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The hereditary ataxias are a complex group of neurological disor-
ders characterized by the degeneration of the cerebellum and its
associated connections. The molecular mechanisms that trigger the
loss of Purkinje cells in this group of diseases remain incompletely
understood. Here, we report a previously undescribed dominant
mouse model of cerebellar ataxia, moonwalker (Mwk), that dis-
plays motor and coordination defects and loss of cerebellar Pur-
kinje cells. Mwk mice harbor a gain-of-function mutation (T635A)
in the Trpc3 gene encoding the nonselective transient receptor
potential cation channel, type C3 (TRPC3), resulting in altered
TRPC3 channel gating. TRPC3 is highly expressed in Purkinje cells
during the phase of dendritogenesis. Interestingly, growth and
differentiation of Purkinje cell dendritic arbors are profoundly
impaired in Mwk mice. Our findings define a previously unknown
role for TRPC3 in both dendritic development and survival of
Purkinje cells, and provide a unique mechanism underlying cere-
bellar ataxia.
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he inherited cerebellar ataxias are a complex group of

neurodegenerative disorders characterized by loss of balance
and coordination (1-3). Cerebellar ataxia is caused by the
degeneration of Purkinje cells, which form the sole output of the
cerebellum. To date, more than 50 different inherited forms of
cerebellar ataxia are known (4). Importantly, increasing evi-
dence points to the existence of common pathological pathways
in different forms of ataxia, including transcriptional regulation,
protein aggregation, and calcium homeostasis, which trigger the
degeneration of Purkinje cells in these disorders (1, 5). However,
the molecular mechanisms mediating these pathways remain
poorly understood.

To identify gene products that might be key to cerebellar
degeneration, we used a phenotype-driven approach to screen
for ataxic behavior in a large cohort of N-ethyl-N-nitrosourea
(ENU)-mutagenized mice (6). Here, we report that a point
mutation (T635A) in the C3-type transient receptor potential
(TRPC3) channel in the mouse results in Purkinje cell degen-
eration and cerebellar ataxia. We also find that the development
of dendrites is severely impaired in mutant Purkinje cells.
Notably, the identified dominant gain-of-function mutation in
TRPC3 provides insight into the function of TRPC3 that pow-
erfully complements the findings obtained from the recently
published TRPC3 knockout mouse (7). Our findings suggest that
TRPC3 is a regulator of development and survival of Purkinje
cells, and link aberrant TRPC3 function to cerebellar disease.

Results

Moonwalker Mice Exhibit Impaired Motor and Coordination Control.
We have identified a unique dominant ataxic mouse mutant,
moonwalker (Mwk; Mouse Genome Informatics database ac-
cession no. 3689326), from a large-scale, phenotype-driven dom-
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inant mutagenesis screen (6). Heterozygous Mwk mice (Mwk/+)
are generally 60% of the size of their wild-type littermates, which
is commonly observed in ataxic mouse mutants, and display gait
abnormalities including retropulsion from 3 weeks of age [sup-
porting information (SI) Movie S1]. Homozygous mutants
(Mwk/Mwk) are not viable. To characterize the ataxic behavior
of Mwk/+ mice in more detail, we analyzed gait abnormalities of
adult mutant mice and wild-type littermates from their footprint
patterns. Wild-type mice walked along a straight line with a
smooth alternating gait (Fig. 14). In contrast, Mwk/+ mice
meandered from side to side while moving with a significantly
broader gait width (the lateral distance between opposite right
and left footsteps) than their wild-type littermates (Fig. 1 4 and
B). Furthermore, mutant mice displayed a nonuniform alternat-
ing left-right step pattern or “shuffling gait” (Fig. 14 and C). We
further assessed motor coordination of Mwk/+ mice and controls
in a static rod test (8). For this, mice were placed on the
protruding end of a fixed rod, facing away, and the latency to fall
off while turning around and reaching the supported end of the
bar was recorded. We found that Mwk/+ mice were severely
impaired in their ability to maintain their balance and walk
across the beam (Fig. 1D). Together, these behavioral tests
demonstrate substantial motor and coordination defects in
Mwk/+ mice.

Purkinje Cell Loss in Mwk Mice. The abnormal motor behavior of
Mwk/+ mice led us to histologically examine the cerebellum,
which is the brain region essential for coordination and motor
control. The general cerebellar structure of mutant mice was
indistinguishable from those of littermate controls. However,
from 4 months of age, Mwk/+ mice showed a slow but progres-
sive loss of Purkinje cells, the neurons that generate the sole
output of the cerebellar cortex. From 6 months of age, more
extensive Purkinje cell loss was observed, particularly in the
lateral cerebellar hemispheres (Fig. 2 A-D), consistent with the
observed motor coordination deficits in the mutant mice. No
significant change in the size of the cerebellar granule neuron
layer was noted (Fig. S1).

The Mwk Mutation Lies Within the Trpc3 Gene. To identify the
mutation underlying the Mwk ataxic phenotype, we performed
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Fig.1. Ataxicbehaviorin Mwk/+ mice. (A) Representative footprint patterns
of wild-type and mutant mice at 2 months. Footprint patterns were quanti-
tatively assessed for gait width (B) and step alternation uniformity (C). Mwk/+
mice displayed significantly wider gait (33 = 2mmyvs. 27 = 1 mm) and irregular
step alternation (alternation coefficient 0.36 = 0.035 vs. 0.24 = 0.02) com-
pared with wild-type controls (mean = SEM, n = 8, P < 0.05, ANOVA followed
by Fisher’s PLSD post hoc test). (D) Static rod performance of wild-type and
mutant mice at 2 months. Mwk/+ mice were significantly impaired in their
ability to walk across the beam (35.7 = 13.25 sec vs. 180 = 0 sec; mean = SEM,
n =8, P<0.0001, ANOVA followed by Fisher’s PLSD post hoc test).

a genome scan followed by fine mapping and haplotype analysis.
We localized the Mwk mutation to a 4.9-Mb interval on mouse
chromosome 3, flanked by D3Mit206 and D3Mit169, containing
28 annotated genes (Ensembl release 50, July 2008). We then
directly sequenced the coding regions and exon-intron bound-
aries of all genes in the nonrecombinant Mwk region. We
identified a single nonsynonymous point mutation in exon 7 of
the Trpc3 gene, encoding the transient receptor potential cation
channel, subfamily C, member 3 (TRPC3). No other mutations
were found. The Trpc3 transcript harbors an A-to-G transition
at nucleotide position 1903 in Mwk/+ mice compared with the
wild-type parental strains (Fig. 34). The Mwk mutation causes
a threonine-to-alanine amino acid change (T635A) in the highly
conserved S4/S5 linker region of the TRPC3 protein (Fig. 3B).
TRPC3 is a member of the canonical TRP subfamily of nonse-
lective cation channels, which act as sensors of the cellular
environment (9-12). Despite being the subject of intense scru-
tiny, the physiological role of TRPC3 remains largely unknown.
Interestingly, TRPC3 is highly enriched in Purkinje cells in the
cerebellum (7, 13) (Fig. 5 A-D), which is consistent with the
observed specific cerebellar phenotype in Mwk/+ mice.

The mutation of a conserved residue in TRPC3 could inter-
fere with the correct expression, folding, and/or targeting of the
channel protein and thereby cause the disease phenotype in
Mwk/+ mice. We detected similar levels of TRPC3 mRNA and
protein in wild-type and mutant cerebellum (Fig. 3 C and D),
suggesting that the mutated TRPC3 channel is expressed at
similar levels as wild-type TRPC3. Furthermore, the cerebellar
expression of TRPC1, another TRPC channel expressed in the
cerebellum that is able to form heteromeric complexes with
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Fig.2. Progressive Purkinje neuron loss in the Mwk/+ cerebellum. Calbindin-
stained parasagittal sections from 6-month-old (A), 9-month-old (B), 12-
month-old Mwk/+ (C), and wild-type mice (D). Coronal sections of 6-month-
old Mwk/+ (E) and wild-type (F) mice show pronounced loss of Purkinje cells
in the lateral cerebellar hemispheres of mutant mice.

TRPC3 and contribute to Purkinje cell signaling (7, 14, 15), was
not altered (Fig. 3C), suggesting that there is no functional
compensation of mutant TRPC3 by TRPCI1. In additional
experiments, we showed that mutant TRPC3 localizes to similar
vesicular structures as wild-type TRPC3 when transiently over-
expressed (Fig. S2) (16). Thus, the Mwk mutation does not
appear to alter the normal expression pattern of TRPC3 in the
cerebellum.

Functional Consequences of the Mwk Mutation. TRPC3 is a key
mediator of metabotropic glutamate receptor (mGluR)-
dependent synaptic transmission in cerebellar Purkinje cells (7).
We therefore assessed the inward currents evoked by application
of the type 1 mGluR agonist (S)-3,5-dihydroxyphenylglycine
(DHPG) in acute cerebellar slices of wild-type and Mwk/+ mice
at P20-22, when the ataxic phenotype of the mutant mice is
apparent. In wild-type slices, application of DHPG at a high
concentration (20 uM) reproducibly produced an inward current
and large spikes (Fig. 44). In contrast, in Mwk/+ slices, the
application of 20 uM DHPG resulted in an inward current with
significantly smaller spikes at a faster interspike interval or no
spikes at all (Fig. 4B). Interestingly, upon application of a low
DHPG concentration (5 uM), there was hardly any or no inward
current in wild-type Purkinje cells, but a clear inward current in
Mwk/+ Purkinje cells (Fig. 4 C and D). Together, these findings
suggest that the Mwk mutation results in altered TRPC3 gating
that promotes channel opening under conditions of low mGluR1
activation.

Consistent with our findings that the Mwk mutation triggers
abnormal TRPC3 channel opening, we found that the transient
overexpression of mutant TRPC3 but not wild-type TRPC3
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Fig. 3. The Mwk mutation is identified in the Trpc3 gene. (A) Sequence
analysis of the Trpc3 locus in wild-type and Mwk/+ DNA. An A1903G trans-
version was detected in Mwk/+ mice but was not present in the parental
substrains. (B) Schematic of the 6-transmembrane TRPC3 channel protein. The
expanded S4/S5 linker contains the Mwk mutation (T635A). Multiple amino
acid sequence alignment of this region between orthologous TRPC3 and
related (TRPC6, TRPC7) proteins from different mammalian species shows a
very high degree of conservation. (C) TRPC3 and TRPC1 RNA levels normalized
against calbindin RNA levels in cerebella from 3-week-old wild-type and
Mwk/+ mice. (D) TRPC3 and actin protein levels in cerebellar lysates from
3-week-old wild-type and Mwk/+ mice.

significantly induced cell death in various cell lines, including
neuronal NSC-34 cells (Fig. 4E and data not shown).

A recent study implicated TRPC3 in BDNF-mediated survival
of cerebellar granule neurons (17), and so we assessed the cell
death of granule neurons derived from both wild-type and
Mwk/+ mice upon growth factor deprivation or treatment with
BDNF, respectively. We did not detect any significant differ-
ences in survival between wild-type and Mwk/+ granule neurons
upon starvation or treatment with BDNF (Fig. S3). These
findings, together with our histological observations, suggest that
the activating mutation in TRPC3 specifically affects the survival
of Purkinje cells in the Mwk cerebellum.

We next addressed the question of how the Mwk mutation in
the S4/S5 linker of TRPC3 might result in the activation of the
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Fig. 4. The Mwk mutation results in altered TRPC3 phosphorylation and
gating that promotes aberrant channel opening and cell death. Inward cur-
rent in wild-type (A) and Mwk/+ (B) slices upon application of 20 uM DHPG.
The spikes recorded in Mwk/+ Purkinje cells were significantly smaller and
occurred at a faster interspike interval (Mwk/+: 0.14 + 0.02 s interspike
interval, 1.156 = 0.307 nA spike amplitude, n = 5; wild-type: 1.36 + 0.48 s
interspike interval, 4.188 + 0.1 nA spike amplitude, n = 3; mean = SEM, P <
0.05, unpaired Student'’s t test). Representative examples of Purkinje cells are
shown. Spikes are expanded in right panels. (C) Upon application of 5 uM
DHPG, there was hardly any inward current in wild-type cells (Upper), but a
clear inward current in Mwk/+ Purkinje cells (Lower). (D) Summary of 5-uM
DHPG-evoked currents (Mwk/+: 1.635 = 0.393 pA, n = 6; wild-type: 0.044 +
0.03 pA, n = 5; mean + SEM, P < 0.01, unpaired Student's t test). (E) Transient
overexpression of Mwk TRPC3 (T635A) but not wild-type TRPC3 significantly
induced cell death in NSC-34 cells (25 = 0.577 vs. 2 + 1.528, n = 3; mean = SEM,
P < 0.0001, ANOVA followed by Fisher’s PLSD post hoc test). (F) In vitro kinase
assays using PKCy with recombinant GST, wild-type TRPC3 GST-S4/S5 linker,
and Mwk TRPC3 GST-54/S5 linker (T635A).

channel. One mechanism of TRPC3 regulation is phosphoryla-
tion by protein kinase C y (PKCy), which has been shown to
inhibit TRPC3 channel activity (18, 19). Interestingly, threonine
635, the residue mutated in Mwk/+ mice, constitutes a conserved
putative site for phosphorylation by PKCy. Using an in vitro
kinase assay, we found that PKCvy robustly catalyzed the phos-
phorylation of the wild-type TRPC3 S4/S5 linker, but failed to
phosphorylate the Mwk S4/S5 linker in which threonine 635 was
replaced with alanine (T635A) (Fig. 4F). Thus, the loss of an
inhibitory PKCy-mediated phosphorylation of TRPC3 at thre-
onine 635 may well result in the observed activation of the
TRPC3 channel in Mwk/+ mice.

Altered Dendritic Development of Mutant Purkinje Cells. Consistent
with the observed altered electrophysiology of Purkinje cells,

Becker et al.
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Fig.5. TRPC3is a critical requlator of dendritic growth and differentiation in cerebellar Purkinje cells. (A-D) In situ hybridization images for Trpc3 in wild-type
mouse cerebellum at 8 days (A), 13 days (B), 18 days (C), and 56 days (D) of age. (E and F) Cerebellar sections of 3-week-old wild-type (E) and Mwk/+ (F) mice
subjected to immunohistochemistry using an anti-calbindin antibody. (G-J) Organotypic slice cultures (P8 + 12) prepared from wild-type mice (G) and Mwk/+
(H) littermates were stained with an anti-calbindin antibody. Arrowheads indicate dendritic trees. Mwk/+ Purkinje cells had a significantly shorter longest
dendrite (/) (44.8 = 2.5 um vs. 74.18 = 3.6 um) and significantly reduced areas of the dendritic arborization (J) (1358.7 = 119.9 um?2 vs. 3487.9 *+ 225.14 um?2).
Results shown are representative of 3 independent experiments (mean = SEM, n = 59, P < 0.0001, ANOVA followed by Fisher’s PLSD post hoc test).

Mwk/+ mice exhibit ataxic behavior long before any Purkinje  cells was significantly smaller than that of wild-type controls and
cell loss is observed, suggesting that the ataxic phenotype is  often reduced to a few stubby branches (Fig. 57). Together, these
caused by the abnormal functioning of mutant Purkinje cells in  findings suggest that TRPC3 is a regulator of dendritic growth
the Mwk cerebellum. Interestingly, TRPC3 expression starts  and arborization in cerebellar Purkinje cells.

within the second postnatal week and peaks at 3 weeks postna- . .

tally (Fig. 5 A-D) (13). It is during this phase that the rapid  Discussion

growth and maturation of Purkinje cell dendrites occurs (20).  In this study, we have described a unique dominant mouse model
We therefore set out to investigate whether TRPC3 might play  of cerebellar ataxia that displays abnormal Purkinje cell devel-
a role in the dendritic development of Purkinje cells. Remark- ~ opment, dysfunction, and subsequent degeneration due to a
ably, Purkinje cell dendritic arbors appeared less elaborate with ~ point mutation in the TRPC3 nonselective cation channel. Our
fewer branches in cerebellar sections prepared from 3-week-old  findings uncover a previously unknown role for TRPC3 in both
mutant mice compared with wild-type (Fig. 5 E and F). Toreveal ~ development and survival of cerebellar Purkinje cells, and
possible quantitative differences in the size and complexity of  provide a unique link between aberrant TRPC3 function and
the dendritic trees, we assessed Purkinje cell morphology in  cerebellar ataxia.

organotypic cerebellar slice cultures from Mwk/+ mice and their Our study sheds light on the important question of how the
wild-type littermates. Most wild-type Purkinje cells extended  development of the highly elaborate dendritic trees of Purkinje
complex dendritic trees in the organotypic slices (Fig. 5G). In  cellsis regulated. One of the key molecules determining Purkinje
contrast, the dendritic trees of Mwk/+ Purkinje cells were greatly  cell dendritic development is PKCy (20, 21). However, the
reduced in size and complexity (Fig. 5 H-J). Dendritic expansion =~ PKCry-mediated signaling pathways that control dendrite mor-
of Mwk/+ Purkinje cells, as measured by the length of the longest ~ phology remain largely elusive. Both PKCy and TRPC3 are
dendrite, was decreased by 40% compared with wild-type (Fig.  activated downstream of phospholipase C (PLC)-coupled mem-
5I). Furthermore, the area of dendritic trees of Mwk/+ Purkinje ~ brane receptors (19). In vitro studies have shown that PKCy
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inhibits TRPC3 channel activity, thereby providing a negative
feedback mechanism (18, 19). Our study suggests that TRPC3
might be a target of PKCy-mediated phosphorylation at the
distinct site of threonine 635. Thus, the absence of the PKCry-
mediated negative feedback on TRPC3 might promote sustained
TRPC3 activation and result in limited dendritic arborization in
Mwk Purkinje cells. Interestingly, activation of class 1 metabo-
tropic glutamate receptors has also been implicated in the
inhibition of Purkinje cell dendritic growth as a negative feed-
back mechanism for limiting the size of the dendritic tree of
Purkinje cells after the establishment of a sufficient number of
parallel fiber contacts (22). Both mGIuR1 and TRPC3 localize
to Purkinje cell soma and dendrites during postnatal develop-
ment (13, 23), and there is now compelling evidence that TRPC3
signals downstream of mGlIuR1 in cerebellar Purkinje cells (present
study and ref. 7). Hence, the PKCy-mediated inhibitory phosphor-
ylation of TRPC3 may provide the molecular basis for the mGluR1-
triggered negative feedback on Purkinje cell dendritogenesis during
cerebellar development. Future studies of mGluR1-PKCy-TRPC
signaling in Purkinje cells will help to elucidate the effector
molecules that control dendritic development.

The high expression of TRPC3 in Purkinje cells persists into
adulthood (Fig. 5D) (13), suggesting that TRPC3’s function in
these neurons extends beyond the regulation of dendritic devel-
opment. Indeed, a recent study has implicated TRPC3 in the
normal synaptic function of Purkinje cells (7). Based on our
findings, it is an attractive hypothesis that TRPC3 may also
continue to regulate the growth and refinement of Purkinje cell
dendritic trees in the adult cerebellar cortex and thereby con-
tribute to synaptic remodeling and plasticity. A unique form of
synaptic plasticity in the cerebellum that is critical for motor
learning is long-term depression (LTD) in Purkinje cells (24).
LTD is mediated by mGluR1 signaling (25, 26), raising the
interesting possibility that TRPC3 may play a role in cerebellar
LTD and motor learning.

Although we focus in this study on the role of TRPC3 in the
cerebellum, the Mwk mouse might also provide insight into
TRPC3 function in other tissues. TRPC3 is highly expressed in
the cerebellum but also found in other nervous and nonnervous
tissues, including the heart (27, 28). It will be interesting to
characterize the function of TRPC3 in these tissues in the Mwk
mouse and to determine whether the expression of mutant
TRPC3 contributes to the reduced growth of Mwk mice and/or
the embryonic lethality observed in homozygous Mwk/Mwk
mice.

Our study provides a link between aberrant Purkinje cell
development and cerebellar ataxia in the Mwk mouse. There is
increasing evidence that altered neurodevelopmental processes
contribute to neurodegenerative diseases, including Alzheimer’s
disease, Parkinson’s disease, and spinocerebellar ataxia (SCA)
(29-31). Interestingly, TRPC3 is downregulated in Purkinje cells
in the SCA1 mouse model before the onset of degeneration (32).
Furthermore, mutants of PKCy causing SCA14 fail to phos-
phorylate TRPC3 (33). In view of our findings, these observa-
tions raise the interesting possibility that abnormal TRPC3
function might contribute to different forms of human cerebellar
ataxia.

Methods

Plasmids. The GFP-TRPC3 plasmid was kindly provided by J. W. Putney, Jr.
TRPC3 was subcloned into the p3xFLAG-CMV-7.1 expression vector (Sigma).
The GST-TRP3 S4/S5 plasmid was generated by PCR cloning the residues
corresponding to the mouse TRPC3 S4/S5 linker (bp 1855-1923) into pGEX-
4T-3 (Amersham Pharmacia Biotech). The Mwk point mutation (T635A) was
made by site-directed mutagenesis using the QuikChange Site-Directed Mu-
tagenesis Kit (Stratagene). All constructs were verified by sequencing.

6710 | www.pnas.org/cgi/doi/10.1073/pnas.0810599106

Mice. The founder mouse carrying the Mwk mutation was generated in a
large-scale ENU mutagenesis program at the Medical Research Council center
in Harwell, U.K. (6). Briefly, male BALB/cAnN mice were mutagenized and
crossed to normal C3H/HeH females, and the F1 progeny were screened for a
variety of defects, including gait abnormalities. The Mwk/+ colony was main-
tained by repeated backcrossing to C3H/HeH. All animal studies were carried
out under the ""Responsibility in the Use of Animals for Medical Research”
guidelines issued by the Medical Research Council in 1993, and Home Office
Project Licenses 30/2198 and 30/2306.

Genetic Mapping and Mutation Detection. Mutant progeny were identified by
their ataxic behavior. A genome scan using 72 polymorphic markers was per-
formed with 13 affected progeny and showed linkage to Mmu3. For high-
resolution genetic mapping, 124 mutant mice were screened using published
microsatellite markers D3Mit90, D3Mit93, D3Mit203, D3Mit268, D3Mit167,
D3Mit273, D3Mit206, D3Mit180, D3Mit168, D3Mit331, D3Mit239, D3Mit21,
D3Mit169, D3Mit295, D3Mit273, D3Mit3, D3Mit306, and D3Mit333. Polymorphic
differences were visualized on 1%-4% agarose gels. Mutation detection within
the nonrecombinant region was performed by direct sequencing.

Behavioral Analysis. Footprint analysis of 2-month-old mice was carried out as
described (8, 34). Briefly, hind feet of mice were coated with nontoxic ink, and
mice were allowed to walk through a tunnel (50 cm long, 9 cm wide, 8 cm
high). Then the footprint patterns made on paper lining the floor were
analyzed. Gait width, the average lateral distance between opposite left and
right steps, was determined by measuring the perpendicular distance of a
given step to a line connecting its opposite preceding and succeeding steps.
The alternation coefficient, a value describing the uniformity of step alterna-
tion, was calculated by determining the mean of the absolute values of 0.5
minus the ratio of right-left step distance to right-right step distance for every
right-left step pair. A perfect tandem alternating gait in which all alternate
steps fell exactly equidistant between the preceding and succeeding opposite
steps would have a calculated alternation coefficient of zero. Conversely, a
shuffle gait in which all alternate steps fell exactly beside the preceding
opposite steps would have a calculated value of 0.5. For the static rod test,
2-month-old mice were placed on the protruding end of a wooden bar (28 mm
diameter, 60 cm length) that was fixed to solid support at the other end,
approximately 60 cm above a padded surface. Mice were placed on the
protruding end, facing away from the support, and the time taken to turn
around and for all 4 paws to reach the supported end and the latency time to
fall were recorded up to a maximum score of 180 seconds.

Immunohistochemistry. Brains were removed from mice transcardially per-
fused with 4% paraformaldehyde and embedded in paraffin wax. Cerebellar
sections of 10 um were stained with rabbit anti-calbindin D28K (Swant) at a
1:15,000 dilution for 2 days at 4 °C as previously described (35).

Real-Time PCR. RNA was extracted from 3-week-old mouse cerebella using the
RNeasy Kit (Qiagen) and reversed transcribed into ¢cDNA using oligo(dT)
primers and Expand Reverse Transcriptase (Roche) under standard conditions.
gRT-PCR was performed in Fast SYBR Green Master Mix (Applied Biosystems)
on a StepOnePlus Real-Time PCR System (Applied Biosystems) according to the
manufacturer’s instructions. TRPC3 and TRPC1 levels were quantified and
normalized against coamplified calbindin levels using standard DDCt tech-
niques. Primers were: AAAGAAAACGATGAGGTGAATGAAG (TRPC3 forward),
CATAACGAAGGCTGGAGATATCCT (TRPC3 reverse), TGCTCGCATACCTC-
GAAAGG (TRPC1 forward), TCTCGTCTCTCTTTTGCTTCAAGTT (TRPC1 reverse),
TGTGTGGGAAAGAGTTCAATAAGG (Calbindin forward), TCCAGCTCATTT-
TCATCTATGTATCC (Calbindin reverse).

Preparation of Cerebellar Lysates and Immunoblotting. Three-week-old mice
were killed, and cerebella were dissected out and kept on ice. Protein extracts
from cerebella were prepared by 30-s sonication in RIPA buffer (50 mM Tris,
150 mM NacCl, 1% Nonidet P40, 0.5% sodium dexycholate, 0.1% SDS, 1X
Complete Protease Inhibitors [Roche]), followed by 10-min incubation on ice
and 15-min centrifugation at 14,000 g at 4 °C. Fifty micrograms of lysates were
analyzed by SDS/PAGE and immunoblotting with antibodies against TRPC3
(Alomone Labs) and actin (Abcam).

Electrophysiology. Mice (P20-P22; 20-22 days old) were decapitated following
cervical dislocation, and the cerebellar vermis was dissected out and cooled in
ice-cold bicarbonate-buffered saline (BBS) (125 mM NaCl, 2.5 mM KCl, 26 mM
NaHCOs3, 1.25 mM NaH;PO4, 2 mM CaClz, 1 mM MgCl, and 10 mM glucose [pH
7.4when oxygenated with carbogen]). Sagittal slices of 200 wm were cut using
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a vibratome and incubated in oxygenated BBS at room temperature for at
least 40 min before their use in experiments. Tight-seal whole-cell recordings
were obtained from Purkinje cells using an EPC9/2 patch-clamp amplifier
(Heka Electronics). Patch pipettes had resistances of 2-3 M(Q with the internal
(150 mM CsCl, 10 mM Hepes, 4 mM Na-ATP, 0.4 mM Na-GTP, 4.6 mM MgCl; [pH
adjusted to 7.3 with CsOH]) and extracellular solutions (BBS). Series resistance
did not exceed 10 MQ and was typically between 5 and 6 M(Q. Capacitative
currents were cancelled and series resistance was compensated by between
50% and 60%. A 63X water immersion objective was used for visualization of
the slices during experiments. Experiments were performed at room temper-
ature and slices were continuously perfused with oxygenated BBS + 0.25 uM
TTX at a rate of >7 ml/min. DHPG was applied to the slice by dissolving
prepared stock solutions into BBS to the desired concentration. Only 1 cell per
slice was used for each experiment to avoid contamination of the results by
potential long-term side effects of DHPG.

Cell-Survival Assays. For survival assays in NSC-34 cells, cells were transfected
using Fugene 6 Transfection Reagent (Roche) according to the manufacturer’s
instructions. Twenty-four hours after transfection, cells were fixed with 4%
paraformaldehyde and subjected to immunofluorescence. Cell survival and
death were assessed in GFP-expressing cells based on the nuclear morphology
as determined using the DNA dye DAPI (Vector Laboratories). Cell counts were
carried outin ablinded manner (n = 100 cells per condition). For survival assays
of cerebellar granule neurons, primary cerebellar granule neurons were pre-
pared from 5-day-old mice (P5) as described (36). After 4 days in culture (P5 +
4), cultures were left untreated in conditioned media, or incubated in basal
medium eagle (BME) in the presence or absence of 50 ng/ml BDNF (Sigma) for
48 h. Subsequently, cells were fixed, and cell survival and death were assessed
as described previously.

In Vitro Kinase Assays. In vitro PKCy kinase assays were carried out according
to the manufacturer’s protocol (Upstate Biotechnology). Briefly, recombinant
active PKCy kinase was incubated with 5 pug recombinant GST, wild-type
GST-54/S5 linker, or Mwk GST-54/S5 linker for 30 min at 30 °C in 20 mM
Hepes/NaOH (pH 7.4), 0.1 mg/ml phosphatidylserine, 0.01 mg/ml diacylglyc-
erol, 100 uM CaCly, 100 uM ATP, and 0.5 uCi of [y-32P] ATP. Kinase reactions
were analyzed by SDS-PAGE, Coomassie Blue staining, and autoradiography.
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In Situ Hybridization. In situ hybridization for Trpc3 was carried out on 12-um
cryosections from wild-type male C3H/HeH brains of the indicated ages.
Primers for riboprobe amplification by RT-PCR were: ACTCAGTGAGAAACT-
GAACCCCand CTCAGTGATGGTCTCTCGTCTG. Digoxigenin-labeled riboprobe
synthesis and hybridization was carried out as described previously (35). All
sections were developed for 24 h. A sense strand negative control probe gave
no detectable signal.

Organotypic Slice Cultures. For cerebellar organotypic slice cultures, 8-day-old
(P8) mouse pups were decapitated following cervical dislocation and their brains
were removed. The cerebellum was dissected and the meninges were removed.
Sagittal slices of 400 um were cut using a Mclllwain Tissue Chopper. Slices were
separated, transferred onto 0.4-um permeable membranes (Millicell-CM, Milli-
pore), and cultured on a layer of medium (MEM with 25 mM Hepes, 25% horse
serum, 6.5 mg/ml D-glucose, 2 mM glutamine, penicillin/streptomycin) in a hu-
midified atmosphere with 5% CO, at 37 °C. The medium was changed every 2-3
days. After 12 days (P8 + 12), slices were fixed in 4% paraformaldehyde followed
by methanol permeabilization. Slices were blocked in PBS containing 0.3% Tri-
ton-X and 3% goat serum for 1 h at room temperature and incubated with rabbit
anti-calbindin antibody (1:5,000) (Swant) for 2 nights at 4 °C followed by incu-
bation with Alexa Fluor 488 donkey anti-rabbit antibody (1:2,000) (Invitrogen).
For the quantification of Purkinje cell dendritic morphology, images of Purkinje
cells were taken at 40X magnification, and dendritic length and area were
analyzed using the Axiovision 4.3 software (Zeiss). Cells were acquired from 3
independent experiments.

Statistical Analysis. All data are represented as mean = SEM. All statistical
analyses were done using the software programs Statview and Instat. For
pairwise comparisons, Student’s t test was used. For comparisons within
multiple data sets, ANOVA was used, and P values were calculated using the
Fisher's protected least significance difference (PLSD) posthoc test.
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