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Abstract

Episodic ataxia type 2 (EA2) is an autosomal dominant disorder associated with attacks of ataxia

that are typically precipitated by stress, ethanol, caffeine or exercise. EA2 is caused by loss-of-

function mutations in the CACNA1A gene, which encodes the α1A subunit of the CaV2.1 voltage-

gated Ca2+ channel. To better understand the pathomechanisms of this disorder in vivo, we created

the first genetic animal model of EA2 by engineering a mouse line carrying the EA2-causing c.

4486T>G (p.F1406C) missense mutation in the orthologous mouse Cacna1a gene. Mice

homozygous for the mutated allele exhibit a ∼70% reduction in CaV2.1 current density in

Purkinje cells, though surprisingly do not exhibit an overt motor phenotype. Mice hemizygous for

the knockin allele (EA2/− mice) did exhibit motor dysfunction measurable by rotarod and pole

test. Studies using Cre-flox conditional genetics explored the role of cerebellar Purkinje cells or

cerebellar granule cells in the poor motor performance of EA2/− mice and demonstrate that

manipulation of either cell type alone did not cause poor motor performance. Thus, it is possible

that subtle dysfunction arising from multiple cell types is necessary for the expression of certain

ataxia syndromes.
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Introduction

Episodic ataxia type 2 (EA2) is an autosomal dominant disorder characterized by a relatively

normal neurological baseline and attacks of ataxia that are typically precipitated by stress,

ethanol (EtOH), caffeine or exercise (Jen et al., 2007, Baloh, 2012, Rajakulendran et al.,

2012). EA2 is caused by specific mutations in the CACNA1A gene, which encodes the α1A

subunit of the CaV2.1 (P/Q-type) voltage-gated Ca2+ channel. Dozens of EA2 mutations

have been identified in the CACNA1A gene including nonsense, deletion or splice site

mutations that abrogate CaV2.1 channel function and missense mutations encoding

hypoconductive CaV2.1 channels (Tomlinson et al., 2009, Pietrobon, 2010).

Although it has been well established that EA2 mutations most often lead to a loss of

channel function and reduction in whole-cell CaV2.1 Ca2+ current, the pathomechanisms are

still debated. It has been suggested that EA2 mutant channels suppress normal CaV2.1

channel function through a dominant-negative mechanism, comparable to a total knockout

of channel function (Jeng et al., 2006, Raike et al., 2007, Jeng et al., 2008, Mezghrani et al.,

2008). However, other studies suggest that EA2 is caused by mere haploinsufficiency of

CaV2.1 currents (Wappl et al., 2002, Imbrici et al., 2004, Imbrici et al., 2005). Indeed even

where mutant channel properties are well characterized by multiple laboratories in vitro,

such as the c.4486T>G (p.F1406C) missense mutation (Jen et al., 2001, Jeng et al., 2006,

Jeng et al., 2008), the disease-causing mechanism is unresolved.

Consistent with the association between ataxic disorders and cerebellar dysfunction, CaV2.1

channels are highly expressed in cerebellar Purkinje cells (PCs) and cerebellar granule cells

(GCs) and both cell types are sensitive to changes in CaV2.1 conductance (Regan, 1991,

Randall and Tsien, 1995). Furthermore, PCs are the sole output neurons of the cerebellar

cortex and PC-specific lesions induce ataxia in humans and animal models (Holmes, 1917,

Diener and Dichgans, 1992, Feddersen et al., 1992). Indeed, selective elimination of CaV2.1

channels from PCs causes a severe and chronic motor syndrome in mice that includes ataxia

(Mark et al., 2011, Todorov et al., 2012). In other spontaneous mouse mutants with point

mutations within Cacna1a that lead to moderately hypoconductive CaV2.1 channels, the

motor dysfunction is somewhat less severe with both chronic and episodic components

(Wakamori et al., 1998, Kodama et al., 2006, Shirley et al., 2008). However, in the

heterozygous state, where one wild-type Cacna1a allele remains, mutant mice have normal

motor function. Yet, heterozygsity in humans with EA2 is sufficient to cause attacks of

ataxia. Therefore, to specifically address questions of EA2 pathomechanisms in vivo, we

generated the first EA2 knockin mice bearing the human pathogenic p.F1406C missense

mutation, which results in a severely hypoconductive channel with only 10–20% residual

current (Jen et al., 2001).

Materials and Methods

EA2 knockin mice

Recombineering methods and vectors from NCI-Frederick (http://ncifrederick.cancer.gov/

research/brb/reagents/recombineeringReagent.aspx) were used to prepare the targeting

construct. A C57BL/6 BAC clone was identified from the RPCI23 BAC library. RP23–
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275N4, which encompassed exons 2–46 of mouse Cacna1a, was confirmed by endonuclease

restriction digest and diagnostic PCRs (not shown). The EA2-causing F1406C mutation was

introduced into exon 26 by site-directed mutagenesis. The targeting vector also contained, a

PGK-driven neomycin (neor) cassette flanked by two loxP sites downstream of exon 26.

C57BL/6-derived embryonic stem cells were electroporated with the targeting construct and

clones were screened for homologous recombination by Southern blot. The presence of the

c.4486T>G mutation was confirmed by polymerase chain reaction (PCR) amplification of

exon 26 with forward and reverse primers 5’-GGAAACCAGAAGCTGAACCA-3’ and 5’-

CCCTGAATTCCTCCATTTC-3’, and endonuclease digestion of the PCR product with the

enzyme BstAPI, or sequencing of the PCR product. Targeted ES cells were injected into

blastocysts to produce chimeric mice. Mice with germline transmission were identified and

long PCR from genomic DNA of F1 progeny was used as an additional screen to confirm

homologous recombination of the targeting construct in the mice (Fig. 1A). The 5’ insertion

site was verified by two reactions (P1-P2 and P1-P3) that used a common forward primer

specific to the genomic DNA upstream of and outside of the 5’ end of the construct, P1, 5’-

TCCTGCCCAGTACAGAGATTGA-3’, and a reverse primer upstream of the neor, P2, 5’-

GAATTCAAGCTTCACTGGGAGACTAG-3’, and one specific to the neor, P3, 5’-

AGGCCAGAGGCCACTTGTGTAG-3’. The 3’ insertion site was confirmed by two

reactions (P4-P6 and P5-P6) that used a common reverse primer specific to the genomic

DNA downstream and outside of the 3’ end of the construct, P6, 5’-

CCCTAAACTTTTTCAGCCCAAAGG-3’, and one forward primer specific to the neor, P4,

5’-GACGAGTTCTTCTGAGGGGATCAA-3’, and one downstream of the neor, P5, 5’-

GGAGGATCACCCTGAGTTTTGAGA-3’. The PCR product of a short amplicon (325 bp)

encompassing the c.4486T>G mutation was also sequenced, verifying that mice testing

positive for the long PCR assay also carried the point mutation. Mice carrying the

unresolved knockin allele were crossed with the Cre-deleter strain C57BL/6-Tg(Zp3-

Cre)93Knw/J (The Jackson Laboratory, Bar Harbor, ME) to remove the neomycin cassette.

Progeny carrying the resolved allele were crossed with C57BL/6J mice to segregate the Cre

allele. These EA2 knockin mice, which were coisogenic with C57BL/6J, were bred and

maintained on a C57BL/6J background. For subsequent genotyping of EA2 knockin mice,

PCR amplicons were sequenced as above or quantitative PCR was used (not shown).

Other mouse lines

Mice carrying a knockout Cacna1a allele (+/−) on a mixed C3H–C57BL/6J background

were kindly provided by Dr. David Yue (Johns Hopkins University). Mice carrying a floxed

Cacna1a allele (flox/+) on a C57BL/6J background were previously described (Todorov et

al., 2006). Mice carrying the Tg(Pcp2-Cre)2Mpin/J (L7-Cre/-) transgene on a C57BL/6J

background were obtained from The Jackson Laboratory and were used to drive

recombination specifically in PCs. Mice carrying the Math1-CreERT2 (Math1-Cre/-)

transgene on a C57BL/6J background were kindly provided by Dr. Rob Machold (New

York University). The Math1-Cre transgene expresses Cre recombinase in GCs between

embryonic day 13.5 and 16.5 upon activation with tamoxifen (Machold and Fishell, 2005).

For experiments involving this transgene, dams carrying E16.5 pups were injected i.p. with

100 mg/kg tamoxifen (Sigma-Aldrich, St. Louis, MO), dissolved in corn oil. Because the

tamoxifen injections interfered with parturition, pups were delivered by cesarean section at
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E19.5 and cross-fostered to CD-1 dams. All mice were bred at Emory University vivaria,

housed on a 12 h light/dark cycle and had access to food and water ad libitum. 2–3 week-old

mice of both sexes were used for electrophysiological studies. 2–3 month-old mice of both

sexes were used for behavioral and anatomical studies. Experiments were in accordance

with the Guide for the Care and Use of Laboratory Animals as adopted by the United States

National Institutes of Health and Emory University.

PCR was used to genotype mice using the following forward and reverse primers. For the

Cacna1a knockout allele, 5’-ATAATAAGTCACCTCTCGTTCTAAAG-3’ and 5’-

CTGACTAGGGGAGGAGTAGAAG-3’; for the flox allele, 5’-

ACCTACAGTCTGCCAGGAG-3’ and 5’-TGAAGCCCAGACATCCTTGG-3’; for L7-Cre

and Math1-Cre alleles, 5’-GCGGTCTGGCAGTAAAAACTATC-3’ and 5’-

TCTCTGACCAGAGTCATCCTTAGC-3’.

Reverse transcriptase-PCR

Total RNA was isolated from brain using a PureLink RNA kit (Invitrogen, Carlsbad, CA).

Cacna1a cDNA was synthesized using a Superscript III RT-PCR kit (Invitrogen) with gene-

specific primers (5’-AAGTCTCTCCGAGTCCTCC-3’ and 5’-

TCAGGAGCAGGGAGACAA-3’). Reverse transcriptase-PCR products were sequenced as

above to verify the presence of the c.4486T>G mutation.

Western blot

Brain tissue was sonicated in RIPA buffer and the homogenate was centrifuged at 1300 rpm

for 10 min. Protein concentration was adjusted and samples were incubated in Laemmli

buffer and 4 mM urea at 37°C for 2 hrs. Proteins were separated on a 30% acrylamide gel

containing 4M urea, transferred to a blot, and probed with antibodies to the CaV2.1 α 1
protein (1:200, rabbit polyclonal, Millipore, Billerica, MA) and β-tubulin (1:1000, rabbit

polyclonal, Cell Signaling Technology, Danvers, MA) as a loading control. Blots were then

incubated with secondary antibody (1:1000, α-rabbit IgG), developed with

chemiluminescence, and imaged with a Fuji LAS-3000 digital imager (Fujifilm, Tokyo,

Japan).

Electrophysiology

Mice were anesthetized with isoflurane, decapitated and the cerebella quickly removed.

Sagittal cerebellar slices (400 µm) were cut on a vibratome and held in Tyrodes solution (in

mM: 150 NaCl, 4 KCl, 2 CaCl2, 2 MgCl2, 10 HEPES, 10 glucose, adjusted to pH 7.4 with

NaOH) at 34°C for 30 min before allowing them to cool to room temperature. Immediately

prior to recording, slices were incubated for 10 min in papain (1 mg/mL, Worthington,

Lakewood NJ), dissolved in dissociation solution (in mM: 82 Na2SO4, 30 K2SO4, 5

MgCl2,10 HEPES, 10 glucose, adjusted to pH 7.4 with NaOH). Slices were then washed in

Tyrodes solution, placed in a fresh tube containing 1 mL Tyrodes solution, and dissociated

by gentle trituration through a series of fire-polished pipettes. Supernatant containing

dissociated cells was placed on poly-L-lysine coated cover slips for electrophysiological

recording. Dissociated PCs were readily distinguished from surrounding cells by their large,

pear-shaped soma and dendritic stump.
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Ba2+ currents were recorded in acutely dissociated PCs in whole-cell patch-clamp

configuration at room temperature. For voltage-clamp, extracellular solutions were

optimized for stable whole-cell recordings of CaV2.1 currents and contained (in mM): 155

TEA-Cl, 10 HEPES, and 10 BaCl2, adjusted to pH 7.4 with TEA-OH. Prior to recording,

TTX (1 µM) was added to the extracellular recording solution to block Na+ currents.

Intracellular solution contained (in mM): 140 Cs Methanesulfonate, 4 MgCl2, 0.5 EGTA, 9

HEPES, 14 creatine phosphate (Tris salt), 4 Mg-ATP, 0.3 Tris-GTP, adjusted to pH 7.4 with

CsOH. Electrode resistances in the recording solutions were typically 4–6 MΩ. Reagents

used for electrophysiological recordings were obtained from Sigma-Aldrich. Currents were

recorded with an Axon Multiclamp amplifier driven by pClamp 10 software (Molecular

Devices, Sunnyvale, CA). As soon as the whole-cell patch-clamp configuration was

established, Ca2+ channel blockers were applied to the extracellular recording solution,

which was switched via a Warner fast-exchange bath chamber, and recording protocols were

initiated after a 5 min delay. In the case where the contributions of individual Ca2+ channel

subtypes were measured, antagonists were added sequentially during recordings.

Nimodipine (5 µM) was obtained from Sigma-Aldrich. ω-Conotoxin-GVIA (1 µM) and

MVIIC (3 µM) were obtained from Ascent Scientific (Princeton, NJ).

Histology

Brains were obtained after transcardial perfusion with saline followed by 4%

paraformaldehyde (PFA), post-fixed in 4% PFA and dehydrated and stored in 30% sucrose

at 4°C. 30 µm coronal sections of the cerebellum were cut on a freezing microtome and

stained with 0.1% Cresyl Violet. To visualize PCs, adjacent sections were reacted with an

antibody to calbindin. Endogenous peroxidase activity was quenched with 10% H2O2, then

blocked with 4% normal goat serum. Tissue was incubated for 48 hrs in primary antibody

(1:1000 rabbit polyclonal, Abcam, Cambridge, MA), then for 4 hrs in secondary antibody

(1:800 biotinylated α-rabbit, Vector Laboratories, Burlingame, CA), avidin-biotin complex

for 2 hrs (Vector Laboratories, Burlingame, CA), then reacted with 3,3-diaminobenzadine

(Vector Labs) for 3–5 min. Sections were dehydrated through graded alcohols and xylenes,

then mounted and coverslipped.

To assess Cre recombinase activity in L7-Cre and Math1-Cre lines, these lines were bred

onto the Rosa26 reporter line, which is permissive for β-Galactosidase expression in the

presence of Cre recombinase. Brains were flash-frozen and coronal cryosections were cut at

20 µm. Tissue was incubated in 0.02% Igepal (Sigma-Aldrich), 0.01% sodium deoxycholate,

2 mM MgCl2, 5 mM potassium ferricyanide, 5 mM potassium ferrocyanide and 1 mg/ml 5-

Bromo-4-chloro-3-indolyl-β-D-galactopyranoside (X-Gal)(Thermo Fischer Scientific,

Waltham, MA) in PBS overnight and counterstained with Nuclear Fast Red (Vector Labs).

Behavioral analysis

Rotarod was used to test coordination. Mice were habituated for 30 seconds to a 4 cm

diameter rod (Columbus Instruments, Columbus, OH) rotating at 4 rpm. Rotation speed was

increased from 4 to 40 rpm over a 6 min period. Mice that did not fall during the 6 min

period were recorded as 6 min. Learning and performance of the task was assessed using the

average of 4 consecutive trials over 4 consecutive days. Drug effects were assessed on 3
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consecutive trials with mice previously trained on the rotarod. Mice were randomly assigned

to drug or vehicle on two consecutive days.

The pole test was used as a second test of motor coordination. Mice were placed with their

head oriented upwards on a 50 cm tall, 1 cm diameter vertical pole placed inside their home

cage. The time for each mouse to descend and have all four limbs on the cage floor was

recorded. Mice performed 5 trials of training each day for 2 days prior to testing. On the test

day, mice performed 5 trials and the best time for each mouse was used for analysis.

Photocell activity chambers were used to measure spontaneous locomotor activity. Each

mouse was placed in a separate chamber consisting of 20 × 40 cm plexiglass boxes with 4

infrared beams spanning the short axis and 8 infrared beams spanning the long axis (San

Diego Instruments, San Diego, CA). Beam breaks were recorded automatically by a

computer over a 26 hr time period.

The cling test was used to test strength and agility. Mice were habituated for 1 min on a

horizontal 20 × 20 cm framed grid of wire mesh suspended above a padded surface. The

frame was then rotated 90° to vertical for 1 min, and then rotated another 90° for 1 min so

that the mice were inverted. The time to fall was recorded with a 180 sec cut-off. The

average time to fall was determined from 3 trials for each mouse.

Drug challenges were used to test for episodic motor abnormalities. Caffeine (Sigma-

Aldrich) was delivered subcutaneously and EtOH was delivered i.p. Both drugs were

dissolved in saline and delivered 20 min prior to behavioral testing as previously reported

(Fureman et al., 2002).

Data analysis

All data represent the mean ± SEM. For electrophysiological data statistical differences

between groups were determined by one-way ANOVA. I-V curves were fit with the

function: g(V – E)/(1 + exp[(V - V1/2)/k] + b) where g is the maximum conductance, V is the

test potential, E is the apparent reversal potential, V1/2 is the potential of half activation, k is

the slope factor, and b is the baseline. Significant differences between I-V curve values were

determined with two-way repeated measure ANOVA. For locomotor activity and rotarod

data statistical differences between groups were determined by two-way repeated measures

ANOVA and Tukey’s post hoc test. For pole and cling test data statistical differences

between groups were determined by oneway ANOVA and Tukey’s post hoc test.

Results

Verification of the c.4486T>G Cacna1a mutation in EA2 knockin mice

The EA2-causing c.4486T>G mutation was introduced into Cacna1a exon 26 by site-

directed mutagenesis. After identification of founder lines, the EA2 knockin mutation was

confirmed in genomic DNA from unresolved EA2 knockin mice by a series of PCR

reactions. A forward primer specific to the Cacna1a gene in genomic DNA beyond the 5’

end of the knockin construct (P1) was paired with two different reverse primers, one

upstream (P2) and one downstream (P3) of the 5’ end of a neomycin resistance cassette (Fig.
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1A). All mice produced a PCR product with primers P1 and P2, but only mice carrying the

knockin construct produced a product with primers P1 and P3 (Fig. 1B). For the 3’ end of

the construct, a similar strategy was used. Two forward primers, one upstream (P4) and one

downstream (P5) of the 3’ end of the neomycin resistance cassette, were used with a single

reverse primer (P6) to establish that the 3’ end of the construct was also inserted properly.

Amplification with primers P4 and P6 was only observed in animals with the knockin

construct, whereas primers P5 and P6 produced a product in all mice (Fig. 1B). To

independently verify the presence of the point mutation, PCR was performed on a short

sequence (325 bp) encompassing the c.4486T>G mutation and the results were sequenced

(Fig. 1C). Sequencing results matched the long PCR reaction results in all animals tested.

Transcription of the mutant allele was confirmed by sequencing the Cacna1a sequence-

specific Reverse transcriptase-PCR product obtained using total RNA from EA2/EA2 mouse

brain (Fig. 1C). Western blot revealed similar levels of CaV2.1 α1 protein in +/+, EA2/+,

and EA2/EA2 mouse cerebellum and frontal cortex (Fig. 1D). Thus, the EA2 mutation does

not appear to affect transcription or translation in vivo, consistent with previous work with

this mutation using heterologous expression systems (Jen et al., 2001, Jeng et al., 2006).

CaV2.1 currents in EA2/EA2 knockin mouse PCs

To characterize the consequences of the EA2 mutation on CaV2.1 channel function, we

performed whole-cell patch clamp recordings of acutely-dissociated PCs from +/+, EA2/+

and EA2/EA2 mice in the presence of CaV1.2 and CaV2.2 antagonists. CaV3 channels were

inactivated by maintaining cells at a holding potential of −60 mV. CaV2.1 channels normally

account for ∼90% of PC somatic Ca2+ current (Regan, 1991, Mintz et al., 1992,

McDonough et al., 1997). Ba2+ current density in EA2/+ mice was reduced by only ∼20%

compared to +/+ mice (ANOVA, F2,11=2.4; P>0.1; post hoc Tukey’s t-test, p>0.6). Ba2+

current density in EA2/EA2 mice was reduced by ∼70% compared to +/+ mice (p<0.05,

post hoc Tukey’s t-test; Fig. 2A and 2B). Thus, when expressed in the mouse, the c.

4486T>G mutation results in severely reduced CaV currents in cerebellar PCs, in good

agreement with findings from studying the human mutation in heterologous expression

systems (Jen et al., 2001, Jeng et al., 2006, Jeng et al., 2008).

In EA2 patients and mice expressing hypoconductive CaV2.1 channel mutants, there is

evidence for compensatory upregulation of other Ca2+ channel subtypes, which may

contribute to pathogenesis (Campbell and Hess, 1999, Qian and Noebels, 2000, Maselli et

al., 2003). To assess the differential contribution of CaV2.1, CaV1.2 (L-type) and CaV2.2

(N-type) Ca2+ channel subtypes to the whole-cell Ba2+ current recorded from EA2/EA2

PCs, we assessed peak Ba2+ current following application of CaV channel-specific

antagonists. Compared to the peak Ba2+ current of +/+ PCs, that of EA2/EA2 PCs appeared

much more sensitive to the CaV1.2 channel blocker nimodipine and the CaV2.2 channel

blocker ω-Conotoxin-GVIA (Fig. 2C and 2D). On the other hand, the whole-cell currents in

EA2/EA2 PCs were, as expected, much less sensitive to the CaV2.1 blocker ω-Conotoxin-

MVIIC. These data suggest that compensatory increases in non-CaV2.1 currents accounted

for some of the residual whole-cell Ba2+ currents conducted through CaV channels in

EA2/EA2 mouse PCs.
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Cerebellar anatomy

Abrogation of CaV2.1 channel function in Cacna1a knockout mice causes profound

cerebellar cell death (Jun et al., 1999, Fletcher et al., 2001). Cerebellar degeneration is also

present in some, but not all, mutant mouse strains bearing spontaneous Cacna1a point

mutations (Meier and MacPike, 1971, Herrup and Wilczynski, 1982, Zwingman et al.,

2001). Therefore, cerebellar sections from EA2 knockin mice were examined for

histopathological signs. No obvious morphological or cytoarchitectural abnormalities were

apparent in Nissl-stained cerebellar sections from EA2/+ or EA2/EA2 mice (Fig. 3B, 3D,

3G, and 3I). Furthermore, no evidence of gross PC cell death was observed in sections

immunostained for calbindin, which specifically labels cerebellar PCs (Fig. 3L and 3N).

These results demonstrate that despite the functional consequences to CaV physiology, the

EA2-causing p.F1406C (c.4486T>G) mutation does not cause notable cerebellar

degeneration in mice.

Effect of EA2 knockin allele number on baseline motor function

Ataxic attacks in EA2 patients are superimposed on a relatively normal neurological

baseline. Despite the reduction in CaV2.1 channel function, EA2/+ and EA2/EA2 knockin

mice had no obvious motor abnormalities at baseline. Nonetheless, motor function was

quantitatively assessed using a battery of standard motor-behavioral assays. Because there

was evidence for a gene dose effect of the EA2 knockin mutation on CaV physiology, we

tested whether gene dose also affected motor function by generating mice that carry one

EA2 Cacna1a allele and one knockout allele (EA2/−); +/− mice were also tested to control

for the knockout allele.

Coordination assessed by accelerating rotarod revealed a significant effect of genotype

(ANOVA; F4,60=9.12, P<0.001; Fig. 4A). Post hoc analysis showed that time to fall for

EA2/− mice was significantly shorter than +/+ (p<0.001), +/− (p<0.001), EA2/+ (p<0.01),

and EA2/EA2 mice (p=0.001). +/−, EA2/+, and EA2/EA2 mice did not differ from each

other or +/+ mice. There was a significant effect of test day (F3180=90.0, P<0.001), whereby

rotarod performance improved over the four test days across all genotypes. There was no

genotype x day interaction effect (F12,180=1.72, P>0.05), suggesting that despite the overall

defect in rotarod performance, EA2/− mice exhibited significant motor learning across test

days.

Climbing ability was assessed using the pole test, which measures the time for a mouse

placed nose up at the top of a vertical pole to turn and descend to the cage floor. A

significant genotype effect was observed (F4,43=3.49, P<0.05; Fig. 4B), whereby EA2/−

mice were significantly slower in reaching the cage floor than +/+ and +/− (p<0.05), but

there was no significant difference between EA2/EA2 and EA2/− mice, reflecting a non-

significant trend toward slower performance in EA2/EA2 mice compared to +/+, +/− and

EA2/+ mice.

Performances on the accelerating rotarod and pole test are dependent on strength and

volitional movement as well as coordination and skilled movement. Therefore, we also

tested for these confounds in EA2 knockin mice. No effect of genotype was observed in the
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cling test (F4,44=0.27, P>0.5; Fig. 4C), which measures the time to fall from a framed grid of

wire mesh that is rotated 90° to vertical for 1 min, and then rotated another 90° for 1 min so

that the mice were inverted. We also tested spontaneous locomotor activity in a 24 hr period

using photoactivity chambers. No effect of genotype was observed in locomotor activity

(F4,27=0.97, P>0.4; Fig. 4D). Overall, results from the motor-behavioral assays suggest an

effect of the EA2 knockin allele number on coordinated and skilled movements, rather than

effects on strength or volitional movement. Moreover, the motor deficits exhibited by EA2/−

mice on the accelerating rotarod and pole test were not associated with notable cerebellar

pathology (Fig. 3E, 3J, and 3O), suggesting that the cause may be related to deficits in

CaV2.1 channel function rather than degeneration.

Triggers of episodic dysfunction in EA2/EA2 or EA2/− mice

Ataxic attacks in EA2 patients are typically triggered by caffeine, EtOH, and stress (Griggs

and Nutt, 1995, Gordon, 1998, Denier et al., 1999, Jen, 1999, Bhatia et al., 2000). We have

previously shown that caffeine, EtOH, and stress reliably trigger attacks in the spontaneous

Cacna1a mouse mutant tottering (Fureman et al., 2002), demonstrating that episodic attacks

of neurological dysfunction caused by Cacna1a mutations can be induced in mice. Because

we expected attacks of ataxia in mice carrying the EA2 allele, we used performance on the

accelerating rotarod as an objective measure of motor incoordination elicited or exacerbated

by triggers of attacks. These studies used mice previously trained on the rotarod to dissociate

motor performance from motor learning. +/+, EA2/+, EA2/EA2, and EA2/− mice were

challenged with 15 mg/kg caffeine, which reliably causes attacks in 95% of tottering mice

(Fureman et al., 2002). There was no effect of genotype (F3,38=1.41, P>0.2), drug

(F1,38=0.24, P>0.5), or genotype × drug interaction (F3,38=0.82, P>0.4; Fig. 5A). We also

challenged the mice with EtOH, which dose-dependently elicits attacks in tottering mice

(Fureman et al., 2002). A genotype effect was observed (F3,38=4.73, P<0.01) and post hoc

analysis showed that EA2/− mice had a significantly reduced performance across all the

doses of EtOH (p<0.05). Furthermore, a drug effect was observed (F3,114=167, P<0.001),

indicating that EtOH caused reduced performance on the rotarod, as expected. An

interaction between drug and genotype, however, was not observed (F9,114=0.66, P>0.5),

indicating that all genotypes were similarly affected (Fig. 5B). Although increasing doses of

EtOH increasingly impaired performance, at no point was any genotype grossly affected and

at no time were there precipitous changes in motor function suggestive of sudden onset of

ataxia or any other type of paroxysmal neurological dysfunction.

Effect of isolating the EA2/− genotype to either PCs or GCs on motor performance

Mice carrying the EA2 allele paired with the knockout allele exhibit poor motor

performance but heterozygotes that carry the EA2 allele paired with the normal allele are

motorically normal. We therefore exploited this genotype/phenotype relationship to

determine if abnormal PCs were the major determinants of the ataxia associated with the

EA2 allele. We have demonstrated that selective elimination of CaV2.1 channels within PCs

causes ataxia (Todorov et al., 2012) by breeding the L7-Cre transgene, which expresses Cre

recombinase in postnatal PCs, onto the floxed Cacna1a mouse strain (flox/flox). Therefore,

we used a conditional approach to isolate the ataxia-causing genotype to PCs by breeding

the L7-Cre transgene onto EA2/flox mice, creating mice that expressed only the EA2 allele
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in PCs, but in all other cells, the mice were heterozygous with one normoactive allele and

one EA2 allele (EA2/flox; L7-Cre/-). These mice expressed Cre specifically in PCs (Fig.

6A). We assessed motor learning and performance in these mice with the rotarod.

Additionally, EA2/+ mice carrying the L7-Cre transgene (EA2/+; L7-Cre/-) were tested to

control for the effects of Cre recombinase expression within PCs, and EA2/flox mice were

tested to control for the presence of the floxed allele (See Table 1 for details). Surprisingly,

no effect of genotype was observed (F2,23=0.17, P>0.5; Fig. 7A). Within subjects analysis

showed a significant main effect of day (F3,69=4.91, P<0.01) but no interaction between

genotype and day (F6,69=0.66, P>0.5), suggesting that the different genotypes improved

rotarod performance at a similar rate. These results were replicated using an independent

second group of mice (not shown).

Next, we use a similar strategy to determine whether the EA2/− genotype confined to GCs

was sufficient to cause the motor dysfunction. In this experiment, the Math1-Cre transgene

was used to drive Cre recombinase activity specifically in GCs (Machold and Fishell, 2005)

(Fig. 6B). We bred the Math1-Cre transgene onto EA2/flox mice, creating mice that

expressed only the EA2 allele in GCs, but in all other cells, the mice were heterozygous with

one normoactive allele and one EA2 allele (EA2/flox; Math1-Cre/-). We tested these mice

and EA2/+ carrying Math1-Cre (EA2/+; Math1-Cre/-) and EA2/flox littermates as controls

on the accelerating rotarod, similar to the strategy described above for PCs. No effect of

genotype was observed (F2,36=0.84, P>0.25; Fig. 7B). An effect of day (F3,108=26.6,

P<0.001) and an interaction between day and genotype were observed (F6,108=5.15,

P<0.001). Post hoc analysis revealed that EA2/flox mice had reduced performance relative

to EA2/flox; Math1-Cre/- and EA2/+; Math1-Cre/- (p<0.01) only on day 3 of testing. It is

unlikely that the Math1-Cre transgene conferred any advantage specific to the test day.

Discussion

Here, we characterized the first genetic mouse model of EA2. Our knockin mouse carries a

point mutation in Cacna1a that causes a ∼70% reduction in the Ca2+ current of dissociated

PCs when bred as homozygotes. It was surprising that motor function, assayed by multiple

tests, was relatively normal in homozygous mutant EA2/EA2 mice. Furthermore, common

triggers, e.g. caffeine and EtOH, which bring about episodic motor dysfunction in tottering

mice and EA2 patients did not elicit such dysfunction in EA2 knockin mice.

The lack of a measurable motor phenotype in EA2/EA2 mice is puzzling when the

biophysical effects of the p.F1406C (c.4486T>G) missense mutation are compared to the

biophysical properties of other recessive Cacna1a mutant lines. Tottering, rocker, and

rolling Nagoya mice all carry spontaneous missense mutations in Cacna1a and

homozygotes of these strains all exhibit a clear neurobehavioral phenotype that includes

cerebellar ataxia and paroxysmal dystonia (Oda, 1973, Shirley et al., 2008). Leaner mice

that carry a Cacna1a nonsense truncation mutation (Meier and MacPike, 1971, Fletcher et

al., 1996) which results in a 40–60% reduction in the PC CaV2.1 Ca2+ current similar to the

reduction in current measured in EA2/EA2 mouse PCs (Dove et al., 1998, Wakamori et al.,

1998), suffer from a severe phenotype with chronic dystonia similar to the severe phenotype

observed in Cacna1a knockout mice. The phenotypic variability may be, in part, explained
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by the complex transcription associated with the Cacna1a gene itself. Not only does

Cacna1a mRNA undergo alternative splicing to encode the ‘P-type’ and ‘Q-type’ channels

(Bourinet et al., 1999), the mRNA is also bicistronic with the first cistron expressing the

CaV2.1 channel, and the second expressing a transcription factor, which is independent of

channel function (Du et al., 2013). The Cacna1a–encoded transcription factor mediates

Purkinje cell development and expression of the transcription factor is sufficient to restore,

in part, the behavioral phenotype of Cacna1a knockout mice, so it is not surprising that

postnatal knockdowns are dissimilar to knockout mice. Genomic mutations may alter the

three dimensional conformation of the mRNA to specifically disrupt translation of the

transcription factor, which might explain phenotypic divergence despite comparable deficits

in channel function. Additionally or alternatively, the relatively mild EA2/EA2 phenotype

might be explained by adaptive changes that compensate for the reduced CaV2.1 current.

Indeed, we showed that EA2/EA2 PCs exhibit compensatory increases in CaV1.2 and

CaV2.2 currents. Our group and others have shown that specific, maladaptive changes to

CaV1.2 function, as well as other membrane ion channels contribute to motor dysfunction in

tottering mice (Campbell and Hess, 1999, Weisz et al., 2005, Erickson et al., 2007, Alvina

and Khodakhah, 2010a, b), though further research is needed to determine the relevance of

these channels to behavioral compensation in EA2/EA2 mice.

Pairing the EA2 allele with the knockout allele was, however, sufficient to cause motor

dysfunction. EA2/− mice exhibit a phenotype intermediate to +/− mice, which exhibit no

measurable phenotype, and −/− mice, which exhibit a very severe phenotype of chronic

dystonia and early lethality (Jun et al., 1999, Fletcher et al., 2001). Thus the EA2/− mice

clearly demonstrate that the EA2 allele does have a deleterious effect on motor function. The

phenotype of EA2/− mice is most conservatively described as a reduction in performance on

coordinated and skilled motor tasks, though the most likely cause of this reduction is ataxia.

Reduced motor performance in these mice is not associated with overt cell loss in the

cerebellum unlike in leaner mice or −/− mice, which exhibit profound neuronal loss

throughout the cerebellum (Herrup and Wilczynski, 1982, Jun et al., 1999, Fletcher et al.,

2001, Todorov et al., 2012). In EA2/− mice, the motor deficit apparently results from

dysfunction, not degeneration. Further research is needed to determine if the ataxic

phenotype of EA2/− mice results from further (>70%) reduction in CaV2.1 current,

maladaptive changes in other ion channels, or both. For this, a multidisciplinary approach

involving both ex vivo physiology and behavioral testing would be required to truly ascribe a

molecular mechanism to the phenotype of EA2/− mice.

We explored the cell type-specific contributions to the motor deficit by using conditional

genetics to confine the EA2/− genotype exclusively to either PCs or GCs. Isolating the

EA2/- genotype to GCs was not sufficient to elicit a motor phenotype. This result was not

entirely surprising in light of the results from GC-specific Cacna1a knockouts, which

exhibit subtle phenotypes. One group showed that knockout of Cacna1a in most GCs causes

only a subtle deficit in rotarod performance but a profound effect on the consolidation of

learning of complex motor tasks (Galliano et al., 2013). Another group, however, showed

that GC-specific Cacna1a knockouts exhibited a phenotype similar to tottering mice with

baseline ataxia and paroxysmal dyskinesia, though this was only true in only ∼25% of mice
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with this genotype (Maejima et al., 2013). Here, the resulting cerebellar dysfunction is likely

sub-threshold for eliciting behavioral dysfunction for two reasons. First, based on Figure 6,

it is possible that recombination did not occur in all GCs, similar to the work of Galliano and

colleagues (2013). Second, even if recombination occurred in all GCs, these cells still retain

some residual CaV2.1 channel current, which may abrogate the subtle phenotypes observed

in the complete GC knockouts.

It was surprising that isolating the EA2/- genotype to PCs was not sufficient to elicit overt

motor dysfunction. We have previously shown that restricting the tottering mouse genotype

to PCs causes ataxia and episodic dystonia, similar to the phenotype observed in tottering

mice (Raike et al., 2012). Additionally, selective postnatal knockdown of Cacna1a in PCs

using L7-Cre also caused overt motor defects. In one study, selective postnatal knockdown

of Cacna1a in PCs caused ataxia, whereas in the other study, the mice recapitulated the

tottering mouse phenotype (Mark et al., 2011, Todorov et al., 2012). Thus, effects of

postnatal knockdown can be quite variable. There are several explanations for the lack of

motor dysfunction in the EA2/flox; L7-Cre/- mice compared to EA2/- mice. First, in EA2/-

mice, the Cacna1a-encoded transcription factor, which regulates PC development, is

disrupted throughout development. In contrast, the transcription factor remains intact in

EA2/flox; L7-Cre/- mice until after birth. The same is true for the normal ‘floxed’ channel.

Second, residual CaV2.1 channel current conducted by the EA2 mutant protein or possible

compensatory up-regulation of other channel subtypes is adequate to maintain PC function.

Third, the motor dysfunction observed in EA2/- is not due to dysfunction of PCs alone. It is

possible that the concurrent albeit subtle abnormalities of both PCs and GCs together may

mediate the ataxia in EA2/- mice or that the dysfunction in EA2/- mice originates from cell

types outside of the cerebellum. Though Cacna1a is most abundantly expressed in

cerebellum, other brain regions relevant for movement such as motor cortex and basal

ganglia show expression as well (Lein et al., 2007). This scenario cannot be ruled out, but is

not supported by data from other Cacna1a mutants where cerebellar circuitry is specifically

implicated in behavioral dysfunction (Campbell et al., 1999, Walter et al., 2006, Raike et al.,

2012). Fourth, the dysfunctional signaling occurs downstream of GCs and PCs in deep

cerebellar nuclei, which also express CaV2.1 channels. The deep cerebellar nuclei integrate

information from PCs and provide the efferents from the cerebellum. Abnormal deep

cerebellar nuclei signaling may override other cerebellar signals or even augment the

abnormal signals sent by PCs. Fifth, background strains differ, with EA2/flox; L7-Cre/-

mice inbred on C57BL6/J but EA2/- on a mixed background that is predominantly C57BL.

Finally, technical limitations of Cre-flox genetics should be considered. Although both the

L7-Cre and Math1-Cre lines produce robust Cre recombinase activity in PCs and GCs,

respectively (Barski et al., 2000, Machold and Fishell, 2005) and several studies, including

our own, have illustrated motor behavioral effects of Cre mediated recombination of floxed

Cacna1a in PCs and GCs (Mark et al., 2011, Raike et al., 2012, Todorov et al., 2012,

Galliano et al., 2013, Maejima et al., 2013, Raike et al., 2013), it is possible that

recombination was inadequate. Indeed, others have reported that in another mouse line

carrying the L7-Cre transgene, only 52% of Purkinje cells exhibited Cre mediated excision

of the gene of interest (Furrer et al., 2011).
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Additional work is needed to delineate the cell type(s) involved in ataxic disorders. In the

case of this model and perhaps other ataxias, dysfunction of two or more neuronal subtypes

may be necessary for the expression of abnormal movement. This hypothesis has important

implications for the treatment of ataxias, which largely focuses on altering PC physiology

(Strupp et al., 2004, Jen et al., 2007, Strupp et al., 2007), suggesting that it may be useful to

broaden the approach to include other cerebellar cell types.
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Highlights

1. The first genetic mouse model of episodic ataxia type 2 (EA2) was created.

2. The Cacna1a gene mutation causes CaV2.1 channel hypoconductance.

3. Motor deficits in the mice were surprisingly subtle.

4. Purkinje cells nor cerebellar granule cells, alone, drove the motor deficits.
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Fig. 1.
Generation and molecular characterization of EA2 knockin mice. (A) The EA2 knockin

construct contained a c.4486T>G substitution, coding a p.F1406C missense in exon 26 of

Cacna1a and a neomycin resistance cassette (neor), flanked by two loxP sites, upstream of

exon 27. The targeting construct was introduced into C57BL/6J–derived ES cells via

homologous recombination and cells carrying the construct were injected into blastocysts.

(B) A series of PCRs from the DNA of F1 mice were used to verify correct homologous

recombination. Reactions from primers P1 and P3 illustrate proper insertion of the 5’ end of

the construct and reactions from primers P4 and P6 verify 3’ recombination. (C) DNA and

mRNA sequences illustrate the presence of the c.4486T>G substitution in the PCR product

of genomic DNA and RT-PCR product of brain mRNA from +/+ and EA2/EA2 mice. (D)

Western blot shows the normal expression of CaV2.1 in frontal cortex and cerebellum.
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Fig. 2.
Physiological properties of EA2 knockin (p.F1406C) CaV2.1 (A) Depolarizing voltage

pulses (100 ms) ranging from −60 to + 40 mV (top) were applied to acutely dissociated PCs

in the presence of CaV1.2 and CaV2.2 antagonists, and Ba2+ currents (IBa) were measured.

Representative traces from +/+ and EA2/EA2 mice are shown (bottom). (B) Current-voltage

(I-V) relationships were plotted for +/+ (n=7), EA2/+ (n=3), and EA2/EA2 (n=4) PCs using

the voltage protocol shown in (A). Symbols represent mean + SEM. (C) Peak IBa vs. time

was recorded for +/+ and (D) EA2/EA2 PCs during 100 ms depolarizations from −60 to −20
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mV. Arrows indicate the sequential addition of Ca2+ channel blockers (5 µM nimodipine

(CaV1.2), 3 µM ω-conotoxin MVIIC (CaV2.1), 1 µM ω-conotoxin GVIA (CaV2.2)).
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Fig. 3.
Normal cytoarchitecture in the EA2 mutant cerebellum. Examination of cerebella from EA2

mutants stained for Nissl substance (A-J) and calbindin (K-O) revealed no evidence of

degeneration (Scale bar A-E=500 µm, F-O=25 µm).
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Fig. 4.
Motor phenotype of EA2 mutant mice. Mice carrying various combinations of wild-type (+),

knockin (EA2), and knockout (-) Cacna1a were tested for their acquisition of motor skills

with the accelerating rotarod (A) and pole test (B) as well as grip strength as assessed by the

cling test (C) and baseline locomotor activity (D). EA2/- mice (n=17), but not EA2/+

(n=11), +/−(n=10), or EA2/EA2 (n=11) mice showed reduced performance compared to +/+

(n=16) on the rotarod (***p<0.001, Tukey’s test) and pole test (*p<0.05, Tukey’s test). No

significant differences between genotypes were found for cling test (F4,44=0.97, P>0.4) or

locomotor activity (F4,27=0.27, P>0.5).
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Fig. 5.
Response of EA2 mutant mice to caffeine and EtOH. (A) Rotarod performance was assessed

following 15 mg/kg caffeine or saline in +/+ (n=14), EA2/+ (n=11), EA2/EA2 (n=11), and

EA2/− (n=6) mice previously trained on rotarod. No main effect of caffeine (F1,38=0.24,

P>0.5) or interaction between genotype and caffeine (F3,38=0.82, P>0.4) were found. (B)

Rotarod performance was assessed 20 minutes following EtOH (1,1.5, and 2g/kg) in the

same cohort of mice. A significant effect of genotype (F3,38=4.73, P<0.01, *p<0.05 for

EA2/-) and EtOH dose was found (F3,114=167, P<0.001, *p<0.05 for 1g/kg, ***p<0.001 for

1.5g/kg and 2g/kg), but no interaction was found between EtOH and genotype (F9,114=0.66,

P>0.5).
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Fig. 6.
X-Gal staining as a reporter for Cre recombinase activity. The Math1-Cre and L7-Cre

transgenes were bred onto the Cre reporter line, Rosa26, which expresses β-galactosidase in

the presence of Cre recombinase. X-Gal staining, in blue, was located in PCs in L7-Cre

expressing mice (A), and in GCs in Math1-Cre expressing mice exposed to tamoxifen at

E16.5 (B), but not control mice that did not carry a Cre transgene (C). (Scale bar = 200 µm)
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Fig. 7.
Rotarod performance of cell-type specific EA2/- mice. (A) PC-specific EA2/- mice (EA2/

flox; L7-Cre/-, n=9) did not exhibit motor dysfunction detectable by rotarod (F2,23=0.17,

P>0.5) compared to control mice (EA2/+; L7-Cre/-, n=10, EA2/flox, n=7). Similarly, (B)

GC-specific EA2/- mice (EA2/flox; Math1-Cre/-, n=10) did not exhibit a motor dysfunction

detectable by rotarod (F2,36=0.84, P>0.25) compared to control mice (EA2/+; Math1-Cre/-,

n=11, EA2/flox, n=14).
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Table 1

Nomenclature of mutants used for conditional genetics

Genotype PCs GCs Other cells

EA2/flox; L7-Cre/- EA2/− EA2/+ EA2/+

EA2/flox; Math1-Cre/- EA2/+ EA2/− EA2/+

EA2/+; L7-Cre/- EA2/+ EA2/+ EA2/+

EA2/+; Math1-Cre/- EA2/+ EA2/+ EA2/+

EA2/flox; −/− EA2/+ EA2/+ EA2/+
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