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Neural circuits are initially redundant but rearranged through
activity-dependent synapse elimination during postnatal develop-
ment. This process is crucial for shaping mature neural circuits and
for proper brain function. At birth, Purkinje cells (PCs) in the cere-
bellum are innervated by multiple climbing fibers (CFs) with similar
synaptic strengths. During postnatal development, a single CF is
selectively strengthened in each PC through synaptic competition,
the strengthened single CF undergoes translocation to a PC den-
drite, and massive elimination of redundant CF synapses follows.
To investigate the cellular mechanisms of this activity-dependent
synaptic refinement, we generated mice with PC-selective deletion
of the Cav2.1 P/Q-type Ca2+ channel, the major voltage-dependent
Ca2+ channel in PCs. In the PC-selective Cav2.1 knockout mice, Ca2+

transients induced by spontaneous CF inputs are markedly re-
duced in PCs in vivo. Not a single but multiple CFs were equally
strengthened in each PC from postnatal day 5 (P5) to P8, multiple
CFs underwent translocation to PC dendrites, and subsequent syn-
apse elimination until around P12 was severely impaired. Thus, P/
Q-type Ca2+ channels in postsynaptic PCs mediate synaptic compe-
tition among multiple CFs and trigger synapse elimination in de-
veloping cerebellum.

calcium channel | inferior olive | vesicular glutamate transporter 2 |
Cre/loxP system | α1A subunit

In the developing nervous system, neuronal connections are
initially redundant, but they are refined and become func-

tionally mature during postnatal development by synapse elimi-
nation (1–3). It is widely believed that synapse elimination
involves activity-dependent competition among surplus synaptic
inputs to each postsynaptic cell (1, 4, 5). At the neuromuscular
junction, effective excitation of target muscles has been shown to
bias the synaptic competition in favor of the input whose synaptic
efficacy is relatively stronger than others (6). However, the mo-
lecular basis for controlling synaptic competition in the central
nervous system (CNS) has been largely unknown.
The cerebellar climbing fiber (CF) to the Purkinje cell (PC)

synapse provides an excellent model to study synapse elimination
in the CNS. Whereas most PCs in the cerebellum of adult mice
receive strong excitatory inputs from single CFs (7), PCs in
neonatal cerebellum are innervated by multiple CFs with similar
synaptic strengths (8–10). From postnatal day 3 (P3) to P7, one
CF is selectively strengthened relative to others in each PC (8–
10). Then, the single “winner” CF undergoes translocation to PC
dendrites (11). In parallel, redundant CFs are eliminated and
most PCs become innervated by single CFs by around P17 in
mice (8–10, 12). CF elimination consists of two distinct phases in
mice, the early phase from P7 and the late phase from around
P12 (12), which involve distinct mechanisms (9, 12). Whereas
several factors crucial for the late phase of CF synapse elimi-
nation have been disclosed (13–20), mechanisms of biased
strengthening of single CFs and the early phase of CF synapse

elimination are unknown. Because synapse refinement critically
depends on neuronal activity (1, 4, 5, 16, 21, 22), we studied
whether the P/Q-type voltage-dependent Ca2+ channel (VDCC),
the major high-threshold VDCC in PCs (23), is involved in the
development of CF to PC synapses.

Results
Generation of PC-Specific Cav2.1 Knockout Mice. We previously an-
alyzed mice lacking Cav2.1 (24), a pore-forming component of
the P/Q-type VDCC (global Cav2.1 KO mice), and reported that
Cav2.1 KO mice have persistent multiple-CF innervation in
young adult PCs (25). Although the P/Q-type VDCC is a major
high-threshold Ca2+ channel in PCs (23), it is also a major
VDCC in presynaptic terminals that mediates transmitter release
in most of the central synapses including the cerebellum (26, 27).
To clarify the extent of contribution of postsynaptic P/Q-type
VDCCs to developmental rearrangements of CF synapses, we
generated PC-selective Cav2.1 knockout mice by using the Cre/
loxP recombination system and the C57BL/6 ES cell line
RENKA (28, 29). We generated the Cav2.1

lox/lox (Cav2.1 floxed)
mice carrying two loxP sequences flanking exon 4 of the Cav2.1
gene encoding the first voltage-sensor domain (Fig. 1A). To
obtain a cerebellar PC-selective Cre recombinase expression, we
used a D2CreN line (GluD2+/Cre) whose Cre gene was expressed
in PCs under the control of the GluD2 promoter (30). By
intercrossing Cav2.1 floxed mice with D2CreN mice, we obtained
PC-selective Cav2.1 knockout mice (Cav2.1

lox/lox, GluD2+/Cre,
from now on called PC-Cav2.1 KO mice) (Fig. 1 B and C). The
littermates from the same breeding pairs carrying the floxed
Cav2.1 gene but no Cre gene (Cav2.1

lox/lox, GluD2+/+) were used as
a control. Whereas conventional global Cav2.1 KO mice die
before the fourth postnatal week (24), our PC-Cav2.1 KO mice
grew up to adulthood and were fertile. Although expression of
Cav2.1 mRNA was rich in PCs and other brain regions in control
mice at P2 (Fig. S1 A–C) and P5 (Fig. S1 G–I), Cav2.1 mRNA
expression was eliminated selectively from PCs in PC-Cav2.1 KO
mice (Fig. S1 D–F and J–L). To check functional deletion of P/
Q-type VDCCs, we recorded voltage-dependent Ca2+ currents
from PCs in cerebellar slices at P5–P6. We found that the Ca2+
currents of PC-Cav2.1 KO PCs were significantly smaller than
those of control PCs (Fig. 1D). Then, we additively bath-applied
the N-type VDCC blocker ω-conotoxin GVIA (ω-CTX, 3 μM),
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the L-type VDCC blocker nifedipine (Nif, 10 μM), and the P/Q-
type VDCC blocker ω-agatoxin IVA (ω-Aga, 0.4 μM) while
monitoring the current through VDCCs (depolarization from
−60 to −10 mV) every 30 s by using Ba2+ as charge carrier. We
demonstrate that the component mediated by the P/Q-type
VDCC was absent in PC-Cav2.1 KO PCs (Fig. 1E), indicating
that the functional P/Q-type VDCC was completely deleted by
P5 from PC-Cav2.1 KO PCs. In marked contrast to the post-
synaptic change, the P/Q channel contributed to the same extent
to CF to PC synaptic transmission in PC-Cav2.1 KO and control
mice (Fig. 1F). These results demonstrate that the P/Q channel
at the presynaptic terminal is intact and functions normally in
PC-Cav2.1 KO mice.

Reduced CF-Induced Ca2+ Transients in PCs in Vivo of PC-Cav2.1 KO
Mice. We examined how PC-selective deletion of the P/Q-type
VDCC affects excitatory postsynaptic potentials (EPSPs), spike
activity, and Ca2+ transients by CF inputs in PCs in vivo. Under
isoflurane anesthesia, we performed simultaneous whole-cell
recordings and two-photon Ca2+ imaging from PCs in vivo in
control and PC-Cav2.1 KO mice at P7–P11 by using the “shadow-

patching” technique (31). Spontaneous simple spike activity was
suppressed by injecting hyperpolarizing currents, and responses
caused by spontaneous CF inputs were recorded at ∼ −60 mV. In
control mice, PCs exhibited irregular burst firing responses that
were composed of large EPSPs and multiple spikes, which are
thought to be generated by spontaneous CF inputs (Fig. 2A).
These burst firings occasionally appeared in train. Each train of
burst firing induced a clear Ca2+ transient in the soma and den-
drites of PCs and resulted in prominent elevation of intracellular
Ca2+ levels for several seconds. In PC-Cav2.1 KO mice, PCs also
exhibited irregular burstfirings and occasional trains of burst firing
(Fig. 2B). Although average firing rates of burst firing were not
significantly different between control and PC-Cav2.1 KO mice
(Fig. 2C, P = 0.14), magnitudes of Ca2+ influx were significantly
smaller in PC-Cav2.1 KO mice compared with control mice (Fig.
2D). As a consequence of reduced Ca2+ transients associated with
each burst firing, elevation of intracellular Ca2+ levels caused by
occasional burst trains was significantly smaller in PC-Cav2.1 KO
mice than in control mice. These results demonstrate that Ca2+

transients induced by spontaneous CF inputs are markedly re-
duced in PCs of PC-Cav2.1 KO mice in vivo.

Impaired CF Synapse Elimination Until Around P12 in PC-Cav2.1 KO
Mice. We examined the CF innervation pattern in young adult
PC-Cav2.1 KO mice by using whole-cell recordings from PCs in
acute cerebellar slices (25). Compared with control mice, the
regression of surplus CFs was severely impaired in PC-Cav2.1
KO mice (Fig. 3 A and B) to the same extent as that observed in
global Cav2.1 KO mice (25). Basic properties of CF-mediated
excitatory postsynaptic currents (CF-EPSCs) were similar be-
tween control and PC-Cav2.1 KO mice, although the 10–90%
rise time and decay time constants were longer in PC-Cav2.1 KO
mice (Table S1). We then examined at which stage of postnatal
development the abnormality of synapse elimination becomes

Fig. 1. Generation of PC-specific Cav2.1 knockout mice. (A) Schematic rep-
resentations of Cav2.1 cDNA, Cav2.1 genomic DNA (Cav2.1

+), targeting vec-
tor, targeted genome (Cav2.1

lox), and Cre-mediated deleted genome
(Cav2.1

-). Solid triangles indicate loxP sequences. Shaded bars indicate the
probes (5′, Neo, and 3′) for Southern blot analysis. A, ApaI; K, KpnI. (B)
Southern blot analysis of genomic DNA prepared from the wild-type (+/+)
and Cav2.1

lox/+ ES cells. (Left) ApaI-digested DNA hybridized with a 5′ probe:
12.4 kb for wild-type and 11.2 kb for floxed allele. (Middle) ApaI-digested
DNA hybridized with a Neo probe: 11.2 kb for floxed allele. (Right) KpnI-
digested DNA hybridized with a 3′ probe: 7.7 kb for wild-type and 3.8 kb for
floxed allele. (C) Western blot analysis of the homogenates from the cere-
bellum of Cav2.1

+/+ (WT), control (lox/lox), PC-Cav2.1 KO (PC-KO), and global
Cav2.1 KO (KO) mice at P20. Proteins loaded in each lane are 50 μg. (D) PC-
selective deletion of P/Q-type VDCCs in PC-Cav2.1 KO mice. (Upper) Specimen
records of Ca2+ currents elicited by 100 ms depolarization from Vh = −60 mV
to −20, −10, and 0 mV in PCs at P5. (Lower) Current–voltage relationship in
control (open symbols, n = 6) and PC-Cav2.1 KO (solid symbols, n = 6) mice at
P5. Peak amplitudes are plotted against the voltage steps. (E) Pharmacology
of Ca2+ currents in control (Left, n = 8) and PC-Cav2.1 KO (Right, n = 8) mice.
Averaged amplitudes are measured from 10 ms at the end of voltage step
(90–100 ms). (Insets) Specimen records of Ca2+ currents. (F) Pharmacology of
CF-EPSCs elicited in control (Left, n = 6) and PC-Cav2.1 KO (Right, n = 7) mice.
(Insets) Specimen records of CF-EPSCs.

Fig. 2. Reduction in CF-mediated Ca2+ transients in PCs of PC-Cav2.1 KOmice.
(A and B) Simultaneous whole-cell recordings and two-photon Ca2+ imaging
from PCs of control (A) and PC-Cav2.1 KO (B) mice in vivo. (Left) Horizontal
(Upper) and parasaggital (Lower) projection images of recorded PCs at P7.
(Right) Somatic Ca2+ transients (Top) and membrane potential (Middle) were
recorded simultaneously. Note that trains of burst firing were often observed
(Bottom). (C) Averagefiring rate of burstfiring. (D) Somatic anddendritic Ca2+

elevation evoked by each train of burst firing was quantified as (area of Ca2+

transients)/(number of burst firings in train). *P < 0.002; **P < 0.0001.
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obvious in PC-Cav2.1 KO mice. At P4–P6, the majority of PCs
were innervated by four or more CFs in both PC-Cav2.1 KO and
control mice (Fig. 4A and Fig. S2A). The number of CFs
innervating each PC was identical between control [9.1 ± 0.5
(mean ± SEM), n = 48 PCs] and PC-Cav2.1 KO (10.4 ± 0.7, 38
PCs) (P = 0.227). Then, during the following postnatal period,
the number of CFs progressively decreased in control PCs (Fig. 4
B–E and Fig. S2 B–E). In marked contrast, distributions of PCs
remained almost unchanged until P12 in PC-Cav2.1 KO PCs (Fig.
4 B and C and Fig. S2 B and C). The number of CFs innervating
each PC decreased at P12–P15 (Fig. 4D), but elimination did not
proceed thereafter (Fig. 4 D and E and Fig. S2 D and E). When
the percentage of PCs innervated by four or more CFs was plotted
against postnatal day, this value progressively decreased from
P6 to P12 in control mice (Fig. 4F). In contrast, the percentage
remained high until around P12 in PC-Cav2.1 KO mice (Fig. 4F).
Then, the value decreased to ∼30%, but did not reach the level of
control mice (Fig. 4F). These results suggest that initial CF in-
nervation is normal, but the following elimination process from
around P7 to P12 is severely impaired in PC-Cav2.1 KO mice.

Impaired Functional Differentiation of Multiple CF Inputs in PC-Cav2.1
KO PCs. Next, we examined whether selective strengthening of
a single CF in each PC during the first postnatal week is affected in
PC-Cav2.1 KO mice. To quantify functional differentiation of
multiple CF inputs, we calculated the parameter (disparity index)
used in our previous study (Fig. 5A) (9). In control mice, the dis-
parity index increased from P5 to P7 and reached a plateau. Be-
cause an increase in the disparity index indicates the increase in the
difference among the amplitudes of multiple CF-EPSCs, this ev-
idence implies that CF-EPSC amplitudes of multiple CFs are
initially similar but EPSCs from a single CF undergo biased
strengthening until P7 in control PCs (9). In contrast, the robust
increase in the disparity index until around P7 was not seen in PC-
Cav2.1 KO PCs (Fig. 5A). This result indicates that biased
strengthening of single CFs from P5 to P7 is severely impaired in
PC-Cav2.1 KO PCs.
We then measured whether the absolute EPSC amplitude

changes in each PC during postnatal development (Fig. 5B). In
both control and PC-Cav2.1 KO PCs, the total amplitude of CF-
EPSCs increased about fourfold from P5 to P8 with no significant
difference between the two mouse strains (Fig. 5B), indicating that
developmental increase in the total amount of CF synaptic input
on each PC is normal in Cav2.1 KO mice. This result suggests
that the number of CF synapses on each PC increases normally
in PC-Cav2.1 KO mice, because each CF forms multiple synaptic
contacts on PCs and the number of CF terminals is thought to be
proportional to CF-EPSC amplitude. We measured the density
of CF terminals around the PC soma at P10 by counting large
synaptic boutons immunopositive for vesicular glutamate trans-
porter 2 (VGluT2), a marker for CF terminals (25). As expected
from the electrophysiological data, the density was not different
between control and PC-Cav2.1 KO PCs (Fig. S3).

We then calculated the fractions of individual CF-EPSC
amplitudes relative to the total CF-EPSC amplitude in each PC
(Fig. 5 C and D). In control mice, the fraction of the largest CF-
EPSC increased from P5 to P8, but those of the second to fourth
largest CF-EPSCs remained unchanged or gradually decreased
(Fig. 5C). In contrast, the fractions of multiple CF-EPSCs
remained almost unchanged from P5 to P8 in PC-Cav2.1 KO
mice (Fig. 5D). Thus, a single CF input to each PC gains biased
strengthening of synaptic efficacy in control mice, whereas mul-
tiple CF inputs are almost equally strengthened in PC-Cav2.1 KO
mice. These results indicate that strengthening of total CF syn-
aptic efficacy does not require P/Q-type VDCCs in PCs, whereas
biasing the synaptic competition toward single CF inputs is
critically dependent on P/Q-type VDCCs in PCs.
Our recent study demonstrates that GluD2 is weakly expressed

in GABAergic interneurons in the molecular layer from early
postnatal development (30). It is therefore possible that Cre
recombinase is expressed also in molecular layer interneurons in
GluD2+/Cre mice and that the P/Q-type VDCC is deleted in
interneurons of PC-Cav2.1 KO mice. We checked whether
GABAergic inputs to PCs were affected in PC-Cav2.1 KO mice
at P6–P7 and P10, the stages at which CF synapse development
was severely impaired in PC-Cav2.1 KO mice. We found no
abnormality in the amplitude and frequency of spontaneous
GABAergic synaptic currents in PCs of PC-Cav2.1 KO mice
(Table S2), indicating that activity of GABAergic synaptic inputs
to PCs is similar between control and PC-Cav2.1 KO mice.
However, when inhibitory postsynaptic currents (IPSCs) evoked
by stimulating axons of the molecular layer interneurons were
examined at P12–P13, the P/Q-type VDCC blocker ω-agatoxin
IVA (0.4 μM) reduced the amplitude to 9 ± 4% (n = 5 PCs) in
control mice and to 69 ± 17% (n = 7 PCs) in PC-Cav2.1 KO
mice. This result indicates that the P/Q-type VDCC is partially

Fig. 3. Persistent multiple CF innervations of PCs in young adult PC-Cav2.1
KO mice. (A) Specimen records of CF-EPSCs in control (P19; Vh = −20 mV) and
PC-Cav2.1 KO (P20; Vh = −20mV) mice. (B) Frequency distribution histogram
for the number of CFs innervating each PC in control (open columns, n = 45)
and PC-Cav2.1 KO (shaded columns, n = 43) mice at P19–P31.

Fig. 4. Impairment of CF synapse elimination during postnatal development
in PC-Cav2.1 KOmice. (A–E) Frequency distribution histogram for the number
of discrete CF-EPSCs for control and PC-Cav2.1 KO mice illustrated similarly to
Fig. 3B. There is no significant difference in the frequency distribution in A
between control and PC-Cav2.1 KOmice (P = 0.871; Mann–Whitney U test). In
contrast, frequency distributions for B–E are significantly different between
control and PC-Cav2.1 KOmice (B, P = 0.023;C–E, P< 0.001). (F) Developmental
changes in the fraction of PCs innervated by four or more CFs.
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deleted from presynaptic terminals of molecular layer inter-
neurons at P12–P13. The deletion of the P/Q-type VDCC may
lead to the decrease in GABAergic inhibition in the young adult
stage, as observed in slices from global Cav2.1 KO cerebellum
that were cultured for at least 3 wk (32). However, because we
detected no change in spontaneous IPSCs at P6–P7 and P10
between PC-Cav2.1 KO and control mice (Table S2), the defects
in CF synapse development in PC-Cav2.1 KO mice from P5 to
around P10 are considered most likely to result from the lack of
P/Q-type VDCCs in PCs.

Impaired CF Synapse Development in Global Cav2.1 KO Mice. To
clarify the possible contribution of P/Q-type VDCCs expressed in
cells other than PCs, we examined the development of CF syn-
apses in global P/Q-type VDCC knockout mice (global Cav2.1
KO mice). At P4–P6, PCs of global Cav2.1 KO mice were in-
nervated by about the same number of CFs as those of their wild-
type littermates (Fig. S4A), but CF synapse elimination did not
proceed from P7 to P12 (Fig. S4 B–E). The percentage of PCs
innervated by four or more CFs decreased steeply from P6 to
P11 in control mice (Fig. S4F), whereas the value was almost
unchanged during the same postnatal period in global Cav2.1 KO
mice (Fig. S4F). We also found that the robust increase in the
disparity index from P5 to P7 was absent in global Cav2.1 KO
mice (Fig. S5A), although developmental changes in total CF-
EPSC amplitude were normal (Fig. S5B). The fractions of mul-
tiple CF-EPSCs remained almost unchanged from P5 to P8 in
global Cav2.1 KO mice (Fig. S5D), whereas the fraction of the
largest CF-EPSC selectively became larger in wild-type mice
(Fig. S5C). Taken together, these results demonstrate that biased
strengthening of single CF inputs during the first postnatal week
and the subsequent elimination of surplus CFs until around P12
are severely impaired to the same extent in global Cav2.1 KO and
PC-Cav2.1 KO mice. Therefore, the lack of P/Q-type VDCCs in
cells other than PCs seems to have no additive effect on the
impaired refinement of CF-PC synapses until around P12.

Translocation of Multiple CFs to PC Dendrites in PC-Cav2.1 KO Mice.
To examine CF innervation patterns morphologically, we per-
formed triple fluorescent labeling of cerebella at P12 and P16
for calbindin (PC marker, blue), VGluT2 (CF terminal marker,
green) and anterograde tracer dextran Alexa 594 (DA-594, red)
(Fig. 6). We analyzed the PCs that were innervated by tracer-la-
beled predominant CFs to specify the pattern (mono-innervation
or multiple innervation) and the site (soma or dendrite) of CF
innervation. In control mice at P12, predominant CFs double la-
beled for DA-594 and VGluT2 innervated both somata and
proximal shaft dendrites of PCs, whereas terminals of surplus
CFs labeled for VGluT2 alone were virtually confined to the soma
(Fig. 6A). At P16, predominant CFs further extended along den-
drites with an increased number of their branches, whereas they
lost their terminals on the soma or innervated apical portions of
the soma (Fig. 6B). At this stage, surplus CF terminals were much
less frequent than at P12 (Fig. 6B). In PC-Cav2.1 KOmice, surplus
CF terminals were far more numerous than in control mice at
both P12 and P16 (Fig. 6 C and D). These surplus CF terminals
were distributed over not only the soma but also the proximal
shaft dendrites of PCs (Fig. 6 C and D), thus indicating dendritic
translocation of multiple CFs in PCs of PC-Cav2.1 KO mice.
Then we quantitatively evaluated the pattern and site of CF

innervation on the basis of our morphological data. We classified
PCs into three groups: mono-innervation (mono), multiple in-
nervation with surplus CF innervation confined to the soma
(multisoma), and multiple innervation with surplus CF in-
nervation extending to dendrites (multidendrite). By triple im-
munofluorescence for calbindin, VGluT2, and glial marker glial
high affinity glutamate transporter (GLT-1), we found that
∼80% of VGluT2-positive CF terminals had direct contacts to
the apical half of PC somata in control and PC-Cav2.1 KO
mice (Fig. S6 A, C, E, and F). In contrast, more than half of the
VGluT2-positive terminals in the basal half of PC somata were
apparently apart from the somatic membrane with intervening
glial sheets between the pre- and postsynaptic elements (Fig. S6
B and D–F and SI Results). Such VGluT2-positive terminals
around the basal half of PC somata were often in contact with
dendritic profiles of unidentified neurons. Therefore, we judged
the PCs whose apical half of the soma was contacted by terminals
of surplus CFs as the multisoma type.
In control mice, percentages of the mono, multisoma, and

multidendrite types were 36%, 60%, and 5% (27, 45, and 3 of 75
PCs), respectively, at P12 and 81%, 19%, and 0% (47, 11, and
0 of 58 PCs) at P16 (Fig. 6 E and F, open columns). In PC-Cav2.1
KO mice, most PCs are multiply innervated; percentages of the
mono, multisoma, and multidendrite types were 2%, 53%, and
45% (27, 49, and 41 of 92 PCs), respectively, at P12 and 24%,
36%, and 40% (18, 28, and 31 of 77 PCs) at P16 (Fig. 6 E and F,
shaded columns). These results from control mice conform to
our previous study reporting that single winner CFs translocate
to PC dendrites, whereas “loser” CFs remain around the somata
and are subsequently eliminated (11). The results from PC-
Cav2.1 KO mice demonstrate that the lack of P/Q-type VDCCs
permits multiple CFs to translocate to dendrites and impairs
elimination of CF synapses from the soma.

Discussion
We found that PC-Cav2.1 KO mice had severe defects in biased
strengthening of single CF inputs from P5 to P7, subsequent
dendritic translocation of the strengthened CF, and the early
phase of CF synapse elimination until around P12. We verified
that a voltage-dependent Ca2+ current component mediated by a
P/Q-type VDCC was completely eliminated in PCs (Fig. 1 D and
E), whereas presynaptic P/Q-type VDCCs functioned normally
at CF-PC synapses of PC-Cav2.1 KO mice (Fig. 1F). Further-
more, the amplitude and frequency of spontaneous GABAergic
synaptic currents were normal in PCs of PC-Cav2.1 KO mice
(Table S2). These results strongly suggest that P/Q-type VDCCs
in postsynaptic PCs are essential for the refinement of CF syn-
apses during the first 12 d of mouse postnatal development.

Fig. 5. Impairment of postnatal development of CFs in PC-Cav2.1 KO mice.
(A) Developmental changes in the disparity index. The numbers of PCs for
each data point are 19–42 for control and 9–62 for PC-Cav2.1 KO mice. Data
for P9–P11 and P12–P14 are pooled and indicated with triangles. Data for
P15–P21 are pooled and indicated with boxes. (B) Postnatal changes in the
total amplitudes of CF-EPSCs (at Vh = −20 mV) elicited in each PC. Plots in-
clude the data for mono-innervating CFs. The numbers of PCs for each data
point are 19–77 for control and 9–70 for PC-Cav2.1 KO mice. (C and D)
Postnatal changes in the fractions of the largest (blue), second (pink), third
(green), and fourth (violet) EPSC amplitudes relative to the total CF-EPSC
amplitude in control (C) and PC-Cav2.1 KO (D) PCs.
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We found that CF synapse elimination starting at around P7 was
severely impaired in PC-Cav2.1 KO mice (Figs. 3 and 4). The pro-
cess of CF synapse elimination is shown to consist of the early and
late phases (13, 33, 34). In mice, the early phase ranges from P7 to
around P11, and the late phase from around P12 to P17 (35). In the
present study, we found that the majority of PCs were innervated
by four or more CFs both in control and in PC-Cav2.1 KO mice at
P4–P6. In PC-Cav2.1 KO mice, the subsequent elimination of sur-
plus CFs did not proceed properly (Fig. 4). These results suggest
that initial synapse formation bymultiple CFs is almost normal, but
the following elimination process from P7 is severely impaired in
PC-Cav2.1 KO mice. This developmental period is before the ro-
bust formation of parallel fiber (PF) synapses (36–39). The im-
pairment ofCF synapse elimination becomes evident clearly earlier
than that of the knockout mice deficient in the mGluR1 signaling
cascade in which the late phase is selectively impaired (17–20).
In PC-Cav2.1 KOmice, the rapid increase in the disparity index

during the first postnatal week was severely impaired (Fig. 5A) and

the fractions of the amplitudes of individual CF-EPSCs relative
to the total CF-EPSC amplitude were almost constant (Fig. 5D),
indicating the impairment of biased strengthening of single CF
inputs. Importantly, the total CF-EPSC amplitude in individual
PCs increased by about fourfold from P5 to P8 in PC-Cav2.1 KO
mice similarly to the control mice (Fig. 5B). The density of the
CF terminal on the soma of each PC is similar between control
and PC-Cav2.1 KO PCs (Fig. S3). These results clearly indicate
that the developmental increase in the number of CF terminals
is normal in the Cav2.1-deficient mice. Therefore, we conclude
that strengthening of total CF synaptic efficacy and biasing the
synaptic competition toward single CF inputs are based on differ-
entmechanisms.Molecular bases for these developmental changes
are currently unknown. However, it is likely that developmental
change in the amount of resource necessary for maintaining syn-
aptic efficacy and competition for such a resource by multiple CFs
are two important factors (3, 40). As the amount of resource
increases with postnatal development, the total CF synaptic effi-
cacy becomes larger. This process itself is independent of P/Q-
type VDCCs in PCs, but the assignment of the resource to given
CFs may be dependent on P/Q-type VDCC-mediated activity.
Stronger CFs can activate postsynaptic P/Q-type VDCCs more
effectively and may gain more resource than weaker CFs. This
competition may eventually result in selective strengthening of a
single winner CF and weakening of the rest of the CFs in each PC.
After selective strengthening of a single CF during the first

postnatal week, only the winner CF undergoes translocation to
PC dendrites, which starts at around P9 in control mice (11). By
marked contrast, our morphological data clearly demonstrate
that more than one CF form synaptic contacts on PC dendrites at
P12 and P16 in PC-Cav2.1 KO mice (Fig. 6), indicating that
multiple CFs undergo dendritic translocation in PC-Cav2.1 KO
mice. Because the disparity between the strongest CF and other
CFs is small at P9 in PC-Cav2.1 KO and global Cav2.1 KO PCs, it
is likely that the strongest CF cannot suppress dendritic trans-
location of other weaker CFs. As a result, weaker CFs may
compete with the strongest CF for gaining innervation territories
in dendrites in the Cav2.1-deficient PCs. Another possibility
would be that CF inputs that gave rise to a certain level of Ca2+

elevation could translocate to the dendritic shafts of PCs, and
multiple CFs in PC-Cav2.1 KO mice might meet this criterion.
The phenotypes of Cav2.1 KO mice are not likely to reflect the

slowing of development. If the delayed development is the major
cause, synaptic organization of PCs of young adult Cav2.1 KO
mice should resemble that of control mice at a certain stage of
postnatal development. However, PCs of Cav2.1 KO mice have
abnormalities that are not seen in developing PCs of control
mice, including hyperspiny transformation and dendritic trans-
location of multiple CFs (25). Moreover, the developmental in-
crease in total CF-EPSC amplitude (Fig. 5B and Fig. S5B) and
the initiation of CF translocation (Fig. 6C) appear normal.
Therefore, we conclude that the defects in Cav2.1 KO mice result
from the impairment of specific processes of CF synapse elimi-
nation rather than the delay of development.
Although several factors crucial for the late phase of CF

synapse elimination have been elucidated (12, 16–19, 41–44), the
molecular bases for the functional differentiation, subsequent
dendritic translocation, and the early phase of CF synapse
elimination were unclear. The present study demonstrates un-
equivocally that the P/Q-type VDCC in PCs is crucial for such
rearrangements of CF synapses during the first 12 d of postnatal
development. Because PF synapses are immature during this
developmental stage, activation of the P/Q-type VDCC in PCs
should be caused by CF inputs. Recently, long-term potentiation
(LTP) and depression (LTD) of CF synapses were reported in
PCs of neonatal rodents (8, 45). Interestingly, LTP occurs ex-
clusively at large CF inputs that produce significant Ca2+ tran-
sients in PCs, whereas LTD is induced at small CF inputs that
are not associated with Ca2+ transients (8). LTP/LTD of CF
synapses may contribute to selective strengthening/weakening of
CF inputs during the first postnatal week, which may determine

Fig. 6. Dendritic translocation of multiple CFs and persistent somatic CF
innervation in PC-Cav2.1 KO mice. (A–D) Triple fluorescent labeling for cal-
bindin (blue), VGluT2 (green), and anterograde tracer dextran Alexa-594
(DA-594, red) in control (A and B) and PC-Cav2.1 KO (C and D) mice at P12 (A
and C) and P16 (B and D). Arrows and arrowheads indicate tracer-unlabeled/
VGluT2-positive CF terminals on the soma and the dendrite, respectively, for
a given PC. (E and F) Classification of anatomically identified CF innervation
at P12 (E) and P16 (F). PCs innervated solely by tracer-labeled CFs are clas-
sified as mono-innervation (mono), whereas those innervated by both
tracer-labeled and tracer-unlabeled CFs are classified as multiple innervation
(multi). Multiply innervated PCs are further classified on the basis of whether
tracer-unlabeled CFs are confined to the soma (multisoma) or extend to
dendrites (multidendrite). (Scale bar, 10 μm.)
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the single winner CF that will remain throughout life and loser
CFs that will eventually be eliminated.

Materials and Methods
Animals. All animal experiments were carried out in accordance with the
guidelines laid down by the animal welfare committees of Niigata University,
Hokkaido University, Hiroshima University, and University of Tokyo. We
generated the Cav2.1

lox/lox (Cav2.1 floxed) mice carrying two loxP sequences
flanking exon 4 of the Cav2.1 gene encoding the first voltage-sensor domain
(Fig. 1A). Details of the procedures to generate Cav2.1

lox/lox mice are de-
scribed in SI Materials and Methods.

Electrophysiology. Mice aged 5–31 d postnatally were decapitated following
CO2 anesthesia, and brains were rapidly removed and placed in chilled ex-
ternal solution (0–4 °C) containing 125 mM NaCl, 2.5 mM KCl, 2 mM CaCl2,
1 mM MgSO4, 1.25 mM NaH2PO4, 26 mM NaHCO3, and 20 mM glucose,
bubbled with 95% O2 and 5% CO2 (pH 7.4). Parasagittal cerebellar slices
(250 μm thick) were prepared by using a vibratome slicer (Leica). Whole-
cell recordings were made from visually identified PCs using an upright
microscope (Olympus) at 32 °C. Compositions of the pipette solutions and
protocols of stimulation and recording are described in SI Materials and
Methods. Whole-cell recordings and two-photon Ca2+ imaging from PCs in

anesthetized mice were performed as described (31). The details are de-
scribed in SI Materials and Methods.

Morphological Analysis. Dextran Alexa 594 (DA-594; Invitrogen) was injected
into the inferior olive to label CFs as described (46). After 4 d of survival, mice
were fixed by transcardial perfusion and parasagittal cerebellar sections
(50 μm in thickness) were cut (11, 15, 25). Sections were either double-
immunofluorescent labeled for calbindin and VGluT2 or triple-immunoflu-
orescent labeled for calbindin, VGluT2, and GLT-1. Details of the procedures
for immunohistochemistry and in situ hybridization are described SI Mate-
rials and Methods.
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