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A Cav3.2 T-Type Calcium Channel Point Mutation Has
Splice-Variant-Specific Effects on Function and Segregates
with Seizure Expression in a Polygenic Rat Model of Absence
Epilepsy
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Low-voltage-activated, or T-type, calcium (Ca 2⫹) channels are believed to play an essential role in the generation of absence seizures in
the idiopathic generalized epilepsies (IGEs). We describe a homozygous, missense, single nucleotide (G to C) mutation in the Cav3.2
T-type Ca 2⫹ channel gene (Cacna1h) in the genetic absence epilepsy rats from Strasbourg (GAERS) model of IGE. The GAERS Cav3.2
mutation ( gcm) produces an arginine to proline (R1584P) substitution in exon 24 of Cacna1h, encoding a portion of the III–IV linker
region in Cav3.2. gcm segregates codominantly with the number of seizures and time in seizure activity in progeny of an F1 intercross. We
have further identified two major thalamic Cacna1h splice variants, either with or without exon 25. gcm introduced into the splice variants
acts “epistatically,” requiring the presence of exon 25 to produce significantly faster recovery from channel inactivation and greater
charge transference during high-frequency bursts. This gain-of-function mutation, the first reported in the GAERS polygenic animal
model, has a novel mechanism of action, being dependent on exonic splicing for its functional consequences to be expressed.
Key words: idiopathic generalized epilepsy; absence seizures; T-type calcium channel; splice variant; point mutation; genetic absence
epilepsy rats from Strasbourg; GAERS

Introduction
The idiopathic generalized epilepsies (IGEs) are a common group
of diseases with a strong hereditary component. Despite a small
number of genes explaining the disease in rare families, the genetic causes of the majority of the IGEs remain undetermined
and are generally believed to be polygenic. Absence seizures,
which form part of the IGE spectrum, are nonconvulsive generalized seizures resulting in a brief impairment of consciousness
(Mattson, 2003). The genetic absence epilepsy rats from Strasbourg (GAERS) are a well validated genetic rat model of absence
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epilepsy (Marescaux et al., 1984) that exhibit spontaneous spikeand-wave discharges (SWDs) on a normal electroencephalogram
(EEG) background, closely resembling the human condition.
Cross-breeding (Marescaux et al., 1992) and qualitative trait linkage analysis (Rudolf et al., 2004) studies indicate that the epilepsy
phenotype in GAERS is polygenically determined. However, despite two decades of study, the nature of the genetic determinants
underlying the epileptic phenotype of GAERS has not been identified previously.
The thalamocortical network is critically involved in the propagation of SWDs in both human absence epilepsy and many animal models (Crunelli and Leresche, 2002). Extensive investigation has revealed that neuronal low-voltage-activated (T-type)
Ca 2⫹ channels underlie burst firing and oscillatory behavior in
this network as a result of their ability to generate Ca 2⫹ spikes
near resting membrane potential (Llinas and Yarom, 1981; Carbone and Lux, 1984; Huguenard and Prince, 1992; Perez-Reyes,
2003). Three lines of evidence specifically implicate the T-type
Ca 2⫹ channel with absence epilepsy. First, Cav3.2 mRNA expression (Talley et al., 2000) and T-type Ca 2⫹ currents (Tsakiridou et
al., 1995) have been found to be elevated in the reticular nucleus
of the thalamus (nRT) of GAERS. Second, elevated thalamic
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T-type currents precede the onset of ab- Table 1. Summary of the genetic alterations in the rat Cav3.2 T-type calcium channel gene
sence seizures in a SNAP-25-deficient
Mutation 1
Mutation 2
Mutation 3
Mutation 4
mouse model (Zhang et al., 2004). Third,
Base pair number
4751
2620
5439
6580
mutations in the human CACNA1H have Exon
24
11
31
35
been found in patients with childhood ab- Affected residue number
1584
873
1813
2194
sence epilepsy and juvenile absence epi- R. norvegicus
G
A
C
T
lepsy (Chen et al., 2003; Liang et al., 2006, NEC
G
G
T
G
2007; Heron et al., 2007) with exogenous GAERS
C
G
T
G
GCA 3 GCGb
TTC 3 TTTb
TCA 3 GCAb
CGG 3 CCGa
expression of mutant human Cav3.2 chan- Codon change
Amino
acid
change
Arg
3
Pro
Ala
3
Ala
Phe
3
Phe
Ser
3 Ala
nels revealing a variety of biophysical
Nonsynonymous
Synonymous
Synonymous
Nonsynonymous
changes (Khosravani et al., 2004, 2005; Type of mutation
Linker III–IV
IIS3–IIS4
IVS5
COOH
Vitko et al., 2005, 2007; Peloquin et al., Structural location
Conservation between species
Conserved region
Conserved
Conserved
Nonconserved
2006).
region
region
Here we report the first mutation with
In addition to the gcm mutation, three more mutations were detected in the Wistar (NEC and GAERS) strains compared with R. norvegicus. Two of these
functional effects in a polygenic animal mutations are silent and do not cause amino acid changes, whereas the third causes a TCA (serine) to CCA (alanine) change. However, none of these three
model of absence epilepsy. The GAERS mutations differed between the NEC and GAERS.
Cav3.2 mutation ( gcm) is situated in exon aCodon and amino acid change between NEC and GAERS.
24 of Cacna1h in a region encoding a por- bCodon and amino acid change between Wistar rats versus R. norvegicus.
tion of the domain III–IV linker. Electrowas recorded using Compumedics EEG acquisition software. Recordings
physiological investigation revealed that gcm increases the rate of
lasted 90 min after an initial 15 min habituation period. Recordings
recovery from channel inactivation, producing a predicted gainalternately took place in the morning or afternoon; each rat had two
of-function phenotype. The functional effects of gcm are depenmorning and two afternoon recordings. The animals were able to move
dent on alternative splicing of exon 25, being manifested in the
freely around their cage and were constantly monitored by an investigasplice variant with this exon [Cav3.2 (⫹25)]. These results protor to ensure that they did not fall asleep using gentle finger taps on the
vide unique insight into the genetic cause of absence seizures in
side of the cage as necessary. Rats were allowed at least 2 d rest between
GAERS as well as provide new knowledge regarding the structurconsecutive recordings. All rats were observed during the recording to
2⫹
al–functional relationship for Cav3.2 T-type Ca channels. Of
confirm their seizure status. Seizure expression for the 90 min after inparticular importance is the demonstration of the principle that
jection EEG recording was quantified by visual inspection of the EEG
genetic mutations may have functional effects only in certain
recordings, blinded to the animal’s genotype. Standard criteria described
splice variants of ion channels (Adams et al., 2007).
for adult GAERS were used to classify the seizures, i.e., an SWD burst of

Materials and Methods
Production of F2 generation. The double cross matings required for this
study were produced in two stages. First, GAERS rats (homozygous or
⫺/⫺ for the Cav3.2 gcm mutation) were crossed with nonepileptic control (NEC) rats (null or ⫹/⫹ for the gcm mutation) to produce an F1
generation, all of which should be heterozygous for the mutation. Then,
two F1 (⫹/⫺) generation rats were mated to produce an F2 generation.
On average, 25% of the F2 progeny would be expected to be homozygous
for the mutation, 50% heterozygous for the mutation, and 25% null or
not carrying the mutation at all.
Animal surgeries. The study was approved by the Animal Ethics Committee of the Ludwig Institute for Cancer Research/Department of Surgery, The Royal Melbourne Hospital, The University of Melbourne and
conformed to National Health and Medical Research Council guidelines
for the ethical use of animals in scientific research. All surgeries were
performed under deep general anesthetic, with each rat receiving an
intraperitoneal injection (5 ml/kg) of anesthetic solution containing ketamine (75 mg/kg; Ketavet 100; Parnell Laboratories) and xylazine (10
mg/kg; Xylazil-20; Troy Laboratories) in 0.9% sodium chloride. Once
anesthetized, a single midline incision was made on the scalp, from just
posterior to the eyes to between the ears. Six holes were drilled through
the skull but not penetrating the dura, one on each side anterior to the
bregma and two on each side posterior to the bregma. A recording electrode was screwed into each hole. Each recording electrode comprised a
1.3 mm “male” gold connector (Farnell Components) soldered onto a
nickel alloy jeweler screw. The recording electrodes were fixed in position
by applying Vertex dental cement around the electrodes and over the
skull. The incision was then sutured (Dysilk 3/0). Immediately after surgery, each rat received an intraperitoneal injection of 1 ml/kg analgesic
solution containing intraperitoneal carprofen analgesic (5 mg/kg; Rimadyl; Pfizer Australia) in 0.9% sodium chloride. Polyvisc was again applied
to the eyes.
EEG recordings and analysis. Seven days after surgery, all rats underwent four 90 min EEG recordings over weeks 17 and 18 (two recordings
per week). The rats were connected to an EEG board, and their EEG trace

amplitude of more than three times baseline, a frequency of 7–12 Hz, and
duration of longer than 0.5 s (Marescaux et al., 1992; Liu et al., 2006). The
start and end of each seizure was determined by manually marking the
beginning and end of each SWD on the EEG. From this, the total percentage time spent in seizure over the 90 min postinjection EEG recording was determined, the primary endpoint for comparison of the treatment effect on seizure expression.
Genomic DNA extraction and genotyping PCR. Genomic DNA was
extracted from tail tips using the Promega Wizard Genomic DNA extraction kit, and genotyping PCR was performed using primers designed to
amplify exon 24 (193 bp). Each 20 l of PCR reaction contained the
following: 1⫻ TaqDNA polymerase buffer, 2.5 U of TaqDNA polymerase, 250 M dNTPs, 500 nM forward and reverse primers, and 25 ng of
genomic DNA (for primer sequences, see supplemental Table 1, available
at www.jneurosci.org as supplemental material). To confirm the correct
size band, 5 l of PCR reactions were run on a 2% agarose gel with
molecular weight markers, and gels were stained with GelRed DNA stain
(Jomar) and visualized under UV light. PCR reactions were cleaned up
using the Promega PCR cleanup kit, and purified PCR products were sent
to the Australian Genome Research Facility (Brisbane, Australia) for
sequencing (for primer sequences, see supplemental Table 1, available at
www.jneurosci.org as supplemental material). Sequence analysis was
done using Sequence Scanner version 1.0 (Applied Biosystems).
RNA extraction and cDNA synthesis. Total RNA was extracted from
adult Wistar rat thalamus using Trizol reagent (Invitrogen) according to
the instructions of the manufacturer. One microgram total RNA was
initially treated with DNase to avoid genomic DNA contamination during reverse transcription using the Superscript II reverse transcriptase
(Invitrogen) enzyme. A total of 20 l of reaction volume was prepared
containing DNase-treated total RNA, first strand buffer (1⫻), DTT (10
M), oligo-dT (0.5 g/L), dNTP mix (500 M), RNAseOUT (40 U), and
reverse transcriptase (200 U). Reaction mixture was incubated at 42°C
for 50 min and inactivated by heating to 70°C for 15 min. Finally, RNase
H (2 U) was added to the mixture and incubated at 37°C for 20 min to
remove the RNA complementary to the cDNA.
Splice variant screening, cloning, and site-directed mutagenesis. Initially,

Powell et al. • Absence Seizure-Associated Mutation with Splice-Variant-Specific Effects

J. Neurosci., January 14, 2009 • 29(2):371–380 • 373

nally, the ⫾ exon 25 GAERS clones were then
fully resequenced to confirm that no other mutation had been introduced.
Tissue collection. Adult chronically epileptic
(18 –21 weeks) GAERS and age-matched NEC
rats were culled by a lethal dose of pentobarbital
(Lethabarb) anesthetic (Virbac), followed by
rapid extraction of the brain. The thalamic
brain region was rapidly dissected and stored in
RNALater (Applied Biosystems) and frozen at
⫺80°C.
Quantitative real-time-PCR. RNA was extracted using the RNeasy mini kit (QIAGEN)
and treated with DNase I (QIAGEN) to remove
any contaminating genomic DNA and stored at
⫺80°C. Spectrophotometric readings were
taken with the NanoDrop Spectrophotometer
(NanoDrop Technologies) to determine RNA
concentration and purity. For each sample, 2
g of total RNA was used to synthesize cDNA
using the High Capacity cDNA Reverse Transcription kit from Applied Biosystems. Realtime-PCR reaction was performed using Applied Biosystems reagents and TaqMan probes
to the respective gene targets on an Applied Biosystems AB 7500 system. Primer mixes used for
detection of exon 25 splice variants were as follows: ⫹ exon 25 (H-Cav3.2-plus25 forward,
GCGCAGGAGCACTTTCC; H-Cav3.2-plus25
reverse,
GAGTGTGTGAATAGTCTGCGTAGTA; H-Cav3.2-plus25-Probe, CCAACCCAGAGGCCCAG); ⫺ exon 25 (H-Cav3.2minus25
forward,
CGCCGGGAGGAGAAACG; H-Cav3.2-minus25 reverse, GAGTGTGTGAATAGTCTGCGTAGTA; H-Cav3.2minus25-Probe, CTGGGCCTTCCTGCGCC).
Titration curves to calculate copy number parameters for each of the ⫹ and ⫺ exon 25
primer sets were produced using splice-variantspecific full-length cDNA plasmid clones. A rat
actin B (ActB) primer set (Applied Biosystems
Figure 1. Representative EEG traces from m/m (a, d), ⫹/m (b, e), and m/m (c, f ) animals over a 10 s period (a– c) and a 5 min AB 4352340E) was run in parallel with the ⫹
period (d–f ). ⫹/⫹ animals are null for the R1584P mutation ( gcm), ⫹/m animals carry one copy of the mutation, and m/m and ⫺ exon 25 probes in all samples as a control
animals are homozygous for the gcm mutation.
for total cDNA input to allow comparison.
Copy numbers for each splice variant in each
sample were then calculated and scaled, using
splice variant exon scanning was performed on rat thalamic RNA to
relative ActB amounts, before being compared. Target and control probe
identify the existence of expressed Cav3.2 isoforms. Overlapping primer
reactions were run in triplicate and averaged for each sample.
sets were designed to amplify between two and five exons. PCR products
Cell culture. Human embryonic kidney (HEK) 293 cells were grown at
were sequenced and compared with genomic sequence for the presence
37°C in DMEM supplemented with 10% heat-inactivated FBS, 50 U/ml
of splice sites. Subsequently, full-length Cav3.2 cDNA libraries were
penicillin, and 50 g/ml streptomycin. Cells were transiently transfected
made from thalamic total RNA (2 g) using Cav3.2-specific forward
with Cav3.2 or Cav3.2 gcm (0.6 g of cDNA per 35 mm 2 dish, plus 0.1 g
(5⬘-GATAAGCTTATGACCGAGGGCACG-3⬘) and reverse (5⬘per dish of GFP marker) in pcDNA3.1zeo(⫹) using Lipofectamine (InCGCTCTAGACTACACAGGCTCATC-3⬘) primers. The cDNA prodvitrogen). Cells were incubated at 37°C in a humidified incubator with
ucts were subcloned into the pGEM T-Easy vector (Promega), and a total
5% CO2 for 24 – 48 h before recording.
of 76 full-length Cav3.2 cDNAs were subject to complete DNA sequencElectrophysiology. Ca 2⫹ currents were recorded using the whole-cell
ing. Full-length Cav3.2 with or without exon 25 alternative splice variants
patch-clamp technique with the following two solutions (in mM): interwere moved from pGEM T-Easy to pCDNA3.1 zeo(⫹) (Invitrogen) usnal: 120 Cs-methanesulphonate, 11 EGTA, 10 HEPES, 2 MgCl2, 5
ing the restriction enzymes HindIII and XbaI (introduced at beginning
MgATP, and 0.3 NaGTP, pH 7.2; external: 2 CaCl2, 1 MgCl2, 10 HEPES,
and end, respectively, of the Cav3.2 cDNAs). The DNA sequence of the
40 tetraethylammonium-Cl, 92 CsCl, and 10 glucose, pH 7.4. Firefull-length Cav3.2 clones were determined using automated DNA sepolished patch pipettes (borosilicate glass) had typical resistances of 3–5
quencing, and sequences were aligned to available published genomic
M⍀ when containing internal solution. The recording chamber was
Cav3.2 sequences. The gcm was introduced into the ⫹/⫺ exon 25 Cav3.2
grounded with an Ag/AgCl pellet. Whole-cell currents were recorded at
clones using the Quickchange site-directed mutagenesis (SDM) proceroom temperature using an Axopatch 200B amplifier (Molecular Dedure (Stratagene) with the GAERS–sdm1 (5⬘-AGGAGGCTCGGCGCCvices). Data were acquired with pClamp software package version 9 (MoCGGAGGAGAAACGGCT-3⬘) and GAERS–sdm2 (5⬘-AGCCGTTTClecular Devices). Series resistance (Rs) was compensated by 65–75%, and
TCCTCCGGGCGCCGAGCCTCCT-3⬘) primers. Once generated, the
seals with Rs values ⬎20 M⍀ or cells with peak current ⬍100 pA were
GAERS mutation ⫹/⫺ exon 25 was removed as an 872 bp EcoRV–BstBI
discarded. Data analysis was performed using Clampfit 9 (Molecular
fragment and cloned back into a nonmutagenized Cav3.2 plasmid backDevices) and software Origin version 7.5 (Microcal Software). Data folground to remove nonspecific mutations introduced during SDM. Fi-
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lowed a normal distribution, and statistical significance was calculated using one-way
ANOVA with Tukey’s post hoc test considering
a p value ⬍0.05 as significant. Data were plotted
as mean ⫾ SE values.
The current–voltage ( I–V) relationship was
obtained by depolarizing the membrane with
150 ms pulses from a holding potential of ⫺110
mV (currents sampled at 10 kHz and filtered at
2 kHz). Test pulses from ⫺90 to ⫹10 mV were
applied at 5 mV steps. Peak amplitude of Ca 2⫹
currents was plotted against test pulse potential,
and I–V curves were fitted using a modified
Boltzmann equation: I ⫽ (Gmax * (Vm ⫺ Er))/(1
⫹ exp((Vm ⫺ V50)/k)), where Gmax is the maximum value of membrane conductance, Vm is
the test potential, Er is the extrapolated reversal
potential, V50 is the half-activation potential,
and k (slope constant: k ⫽ RT/z␦F, where r is gas
constant, T is absolute temperature, z is valence
of conducting ion, ␦ is electrical distance across
the membrane, and F is Faraday’s constant) reflects the voltage sensitivity. Activation curves
were obtained by calculating conductance from
the I–V curves and plotting the normalized
conductance as a function of the membrane potential. The data were fitted with the following
Boltzmann equation: G/Gmax ⫽ A2 ⫹ (A1 ⫺
A2)/(1 ⫹ exp((Vm ⫺ V50)/k)), where A1 is minimum normalized conductance, A2 is maximum normalized conductance, Vm is the test
potential, V50 is the half-activation potential,
and k value is the slope of the activation curve
(slope constant).
Steady-state inactivation was studied using
90 ms test pulses at ⫺30 mV applied after 2 s
conditioning prepulses ranging from ⫺120 to
⫺10 mV (currents sampled at 10 kHz and filtered at 2 kHz). The current magnitude obtained during each test pulse was normalized to
the maximum at ⫺120 mV and plotted as a
function of the prepulse potential. The data
were fitted with the following Boltzmann equation: I/Imax ⫽ A2 ⫹ (A1 ⫺ A2)/(1 ⫹ exp((Vm ⫺
V50)/k)), where A1 is minimum normalized
current, A2 is the maximum normalized current, Vm is the test potential, V50 is the halfinactivation potential, and k reflects the slope of
the inactivation curve (slope constant). The
time course for activation (act) and inactiva- Figure 2. The gcm mutation positively correlates with the epileptic phenotype in double-crossed (F2) GAERS versus NEC rats.
tion (inact) were analyzed by fitting current re- a, Percentage of recording time spent in seizure activity. Animals homozygous for the mutation spend more time in seizure activity
cordings obtained from the I–V protocol with a than animals null for the gcm ( p ⬍ 0.05, Mann–Whitney one-tailed test). b, Number of seizures. Animals homozygous for the
single-exponential standard equation: I ⫽ Ae ⫺ gcm experience more seizures than animals null for the mutation ( p ⬍ 0.05, Mann–Whitney one-tailed test). c, The interval
t/, where A is the amplitude of the current, and between the seizures was significantly shorter for animals homozygous for the mutation compared with animals null for the
mutation ( p ⬍ 0.05, Mann–Whitney one-tailed test). d, The length of individual seizures did not significantly differ between the
 is the time constant.
Recovery from inactivation was studied us- genotypes ( p ⬎ 0.05, Mann–Whitney one-tailed test). e, The cycle frequency of the spike-and-wave discharges (hertz) did not
ing a double-pulse protocol at a holding poten- significantly differ between the genotypes ( p ⬎ 0.05, Mann–Whitney one-tailed test). ⫹/⫹ animals are null for the gcm, ⫹/m
tial of ⫺110 mV (currents sampled at 2 kHz and animals have one copy of the gcm, and m/m animals are homozygous for the gcm. Data are expressed as mean ⫾ SEM. *p ⬍ 0.05.
filtered at 2 kHz) to ensure complete deinactivation of Cav3.2 channels. The cell membrane
Cav3.2 activity during high-frequency burst depolarization was studwas depolarized for 400 ms to ⫺30 mV (prepulse) to ensure complete
ied using a burst square pulse protocol at a holding potential of ⫺70 mV
channel inactivation and then to ⫺30 mV for 50 ms (test pulse) after an
(currents sampled at 10 kHz and filtered at 5 kHz). The membrane was
increasing time period (interpulse interval) between 5 ms and 5 s. The
depolarized for 4 ms to ⫺20 mV at a frequency of 125 Hz for 80 ms to
peak current from the test pulse was plotted as a ratio of maximum
produce a high-frequency burst. Burst depolarizations were performed
prepulse current versus interpulse interval. The data were fitted with a
at a frequency of 5 Hz for 1 s. The data were analyzed by taking the
double-exponential function: I/Imax ⫽ A1 * exp(⫺t/1) ⫹ A2 * exp(⫺t/
integral of each burst individually giving a measurement of charge trans2), where A1 and A2 are the amplitude for the fast and slow components
ference ( Q) carried by Ca 2⫹ through Cav3.2. Charge transference was
of the exponential, and 1 and 2 are the time constants for the fast and
then divided by the peak current on the first pulse of the first burst to
slow components, respectively.
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The gcm positively correlates with the
epileptic phenotype in GAERS
The epileptic phenotype that was attributable to the gcm was assessed in the progeny
of an F1 cross between GAERS and NEC
rats. Homozygous animals carrying either
two copies of the gcm or null for the gcm
were compared for the total amount of
time spent in seizures during a 90 min EEG
recording and also for the number, duration, and frequency of the seizures. Examples of EEG traces from an animal null for
the gcm are shown in Figure 1, a and d,
from an animal heterozygous for the gcm
in Figure 1, b and e, and an animal homozygous for the gcm in Figure 1, c and f.
More F2 animals possessing two copies of
the gcm (92.5%; n ⫽ 12) express seizures
than animals possessing zero (50%; n ⫽ 8)
or one copy (66.7%; n ⫽ 24) of the gcm
( p ⫽ 0.058; m/m vs ⫹/⫹; Fisher’s exact
test, one tailed). A strong gcm dose effect is
evident for the time spent in seizure activity, with animals homozygous for the gcm
spending significantly more time in seiFigure 3. Differential expression of Cav3.2 splice variants in NEC and GAERS animals. Exon 25 of the rat Cacna1h gene is zure activity than animals null for the gcm
alternatively spliced to produce Cav3.2 (⫹25) and Cav3.2 (⫺25) isoforms. The Cav3.2 (⫺25) variant channels have a lysine (3.1 ⫾ 1.5%, n ⫽ 12 vs 0.5 ⫾ 0.4%, n ⫽ 8;
residue at position 1598. This lysine residue is replaced by the 7 aa sequence (STFPNPE) in the Cav3.2 (⫹25) variant. The R1584P p ⬍ 0.05) (Fig. 2a). A significant association between the presence of the gcm and
mutation ( gcm) site is located 13 aa upstream of the beginning of exon 25 region (underlined arginine residue).
the number of seizures was also seen (Fig.
2b). Animals homozygous for the mutation experienced 38.5 ⫾ 13.6 (n ⫽ 12) seiaccount for variation in current magnitude between cells to yield a charge
zures
compared
with
10.5
⫾ 8.1 (n ⫽ 8) seizures for animals null
transference factor (Q/pA).
for the mutation ( p ⬍ 0.05). Additionally, animals homozygous
for the mutation had a significantly shorter interval between the
Results
seizures than animals null for the mutation (268.1 ⫾ 5364.8 s,
GAERS possess a mutation in the Cav3.2 T-type calcium
n ⫽ 12 vs 4048.5 ⫾ 5321.9 s, n ⫽ 8; p ⬍ 0.05) (Fig. 2c). The length
of the individual seizures did not significantly differ between the
channel gene
three genotypes (zero copies, 3.01 ⫾ 0.95 s, n ⫽ 4; one copy,
The entire coding region (7098 bp) of Cacna1h was sequenced in
3.03 ⫾ 0.7 s, n ⫽ 16; two copies, 3.1 ⫾ 0.87 s, n ⫽ 11; p ⬎ 0.05 null
both GAERS (n ⫽ 3) and NEC (n ⫽ 3) rats, and we identified a
vs homozygous) (Fig. 2d). The cycle frequency (hertz) of the
single-nucleotide mutation in GAERS compared with NEC and
spike-and-wave discharges accompanying the seizures was also
Rattus norvegicus strains (Table 1). At base pair 4751 in exon 24,
not affected by the gcm. Animals null for the mutation had a
NEC rats and R. norvegicus both possess a guanine (G), whereas
seizure frequency of 7.7 ⫾ 0.2 Hz, and animals homozygous for
GAERS possess a cytosine (C). The base change results in an
the mutation had a seizure frequency of 7.6 ⫾ 0.2 Hz ( p ⬎ 0.05)
amino acid change from an arginine (CGG) to a proline (CCG) at
(Fig. 2e). Only animals that had seizures were included in the
position 1584 (R1584P) located within the domain III–IV linker
seizure duration and cycle frequency analysis.
region of the channel. This region of the gene is highly conserved
Although our results provide evidence that the gcm plays a
2⫹
across species and across other T-type Ca channels, suggesting
significant role in the absence epilepsy phenotype, they also dema critical functional role. Arginine is a basic amino acid with a
onstrate that the mutation does not, by itself, account for the
long side chain, whereas proline is a cyclic amino acid lacking a
entire phenotype. Some of the rats that were null for the gcm
hydrogen at the amino end and is unable to form hydrogen bonds
displayed absence seizures but significantly less often than those
and thus can disrupt protein structure. Exon 24, the location of
with the mutation. Similarly, there were rats that were positive for
the gcm, was then sequenced in another 15 NEC and 22 GAERS,
the gcm that either did not experience any (1 of 12) or experirevealing that all NEC rats were null for the gcm and all GAERS
enced very few (2 of 12) absence seizures during the recording
had two copies of the gcm. We screened additional rat strains, i.e.,
period. This is consistent with the current hypothesis that the
Sprague Dawley, Wistar–Kyoto, spontaneously hypertensive
determinants of the absence seizures in patients with IGE are
rats, normotensive rats, and WAG/Rij (Wistar Albino Glaxo
polygenic (Crunelli and Leresche, 2002; Rudolf et al., 2004). A
from Rijswijk; another genetic rat model of absence epilepsy), as
nonparametric Spearman’s rank order correlation test was perwell as mouse strains (BALB/c and DBA), and found that none of
formed to examine the strength of the association between the
these carry any copies of the R1584P mutation. NEC rats (which
number of copies of the gcm mutation in the F2 animals with their
originate from a Wistar strain) and R. norvegicus (Brown Norvarious seizure endpoints. A significant correlation was found for
way) also do not carry any copies of the R1584P mutation.
the percentage time in seizures (r ⫽ 0.31, p ⫽ 0.04) and the
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number of seizures occurring during the
recording period (r ⫽ 0.34, p ⫽ 0.02). No
significant correlation existed for the average length of the individual seizures (r ⫽
⫺0.17, p ⫽ 0.35) or for the cycle frequency
(hertz) of the spike-and-wave discharges
(r ⫽ 0.12, p ⫽ 0.52).
Different splice variants of Cacna1h are
expressed in the rat thalamus
We identified two major thalamic splice
variants of the rat Cacna1h that differ with
respect to the presence or absence of exon
25. Cav3.2 (⫹25) transcripts include exon
25, whereas Cav3.2 (⫺25) transcripts exclude exon 25 (Fig. 3). We hypothesized
that there may be a splice-variant-specific
effect of gcm in (⫹25) versus (⫺25) because the gcm mutation is situated in the
adjacent exon 24, only 13 aa upstream of
the beginning of exon 25 region (Fig. 3a).
The inclusion of exon 25 results in an insertion of 18 nt (6 aa) plus the substitution
of a lysine to a glutamate at the beginning
of exon 26. Examination of adult Wistar
full-length thalamic cDNA clones
screened for splice variation (n ⫽ 76)
showed approximately equal proportions
of both splice variants [Cav3.2 (⫹25) ⫽
51% and Cav3.2 (⫺25) ⫽ 48% of the total
pool of Cav3.2 channels; data not shown].
Quantitative real-time-PCR analysis of the
thalamus from ⬎13-week-old NEC (n ⫽
7) and GAERS (n ⫽ 7) animals revealed
that there was no significant difference in
the relative copy number of Cav3.2 mRNA
[Cav3.2 (⫹25) ⫹ Cav3.2 (⫺25)] between
NEC and GAERS animals (NEC, 178.2 ⫾
23.4, n ⫽ 7; GAERS, 123.4 ⫾ 19.8, n ⫽ 7;
p ⫽ 0.09). However, the ratio of Cav3.2
(⫹25) to Cav3.2 (⫺25) splice variants was
⬃1.5-fold greater in GAERS animals compared with the NEC strain [NEC, Cav3.2
(⫹25)/Cav3.2 (⫺25) ⫽ 0.91 ⫾ 0.06, n ⫽ 7;
GAERS, Cav3.2 (⫹25)/Cav3.2 (⫺25) ⫽
1.51 ⫾ 0.11, n ⫽ 7; p ⬍ 0.0001].

Figure 4. The gcm accelerates rate of recovery from inactivation in the Cav3.2 (⫹25) splice variant. a, b, The conductance
(filled symbols) of Cav3.2 (⫹25) (a) and Cav3.2 (⫺25) (b) and steady-state inactivation (open symbols) of Cav3.2 (⫹25) (a) and
Cav3.2 (⫺25) (b) were not significantly altered by the gcm. Insets (a, b) show overlaid gcm and wild-type macroscopic currents
during a 150 ms depolarizing pulse from a holding potential of ⫺110 to ⫺20 mV. Activation and inactivation kinetics of Cav3.2
(⫹25) (a, inset) and Cav3.2 (⫺25) (b, inset) splice variant currents are not affected by the gcm. Cav3.2 conductance was
calculated from currents recorded during a series of depolarizing steps from a holding potential of ⫺110 mV to various membrane
potentials and normalized to maximum conductance. Steady-state inactivation was calculated from Cav3.2 currents recorded
during a test pulse to ⫺30 mV directly after a 2 s inactivating prepulse of varying membrane potentials and normalized to peak
current. c, d, The effect of the gcm on fractional recovery (determined by the ratio of the peak current at the test pulse to the peak
current at the prepulse and fitted to a double exponential) is shown for Cav3.2 (⫹25) (c) and Cav3.2 (⫺25) (d). Cav3.2 currents
were recorded during test voltage pulses from a holding potential of ⫺110 to ⫺30 mV after an inactivating prepulse, with an
increasing interpulse interval. e, f, Representative traces obtained at test pulses after 160, 320, 640, and 1280 ms interpulse
intervals are shown for Cav3.2 (⫹25) (e) and Cav3.2 (⫺25) (f ) currents. Normalized Cav3.2 (⫹25) currents from 80 to 2560 ms
interpulse intervals were significantly increased in the gcm [80 ms: wild type, 0.25 ⫾ 0.02; gcm, 0.31 ⫾ 0.02 ( p ⬍ 0.05); 160 ms:
wild type, 0.35 ⫾ 0.02; gcm, 0.45 ⫾ 0.02 ( p ⬍ 0.01); 320 ms: wild type, 0.52 ⫾ 0.03; gcm, 0.67 ⫾ 0.03 ( p ⬍ 0.005); 640 ms:
wild type, 0.70 ⫾ 0.04; gcm, 0.92 ⫾ 0.04 ( p ⬍ 0.005); 1280 ms: wild type, 0.94 ⫾ 0.05; gcm, 1.12 ⫾ 0.05 ( p ⬍ 0.05);
2560: wild type, 1.04 ⫾ 0.04; gcm, 1.16 ⫾ 0.04 ( p ⬍ 0.05); wild type, n ⫽ 11; gcm, n ⫽ 12].

The gcm results in a splice-variantspecific gain of function effect on Cav3.2
(ⴙ25)-containing channels
Cav3.2 channel function was assessed electrophysiologically in vitro using HEK293
cells transiently expressing either the
Cav3.2 (⫹25) or the Cav3.2 (⫺25) splice
variant ⫾ the gcm. The gcm had no significant effect on activation and inactivation kinetics, conductance,
or steady-state inactivation of Cav3.2 channels in either splice
variant (Fig. 4a,b, Table 2). The gcm also had no significant effect
on the current density of either variant (Table 2). However, the
gcm induced a splice-variant-specific gain of function in Cav3.2
(⫹25) biophysical properties that could be highly relevant to
neuronal burst firing. Cav3.2 (⫹25) gcm channels recovered from
an inactivating prepulse at a significantly faster rate (smaller slow

recovery tau; 2) than Cav3.2 (⫹25) channels (Fig. 4c). Conversely, the gcm-mediated gain of function was not observed in
the Cav3.2 (⫺25) splice variant, in which the Cav3.2 (⫺25) gcm
channels had a modestly slower rate of recovery (larger 2) (Fig.
4d, Table 2). As the gcm increases the rate of recovery from inactivation in Cav3.2 (⫹25), more of these channels are available to
conduct during subsequent depolarizations, resulting in significantly larger Ca 2⫹ currents from 80 to 2560 ms interpulse inter-
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Table 2. Whole-cell conductance, steady-state inactivation, and recovery from inactivation properties of Cav3.2
(ⴞ25) splice variants in the presence and absence of the gcm
Biophysical properties
Conductance
V50
k
Gmax
Peak I density (pA/pF)
Steady-state inactivation
V50
k
Recovery from inactivation
1
2

Cav3.2 (⫹25)

Cav3.2 (⫹25) gcm

Cav3.2 (⫺25)

Cav3.2 (⫺25) gcm

⫺41.2 ⫾ 1.2
⫺7.0 ⫾ 0.3
7.7 ⫾ 0.9
⫺22.3 ⫾ 3.2

⫺43.3 ⫾ 1.0
⫺6.0 ⫾ 0.3
8.6 ⫾ 1.0
⫺30.1 ⫾ 4.4

⫺41.9 ⫾ 1.2
⫺7.0 ⫾ 0.4
9.7 ⫾ 2.0
⫺19.0 ⫾ 3.5

⫺42.6 ⫾ 2.2
⫺7.0 ⫾ 0.5
7.0 ⫾ 1.06
⫺19.4 ⫾ 3.8

⫺65.1 ⫾ 1.2
3.9 ⫾ 0.4

⫺66.1 ⫾ 1.2
4.1 ⫾ 0.3

⫺65.2 ⫾ 1.2
3.9 ⫾ 0.4

⫺67.5 ⫾ 2.3
4.4 ⫾ 1.0

27.5 ⫾ 2.1
745.0 ⫾ 32.2

24.1 ⫾ 2.5
436.8 ⫾ 37.6*

33.1 ⫾ 3.8
328.5 ⫾ 35.8

25.3 ⫾ 5.7
430.5 ⫾ 25.3**

All values were calculated individually for each cell and the mean ⫾ SEM taken to achieve the stated values (ANOVA; *p ⬍ 0.001, **p ⬍ 0.05 compared with
wild-type control).

To assess the potential effect of the gcm
on the properties of Cav3.2 (⫾25) splice
variants during neuronal burst firing conditions, we designed a voltage waveform
that used high-frequency burst depolarizing pulses (Fig. 5, Table 3). Cav3.2 (⫹25)
gcm-containing channels generated a significantly greater value for the charge
transference factor in all subsequent bursts
after one 125 Hz burst compared with
Cav3.2 (⫹25) channels (Fig. 5d). Conversely, the gcm had no effect on the charge
transference factor during high-frequency
bursts in Cav3.2 (⫺25) channels (Fig. 5e).
The increased charge transference factor
observed in Cav3.2 (⫹25) gcm channels
may be directly related to the increased
rate of recovery from inactivation, because
a faster recovery from inactivation may
lead to an increase in the channels available
to conduct on subsequent depolarizations.

Discussion
Here we report the first genetic abnormality with a functional effect in any of
the spontaneously epileptic rat models of
absence epilepsy. We identified a mutation in GAERS ( gcm) in the rat ortholog
of CACNA1H, wherein mutations have
been identified previously in human absence epilepsy patients (Chen et al., 2003;
Liang et al., 2006, 2007; Heron et al.,
2007). Examining crosses between NEC
and GAERS animals, we found that the
presence of the gcm mutation segregated
with seizure expression in the F1 progeny. These results provide evidence that
the gcm mutation plays a significant role
in the absence epilepsy phenotype, but
the mutation does not, by itself, account
for the entire phenotype. Some rats that
were null for the gcm still displayed absence seizures, albeit significantly less often than those possessing the mutation.
Correlation analysis indicated that the
presence of gcm accounted for approximately one-third of the variance for the
percentage time in seizures and the number of seizures. These findings are consistent with the current idea that IGE is a
polygenic disease (Crunelli and LereFigure 5. The gcm increases the charge transference of Cav3.2 (⫹25) during high-frequency burst depolarizing trains. a– c, sche, 2002; Rudolf et al., 2004; Glasscock
Representative traces of Cav3.2 (⫹25) wild-type (a) and Cav3.2 (⫹25) gcm (b) currents recorded during high-frequency depo- et al., 2007). Rudolf et al. (2004) mapped
larizing train pulses (125 Hz for 80 ms) from ⫺70 to ⫺20 mV occurring in bursts (5 Hz for 1 s) (c). Charge transference of Cav3.2 various seizure-related quantitative trait
during each burst was divided by the peak current on first pulse of the first burst to account for variations in current magnitude. d, locus (QTL) in GAERS versus Brown
In Cav3.2 (⫹25), the gcm significantly increased the charge transference factor in all subsequent bursts after one 125 Hz burst. e, Norway rat double crosses to chromoIn Cav3.2 (⫺25), the gcm had no significant effect on the charge transference factor. Data are represented as mean ⫾ SEM. *p ⬍ somes 4, 7, and 8. The relevant genes and
0.05, **p ⬍ 0.01, significant difference between charge transference factors (ANOVA).
genetic mutations within the regions
represented by these QTLs have not been
identified. Our group has reported an increase in expression of
vals (Fig. 4e,f). During multiple depolarizations, this would produce
both stargazin mRNA and protein in the cortex and thalamus
larger Ca 2⫹ currents in cells expressing Cav3.2 (⫹25) gcm channels,
of GAERS (Powell et al., 2008), the gene for which (Cacng2)
potentially increasing excitability and promoting epileptogenesis
(Contreras, 2006).
lies within the QTL on chromosome 7. However, the genetic
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Table 3. Mean ⴞ SEM charge transference values for Cav3.2 (ⴞ25) splice variants in the presence and absence of the gcm during high-frequency bursts
Burst 1
Burst 2
Burst 3
Burst 4
Burst 5

Charge, Cav3.2 (⫹25)

Transference, Cav3.2 (⫹25) gcm

Factor, Cav3.2 (⫺25)

Q/pA, Cav3.2 (⫺25) gcm

13.5 ⫾ 1.0
3.9 ⫾ 0.4
2.4 ⫾ 0.3
1.67 ⫾ 0.2
1.5 ⫾ 0.2

15.5 ⫾ 0.7
5.9 ⫾ 0.6*
3.7 ⫾ 0.5*
3.6 ⫾ 0.7**
2.6 ⫾ 0.4*

14.4 ⫾ 0.8
6.3 ⫾ 0.7
4.2 ⫾ 0.6
3.5 ⫾ 0.4
3.1 ⫾ 0.4

14.6 ⫾ 1.3
6.9 ⫾ 1.0
4.0 ⫾ 0.8
3.6 ⫾ 0.6
2.8 ⫾ 0.6

ANOVA, *p ⬍ 0.05, **p ⬍ 0.01 compared with wild-type control.

cause for this is still unknown. The Rudolf study failed to
identify a QTL on chromosome 10, the location of the Cav3.2
gene, but the primary seizure variables associated with the
QTLs in this study were the duration, amplitude, and cycle
frequency of the spike-and-wave discharges, which we found
were not associated with the gcm (Fig. 2). The only significant
association found with the number of seizures expressed, the
variable that we found to be most strongly associated with gcm,
was with the QTL on chromosome 7 in 6-month-old (but not
3-month-old) rats. The only other genetic abnormality reported in GAERS is an extra alanine residue in a polyalanine
tract in the potassium channel, KCNK9 (Holter et al., 2005).
However, no functional consequences of this mutation have
been identified in vivo or in vitro.
Our study also identified two major Cav3.2 channel splice
variants expressed in the rat thalamus, Cav3.2 (⫹25) and
Cav3.2 (⫺25), which differ in the presence or absence of the
small exon 25. Of particular interest is the finding that the
ratio of Cav3.2 (⫹25) mRNA to Cav3.2 (⫺25) mRNA is greater
in the thalamus of GAERS animals compared with NECs, suggesting that the relative proportion of Cav3.2 (⫹25) to Cav3.2
(⫺25) is subjected to transcriptional regulation. Whether the
increase in relative expression of the ⫹25 variant in GAERS is
a direct effect of gcm on splicing or an indirect effect on transcription is unknown.
In Cav3.2 (⫹25) channels transiently expressed in HEK293
cells, the gcm induces a faster rate of recovery from inactivation,
thereby promoting a Ca 2⫹ charge transference of greater magnitude during burst firing conditions. Contrastingly, in Cav3.2
(⫺25) channels, the gcm modestly slows recovery and has no
effect on charge transference during bursts. It would appear that
the gcm increases the rate of recovery of Cav3.2 (⫹25) channels to
a rate similar to that of channels without the 25 exon segment,
Cav3.2 (⫺25). It is not known whether this is attributable to the
separate mechanisms of gcm and exon 25 acting in opposition or
whether the gcm acts to somehow silence the functional effect of
exon 25 inclusion. Whether Cav3.2 (⫹25) and Cav3.2 (⫺25)
splice variants are expressed selectively or coexpressed in the
same cells is also unknown. If the splice variants are coexpressed
within cells, there would be an expected heterologous population
of both fast (⫺ exon 25) and slow (⫹ exon 25) recovering channels in gcm ⫹/⫹ animals. The occurrence of the gcm in m/m
animals would drive all cells expressing Cav3.2 channels to a fast
recovering type, which may increase synchrony of neuronal firing. Alternatively, if the splice variants are expressed in a mutually
exclusive manner, the gcm change would be predicted to produce
a cell-specific increase in excitability.
T-type Ca 2⫹ channels underlie a low-threshold spike that
plays an important role in the generation of oscillatory
thalamocortical rhythms and in the switch between tonic and
burst firing patterns (Destexhe and Sejnowski, 2002; Contreras, 2006; Joksovic et al., 2006). Increased Cav3.2 expression
and increased T-type currents have been detected in the nRT

of GAERS and WAG/Rij (Tsakiridou et al., 1995; Talley et al.,
2000; Kim et al., 2001; Broicher et al., 2008), suggesting that
Cav3.2 channels may be a strong candidate for contribution to
SWD generation in the thalamocortical network. This is supported by computational modeling, demonstrating that increased T-type activity has the ability to promote burst firing
(Chorev et al., 2006) and that temporal changes in Cav3.2
conductance alone can synchronize oscillations (Huguenard
and Prince, 1992). Thus, the larger currents achieved by the
gcm in Cav3.2 (⫹25) channels during high-frequency bursts
alone may be sufficient to induce oscillations. The gcm might
render neurons of the nRT more susceptible to excitatory corticothalamic and thalamocortical inputs, producing more robust bursting activity. However, the net result of increased
Ca 2⫹ charge transference during high-frequency bursts is difficult to discern because of the intricacy of the neuronal network involved. In addition, although it may seem logical that
the gcm would increase the duration of seizure activity attributable to longer-lasting Ca 2⫹ conductance during burst firing,
there is no direct evidence as yet to confirm that Cav3.2 channels are the molecular pacemaker controlling bursting. Aside
from any direct biophysical effects of the mutation on excitability, it is also possible that increased Ca 2⫹ entry might
enhance Ca 2⫹ signaling, with the potential to alter gene expression (Rudolf et al., 2004). Ca 2⫹ as a signaling molecule has
numerous cellular effects and Cav3.2 channels, for example,
are known to induce increased expression of high-voltageactivated Ca 2⫹ channels and to induce neuritogenesis (Chemin et al., 2002).
The expression of different splice variants is now recognized as an important mechanism by which the diversity of
cellular effects required for normal functions in different tissues and cell types is achieved. Splice variation in the Cav3.1
and Cav3.3 T-type Ca 2⫹ channels has also been shown to alter
electrophysiological properties and provides a general molecular mechanism for the functional diversity of T-type Ca 2⫹
channels (Mittman et al., 1999a,b; Monteil et al., 2000; Chemin et al., 2001; Murbartián et al., 2002, 2004). Genetic mutations that have physiological effects only in selected splice
variants may be an important mechanism by which some
disease-causing mutations exhibit their well defined temporal
and spatial phenotypes (Adams et al., 2007). As previously
noted, alternative splicing of exon 26 in the human Cav3.2
gene (corresponding to the rat exon 25) alters the rate of
recovery from inactivation (Ohkubo et al., 2005; Zhong et al.,
2006). Our findings show that modification of rat exon 25 by
the upstream gcm in Cav3.2 (⫾25) splice variants can also alter
the rate of recovery from inactivation. Thus, the III–IV linker
region of Cav3.2 appears to be critically involved in the recovery from inactivation of T-type channels, potentially modulating the stability of the inactivated state. Consistent with our
findings, there is also evidence that the III–IV linker region of
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Cav3.1 channels contributes to T-type channel inactivation
(Chemin et al., 2001; Staes et al., 2001).
Overall, the results of our study emphasize that the effects
of missense mutations and the effects of alternative splicing on
ion channel function must be considered together. Missense
mutations that produce little or no direct changes in channel
function may nevertheless interfere with regulatory sequences
and lead to aberrant splicing, especially if, as found in the
human Cav3.2 gene, some of the mutations flank splicing
junctions (Liu et al., 2001; Zhong et al., 2006). Zhong et al.
(2006) have described the splice variations in the human
Cav3.2 gene and characterized their effects electrophysiologically (Zhong et al., 2006). Importantly, they demonstrated the
interdependency of the effect of these variants. Our study extends this further to demonstrate that T-type channel mutations can have measurable functional effects in only certain
splice variants. This provides a mechanism by which genetic
mutations could produce spatial and temporal cell-typespecific effects dependent on splice variant expression patterns. This concept has potentially important implications for
the pathophysiology of the IGEs wherein mild perturbations
in the balance of activity between interconnected neuronal
networks results in an epileptic phenotype but otherwise retains normal neurological functioning. It may also help explain both why somatic genetic mutations have been observed
to result in seizures arising exclusively from topographically
restricted focal brain regions (Fukata et al., 2006).
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