PLC�4 mRNA (red
arrowheads). To our surprise, some PCs
in peri-boundary regions expressed both
mRNAs at high levels in both control and
PC-Cav2.1 KO mice (yellow arrowheads).
Taking these results together, it appears
that a crude map of PLC�3 and PLC�4 compartments is
determined at the transcription level, but their precise reci-
procity appears to be acquired through Cav2.1-mediated post-
transcriptional modification, particularly modification of
PLC�3 expression.

Altered banded expression of glutamate transporter EAAT4
Finally, we examined whether such alteration also happens to other
compartment markers in the cerebellum. To this end, we chose the
glutamate transporter EAAT4, whose banding patterns coincide
with those of aldolase C and PLC�3 (Nagao et al., 1997; Dehnes et al.,

Figure 10. The sharp boundary in reciprocal distribution of PLC�3 and PLC�4 immunoreactivities in control mice is impaired in
PC-Cav2.1 KO mice. A–D, F, Double immunofluorescence for PLC�3 (green) and PLC�4 (red) in horizontal cerebellar sections of control (A,
B, F) and PC-Cav2.1 KO (C, D) mice at P21. White and black arrows in B and D indicate cerebellar compartments dominantly expressing
PLC�3 or PLC�4, respectively. Numerals 3– 8 indicate the lobule number. In F, the width of the cerebellar band was measured at the
molecular layer compartments P1 �, P1 �, P2 �, P2 �, and P3 � of lobules 3– 6. E, Histograms showing the width of PLC�3-dominant
(green), PLC�4-dominant (red), and PLC�3/4-double dominant (yellow) bands relative to the width of the total cerebellar bands mea-
sured. Open and striped bars indicate control and PC-Cav2.1 KO mice, respectively. The values for PLC�3-dominant bands are as follows:
12.3 � 1.4% in control and 14.6 � 1.3% in PC-Cav2.1 KO mice, p 	 0.25; PLC�4-dominant bands, 85.6 � 1.2% in control and 70.2 �
4.0% in PC-Cav2.1 KO mice, p 
 0.05; PLC�3/4-double dominant bands, 0.8 � 0.2% in control and 15.2 � 3.4% in PC-Cav2.1 KO mice,
p 
 0.01 (mean � SEM, n 	 3 mice, U test). *p 
 0.05; **p 
 0.01. Scale bars: A, 1 mm; B, 50 �m; F, 500 �m.
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1998; Nomura et al., 2007). In double immunofluorescence for
EAAT4 and aldolase C at P21, control mice clearly showed banded
expression of EAAT4 (Fig. 13A1), whereas it was less clear in PC-
Cav2.1 KO mice (Fig. 13B1). At a high magnification, EAAT4-
dominant compartments were closely overlapped with aldolase
C(�) compartments in control mice (Fig. 13C, double-headed ar-
rows). In PC-Cav2.1 KO mice, EAAT4-dominant compartments
(Fig. 13D2, double-headed arrows) were broadened and obscured
compared with aldolase C(�) compartments (Fig. 13D3, double-

headed arrows). The altered banding of EAAT4 expression was
quantitatively confirmed in PC-Cav2.1 KO mice by observing a sig-
nificant increase in the relative width of EAAT4-dominant bands
and a significant decrease in the relative intensity gap of EAAT4
between EAAT4-strong and EAAT4-weak bands (Fig. 13E,F, left).
No such quantitative differences were observed for aldolase C ex-
pression (Fig. 13E,F, right). Therefore, PC-specific elimination of
Cav2.1 also affects the boundary of compartmental expression of the
EAAT4.

Figure 11. Impaired postnatal downregulation of PLC�3 immunoreactivity in aldolase C/zebrin II-negative compartments of PC-Cav2.1 KO mice. A–H, Immunofluorescence for PLC�3
(A1–H1) and PLC�4 (A2–H2) in control (A–C), PC-Cav2.1 KO (D–F), GC-Cav2.1 KO (G), and global Cav2.1 KO (H) mice at P7 (A, D), P14 (B, E), and P21 (C, F, G, H). I, J, Histograms showing
the relative intensity gap of PLC�3 (I) or PLC�4 (J) immunoreactivity between intensely labeled and weakly labeled compartments. The values for PLC�3 are as follows: 185.4 � 9.9%
in control and 128.3 � 4.6% in PC-Cav2.1 KO mice at P14, p 
 0.001; 181.7 � 6.6% in control and 139.1 � 3.6% in PC-Cav2.1 KO mice at P21, p 
 0.0001. The values for PLC�4 are
as follows: 269.1 � 22.3% in control and 257.0 � 15.0% in PC-Cav2.1 KO mice at P14, p 	 0.76; 346.3 � 29.9% in control and 299.7 � 30.2% in PC-Cav2.1 KO mice at P21, p 	 0.17
(mean�SEM, n	3mice, U test).Numerals3– 6indicatethelobulenumber.***p
0.001.Scalebars,100�m.
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Discussion
Development of excitatory PC wiring is controlled by molecular
mechanisms mediating synaptic activity and connectivity, including
the pore-forming subunit Cav2.1 of P/Q-type Ca2� channels (Mi-
yazaki and Watanabe, 2011; Watanabe and Kano, 2011). Although
somatodendritic Cav2.1 in PCs is a major source of Ca2� transient
that contributes to the firing and waveform of action potentials,
Cav2.1 is also a major presynaptic Ca2� channel involved in trans-
mitter release in the brain (Mintz et al., 1992, 1995). To specify the
role of presynaptic and postsynaptic P/Q-type Ca2� channels, we
produced PC-Cav2.1 KO and GC-Cav2.1 KO mice in the present and

previous studies (Hashimoto et al., 2011). Here we have shown that
Cav2.1 elimination in PCs, but not in GCs, leads to impaired het-
erosynaptic competition between PFs and CFs on PCs, progressive
and patterned degeneration of PCs, and blurred expression of
PLC�3 and EAAT4 around compartmental boundaries of PCs.

Postsynaptic Cav2.1 regulates competitive excitatory wiring
in PCs
Various defects have been observed in excitatory wiring of PCs in
global Cav2.1 KO mice and spontaneous Cav2.1 mutant mice,
including proximal expansion of PF territory, enlargement of PF

Figure 12. Blurred boundary of cerebellar compartments dominantly expressing PLC�3 or PLC�4 mRNA in both control and PC-Cav2.1 KO mice. A–D, Specificity of riboprobes for PLC�3 and PLC�4 is indicated by
reciprocal labelingofPCsubsetswiththeuseofantisenseprobes(A, C)andblanklabelingwiththeuseofsenseprobes(B, D). E–H,DoubleFISHforPLC�3(green)andPLC�4(red)mRNAsinhorizontalcerebellarsectionsof
control(E,F)andPC-Cav2.1KO(G,H)mice.Inbothtypesofmice,PCsubsetsdominantlyexpressingPLC�3(�3,greenarrowheads)andPLC�4(�4,redarrowheads)grosslyalternate,butPCshighlyexpressingbothisoforms
intervenebetweenthem(yellowarrowheads).Numerals1–10indicatethelobulenumber.Scalebars: A,500�m; E,20�m; F1,100�m.
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terminals contacting with multiple spines,
proximal retraction of CF territory, and
persistence of multiple CF innervation in al-
most all PCs (Rhyu et al., 1999a,b; Miyazaki
et al., 2004). Of these phenotypes, the severe
persistence of multiple CF innervation
points to its essential role in homosynaptic
competition among CF inputs (Miyazaki et
al., 2004). Using PC-Cav2.1 KO mice, we re-
cently reported that the impaired homosyn-
aptic competition is caused by the lack of
postsynaptic Cav2.1, resulting in equal func-
tional strengthening and dendritic translo-
cation of multiple CF inputs (Hashimoto et
al., 2011). Conversely, the shifted innerva-
tion territory in global Cav2.1 KO mice, i.e.,
expanded PF territory and retracted CF ter-
ritory, has been interpreted to mean that
Cav2.1 also promotes heterosynaptic com-
petition to the advantage of CFs over PFs
(Miyazaki et al., 2004). In the present study,
the shifted territory was reproduced in PC-
Cav2.1 KO mice but not in GC-Cav2.1 KO
mice, indicating that postsynaptic Cav2.1
also consolidates CF innervation at proxi-
mal dendrites and expels PF inputs to distal
dendrites. Together, these findings indicate
that postsynaptic Cav2.1 regulates excitatory
wiring in PCs by giving single winner CFs a
competitive advantage over PFs and surplus
CFs, thereby enabling it to establish well-
organized excitatory wiring in PCs.

In the heterosynaptic competition,
global GluR�2 KO mice exhibit the opposite
phenotype, i.e., PF synaptogenesis is im-
paired at distal dendrites and CF territory
expands to distal dendrites (Kashiwabuchi
et al., 1995; Kurihara et al., 1997; Ichikawa et
al., 2002). This suggests that GluR�2 en-
dows PFs with a competitive advantage over
CFs and that the development of functional
PC circuits is based on a competitive equi-
librium promoted by Cav2.1 and GluR�2.
Intriguingly, regressed CF territory and ex-
panded PF territory are also induced in
adulthood by silencing afferent activities
with tetrodotoxin (Bravin et al., 1999). In
addition, perisomatic innervation by CFs
revives in adult PCs by mechanical lesions of
the cerebellar cortex and genetic defects
causing PC degeneration (Rossi et al., 1995).

Figure 13. Altered boundary for EAAT4 cerebellar compartments in PC-Cav2.1 KO mice at P21. Double immunofluorescence for
EAAT4 (A1, B1, C1, C2, D1, D2) and aldolase C (aldC; A2, B2, C1, C3, D1, D3) in control mice (A, C) and PC-Cav2.1 KO mice (B, D) at P21.
In control mice, EAAT4-strong bands closely match with aldolase C(�) bands (double-headed arrows in C2, C3). In PC-Cav2.1 KO
mice, the boundary of EAAT4 compartments is less obvious and EAAT4-dominant bands are wider than aldolase C(�) bands
(double-headed arrows in D2, D3). Numerals 3– 6 indicate the lobule number. Scale bars: A, 200 �m; C, 100 �m. E, Histograms
showing the relative width of the cerebellar band. The values for EAAT4 are 17.8 � 1.7% in control and 25.0 � 1.6% in PC-Cav2.1

4

KO mice, p 
 0.05, whereas those for aldolase C are 16.5 �
2.1% in control and 17.5 � 1.3% in PC-Cav2.1 KO mice, p 	
0.77 (mean � SEM, n 	 3 mice, U test). F, Histograms show-
ing the relative intensity gap. The values for EAAT4 are
163.9 � 5.3% in control and 147.1 � 5.7% in PC-Cav2.1 KO
mice, p 
 0.05, whereas those for aldolase C are 255.1 �
11.8% in control and 265.5 � 10.5% in PC-Cav2.1 KO mice,
p 	 0.28 (mean � SEM, n 	 3 mice, U test). White and black
bars indicate control and PC-Cav2.1 KO mice, respectively.
*p 
 0.05.
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Furthermore, wiring defects in global GluR�2 KO mice are reproduced
whenGluR�2 isablated inadultmice(Takeuchietal., 2005;Miyazakiet
al.,2010).ThesefindingsindicatethatthemaintenanceoffunctionalPC
circuitsinadulthoodisalsobasedonacompetitiveequilibrium,whichis
probably controlled by GluR�2 and its counter-mechanisms, most
likely Cav2.1. The role of Cav2.1 in the maintenance of functional cir-
cuitry needs to be addressed in future studies by using the conditional
Cav2.1 KO system in adult subjects.

Global Cav2.1 KO mice further manifest considerable enlarge-
ment of PF terminals and their aberrant contact with multiple PC
spines (Miyazaki et al., 2004). The presynaptic phenotypes at PF–PC
synapses were reproduced in PC-Cav2.1 KO mice but not in GC-
Cav2.1 KO mice. This finding highlights the fact that Cav2.1-
mediated Ca2� signaling and dynamics in PCs retrogradely affect
the size, shape, and contact number of PF terminals. Consistent with
these morphological alternations, synaptic transmission at PF–PC
synapses is markedly enhanced and, herein, demonstrated an in-
crease in the unitary EPSC amplitude that was presumably attribut-
able to the elevated release probability and increased contact number
of individual PF terminals to PC spines. It has been demonstrated
that homeostatic increase of presynaptic release function is induced
by postsynaptic glutamate receptor blockade (Frank et al., 2006).
Therefore, these changes at PF–PC synapses in PC-Cav2.1 KO mice
might result from such synaptic scaling mechanisms to compensate
for insufficient postsynaptic Ca2� signaling or/and reduced density
of PF–PC synapses.

PCs in aldolase C-negative compartments are more
vulnerable to Cav2.1 deprivation
In PC-Cav2.1 KO mice, PC degeneration started in the third
postnatal week and preferentially occurred in aldolase(�) PC
compartments. Such a patterned PC degeneration often oc-
curs in spontaneous and gene-manipulated mutants (Wassef
et al., 1987; Sarna and Hawkes, 2003; Dusart et al., 2006). In
spontaneous Cav2.1 mutant mice, such as the so-called leaner
and tottering mice, a patterned PC loss takes place in aldolase
C(�) PC compartments (Herrup and Wilczynski, 1982; Heck-
roth and Abbott, 1994; Sawada et al., 2009). PC degeneration
also occurs in human defective the Cav2.1 gene, such as famil-
ial hemiplegic migraine and episodic ataxia type-2 (Elliott et
al., 1996; Ophoff et al., 1996; Kors et al., 2001; Mochizuki et al.,
2004). In the so-called nervous mutant mice, in contrast, pat-
terned PC degeneration occurs in aldolase C(�) PC compart-
ments (Wassef et al., 1987; Dusart et al., 2006). Thus, the
survival of PCs is regulated by multiple genes and molecules,
of which PCs in aldolase C(�) compartments are more vul-
nerable than those in aldolase C(�) compartments to the loss
of Cav2.1.

When comparing the onset of degeneration between different
mice strains, degeneration starts much earlier in PC-Cav2.1 KO mice
(3 weeks of age) than in the leaner (1.5 months) and tottering (12
months) mice (Herrup and Wilczynski, 1982; Heckroth and Abbott,
1994; Sawada et al., 2009). Because the slower onset in the tottering
mice has been attributed to a milder defect in Ca2� influx compared
with the leaner mice (Lorenzon et al., 1998; Wakamori et al., 1998;
Dove et al., 2000), the very early onset in PC-Cav2.1 KO mice is likely
attributable to the complete lack of Cav2.1-mediated Ca2� influx in
PCs (Hashimoto et al., 2011). Conversely, the onset of patterned PC
degeneration in global Cav2.1 KO mice occurs at 15 weeks of age
(Fletcher et al., 2001), suggesting that a concomitant defect of pre-
synaptic Cav2.1 might offset the loss of postsynaptic Cav2.1 and
eventually alleviate PC degeneration.

Cav2.1 regulates compartmental expression by
posttranscriptional modification
We have shown previously that PLC�3 and PLC�4 exhibit
banded expression across the cerebellum (Kano et al., 1998). The
present study further investigated whether some PCs in peri-
boundary regions coexpressed PLC�3 and PLC�4 mRNAs. The
indistinct boundary at the transcription level contrasts with the
sharp boundary at the protein level, which is clearly revealed by
the non-overlapping immunolabeling of dendritic trees for
PLC�3 and PLC�4 (Nomura et al., 2007; Fukaya et al., 2008).
These findings show that, although the gross framework of com-
partmental PLC�3 and PLC�4 expression is determined at the
transcription level, this framework needs posttranscriptional ed-
iting to shape it into a more precisely reciprocal framework.

In PC-Cav2.1 KO mice, expression patterns of PLC�3 and
PLC�4 mRNAs were similar to those in control mice. By immu-
nohistochemistry, PLC�4 banding in the molecular layer was
also comparable with that in control mice in terms of the onset,
width, location, and relative intensity gap between PLC�3- and
PLC�4-dominant compartments. However, PLC�3 banding,
which normally develops during the second and third postnatal
weeks by its downregulation in PLC�4-dominant compart-
ments, was affected in PC-Cav2.1 KO mice. Accordingly, some
PCs in PLC�4-dominant compartments retained moderate lev-
els of PLC�3, leading to a blurred boundary in PC-Cav2.1 KO
mice. Thus, Cav2.1 in PCs is involved in the posttranscriptional
modification of PLC�3, by which PLC�3 is downregulated at the
protein level in aldolase C(�) compartments and acquires pre-
cise reciprocity to the preexisting banding of PLC�4. In addition,
we found increased perikaryal accumulation of PLC�3 and
PLC�4 in PC-Cav2.1 KO mice. Based on these findings, it is con-
ceivable that Cav2.1-mediated posttranscriptional modification
may affect protein synthesis, trafficking, and/or degradation of
PLC�s in a compartment-specific manner.

Hsp25, HNK1 antigen, EAAT4, and protein kinase C-� are com-
partment markers and expressed predominantly in aldolase C(�)
compartments (Chen and Hillman, 1993; Eisenman and Hawkes,
1993; Nagao et al., 1997; Dehnes et al., 1998; Armstrong and Hawkes,
2000; Barmack et al., 2000). Of these, we further investigated the
altered boundaries in EAAT4 compartments. Like PLC�3, the bor-
der of EAAT4-strong and EAAT4-weak bands was obscured and
mismatched with that of aldolase C compartments in PC-Cav2.1 KO
mice. Thus, Cav2.1 appears to sculpt the boundary of some, if not all,
of the cerebellar compartment markers.

In conclusion, Cav2.1 expressed in PCs regulates competitive
excitatory wiring, cell survival, and the precise reciprocity and
boundary of cerebellar biochemical compartments by PLC�3
and EAAT4.
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