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Genetic Enhancement of Thalamocortical Network Activity
by Elevating �1G-Mediated Low-Voltage-Activated Calcium
Current Induces Pure Absence Epilepsy
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Absence seizures are a leading form of childhood epilepsy. Human and mouse P/Q-type calcium channel gene mutations initiate a
complex absence epilepsy and ataxia phenotype, and in mice, secondarily elevate neuronal low-voltage-activated T-type calcium cur-
rents. These currents influence thalamocortical network activity and contribute to the generation of cortical spike-wave discharges
(SWDs) associated with absence seizures. To address whether enhanced thalamocortical T-type currents suffice to induce an epileptic
phenotype, two BAC transgenic mouse lines overexpressing the Cacna1g gene for �1G T-type calcium channels were generated with low
and high transgene copy numbers that exhibit elevated �1G expression and showed increased functional T-type currents measured in
thalamic neurons. Both lines exhibit frequent bilateral cortical SWDs associated with behavioral arrest but lack other overt neurological
abnormalities. These models provide the first evidence that primary elevation of brain T-type currents are causally related to pure
absence epilepsy, and selectively identify Cacna1g, one of the three T-type calcium channel genes, as a key component of a genetically
complex epileptogenic pathway.
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Introduction
Thalamocortical network oscillations are driven in part by neu-
ronal low-voltage-activated (LVA) calcium currents encoded by
three T-type calcium channel genes: Cacna1g (Cav3.1/�1G),
Cacna1h (Cav3.2/�1H), and Cacna1i (Cav3.3/�1I) (Jahnsen and
Llinás, 1984; Perez-Reyes, 2006; Huguenard and McCormick,
2007). At the mRNA level, these genes are differentially expressed
among the synaptically linked nodes of the thalamocortical cir-
cuitry: �1G subunits are the predominant source of T-type chan-
nels in thalamocortical relay (TC) nuclei, �1H and �1I subunits
localize to the thalamic reticular nucleus (nRT), and all three are
found in distinct but overlapping layers of the neocortex (Talley
et al., 1999). The subcellular distribution of these three T-type
channel proteins is also somewhat distinct (McKay et al., 2006).
While the combined roles of T-type currents in mediating net-
work oscillations important in sleep, sensory perception, and ep-
ilepsy are well established (Steriade et al., 1993; McCormick and
Bal, 1997; Crunelli et al., 2006; Khosravani and Zamponi, 2006),

the contributions of each individual T-type calcium channel sub-
unit to brain synchronization and behavior are less clear.

In epilepsy, several lines of evidence link activation of T-type
currents and rebound burst firing with the abnormal spike-wave
discharge (SWD) patterns of absence seizures. First, five distinct
mouse models of absence epilepsy (tottering, lethargic, stargazer,
coloboma, and Cacna1a�/�) each display a striking downstream
enhancement of �1G-mediated T-type currents in thalamic neu-
rons before the onset of absence epilepsy (Zhang et al., 2002,
2004; Song et al., 2004). LVA current-mediated bursting is also
unmasked in the HCN2-null mouse, where loss of Ih current
generates spontaneous absence seizures (Ludwig et al., 2003), and
in the GAERS rat that exhibits elevated thalamic T-type currents
and increased Cacna1g and Cacna1h mRNA expression (Tsakiri-
dou et al., 1995; Talley et al., 2000). Second, targeted deletion of
�1G channels suppresses GABAB-receptor agonist-induced
SWDs in normal mice as well as spontaneous SWDs in calcium
channel mutant mice (Kim et al., 2001; Song et al., 2004), indi-
cating an essential role for this gene in seizure expression. Third,
gain-of-function polymorphisms in the human CACNA1H gene
are prevalent in sporadic childhood absence epilepsy (Chen et al.,
2003; Khosravani et al., 2004, 2005; Vitko et al., 2005, 2007; Pe-
loquin et al., 2006; Heron et al., 2007), and functional polymor-
phisms in the CACNA1G gene have been detected in a related
juvenile absence syndrome (Singh et al., 2007). In each of these
situations, elevated LVA current is one of many possible contrib-
uting pathogenic defects that could facilitate aberrant cortical
synchronization.
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To determine whether primary elevations of LVA T-type cur-
rents within thalamocortical network activity are sufficient to
initiate SWDs, we generated two BAC transgenic mouse lines
overexpressing �1G channels under the control of native regula-
tory elements. Compared with nontransgenic mice, both lines
show coordinate increases of Cacna1g mRNA and protein levels
while maintaining their endogenous brain expression pattern,
and display substantially elevated T-type currents within TC neu-
rons. Electroencephalograph (EEG) analysis of both lines re-
vealed bursts of SWDs accompanied by behavioral arrest that are
readily suppressed by ethosuximide. Interestingly, despite strong
overexpression in the cerebellar cortex, neither line displayed the
ataxic or behavioral phenotypes associated with spike-wave epi-
lepsy evident in all of the other monogenic mutant mouse mod-
els, indicating that these comorbid phenotypes are genetically
separable and depend on the inherited upstream gene defect
rather than the intermediary T-type calcium channelopathy. Our
results provide the first evidence that primary elevations of �1G
channels are sufficient to induce spike-wave oscillations charac-
teristic of pure absence epilepsy.

Materials and Methods
Generation of �1G transgenic lines. The �1G transgenic mouse lines were
generated using BAC clone RP23-65I14 (NCBI accession number
AL645965) obtained from the BACPAC Resource Center at Children’s
Hospital Oakland Research Institute that contains the complete genomic
sequence of the Cacna1g gene. Along with the gene of interest, the BAC
included the Abcc3 and Ankrd40 genes, neither of which are suspected to
produce a neurological phenotype. The Abcc3 gene encodes an ATP-
binding cassette transporter belonging to the multidrug resistance pro-
tein family, and primarily functions as an efflux pump transporting glu-
curonides, glutathione conjugates, and bile acids (Kruh et al., 2001;
Belinsky et al., 2005). The Ankrd40 gene expresses a novel, uncharacter-
ized nonchannel protein containing ankyrin repeat domains, commonly
associated with protein-protein interactions (Li et al., 2006). Since the
Cacna1g promoter region and other relevant regulatory elements have
not yet been defined, the BAC transgene was not further engineered to
preserve the endogenous expression pattern.

Bacterial cells possessing the BAC were cultured overnight, and BAC
DNA was purified by anion-exchange chromatography using Nucleo-
Bond AX 500 columns (BD Biosciences Clontech) according to the man-
ufacturer’s protocol. The isolated BAC transgene was microinjected into
the pronuclei of fertilized eggs from FVB mice at The Darwin Transgenic
Mouse Core Facility at Baylor College of Medicine. Two transgene posi-
tive founder lines and all subsequent transgenic progeny were identified
by PCR amplification of mouse tail DNA using the genotyping primers
5�-CACCCGACATAGATAATAACTTCG-3� and 5�-ACGTAGAT-
GGAGTGGACACATTG-3� [Integrated DNA Technologies (IDT)].
Mice were housed on a 12 h light– dark cycle and allowed to feed and
drink ad libitum. Mouse handling and experimental procedures were
conducted in accordance with the guidelines of the United States Na-
tional Institutes of Health, as approved by the Animal Care and Use
Committee of Baylor College of Medicine.

Determination of transgene copy number. Genomic DNA isolated from
transgenic mice and their respective wild-type (WT) littermates was an-
alyzed by real-time quantitative PCR to determine the number of trans-
gene integrations using the comparative CT method (��CT method).
Amplification of the target gene, Cacna1g, was performed using the ex-
onic forward primer 5�-TGGAACTGCCCATCATGAGAT-3� and the
intronic reverse primer 5�-CCTCATTCTGCTGTCCTGCTAAT-3�,
while amplification of the control gene, Scn5a, was achieved using the
intronic forward primer 5�-AGGGTTTCTCTGTGACCCAAAC-3� and
the exonic reverse primer 5�-AGAGCTACGGGACACAGTATCCA-3�
(IDT). The resulting amplicons were detected using dual-labeled Taq-
Man probes synthesized by Applied Biosystems spanning an exon–in-
tron boundary of the Cacna1g gene (5�-6FAM-ATCACCGGT-
AAGGGAATGCATGCCAC-TAMRA-3�) and an intron– exon bound-

ary of the Scn5a gene (5�-6FAM-CTTCCCCTACCCTTTTCC-
AGGCTCTCA-TAMRA-3�) to ensure the detection of amplified
genomic DNA. To determine transgene copy number, the fold change in
amplification of the Cacna1g gene versus the control Scn5a gene was
calculated using the ��CT method, where fold change equals 2 ���CT

and ��CT � �CT,transgenic � �CT,WT � (CT,av,Cacna1g � CT,av,Scn5a) �
(CT,av,Cacna1g � CT,av,Scn5a). The estimated fold change was then doubled
and subtracted by 2 to determine copy number; since the Cacna1g am-
plification results were normalized to the reference Scn5a gene that is
present at two copies, and two copies of the Cacna1g gene are endog-
enously found within the mouse genome. The average threshold cycle
(CT), which indicates the fractional cycle number of amplified PCR
product that reaches a fixed threshold value, was determined for each
sample by running five technical replicates.

Rotarod test for motor coordination. Adult (�2-month-old) naive
transgenic and WT mice were placed atop a 3-cm-diameter rotating rod
accelerating linearly from 4 to 40 rpm over 5 min (Ugo Basile). Motor
coordination was tested for three consecutive days with four trials/d
while allowing the mice a recovery period of at least 30 min between
trials. Each trial concluded after the mouse fell from the rod, held on to
the rod for four consecutive 360° rotations, or achieved the maximum
trial length of 300 s. Times for each trial were evaluated for each trans-
genic mouse line compared with WT mice.

Quantitative RT-PCR analysis. To measure the mRNA produced from
the transgene, RNA isolated from transgenic mice and their respective
WT littermates was analyzed by real-time quantitative RT-PCR (qRT-
PCR). RNA was extracted from adult brain and heart samples using
TRIzol Reagent (Invitrogen) and then purified from contaminants using
the RNA Cleanup protocol provided in the RNeasy Mini Kit (Qiagen) to
produce pure, high-quality RNA. Thalamic RNA was extracted from
dissected samples following the purification protocol outlined in the
RNeasy Mini Kit (Qiagen). Total RNA was appropriately diluted and
then reverse transcribed with random hexamer primers using the Super-
Script III First-Strand Synthesis System (Invitrogen), according to the
manufacturer’s protocol. Predesigned Taqman assays detecting the ex-
pression of the target gene, Cacna1g (Applied Biosystems; assay ID:
Mm00486549_m1), and the endogenous controls, eukaryotic 18S rRNA
(Applied Biosystems; product number 4319413E) and mouse GAPD
(Applied Biosystems; product number 4352932E), were compared be-
tween transgenic and WT samples to determine the fold change in ex-
pression using the ��CT method, as described above.

Western blotting. Membrane proteins were isolated from adult whole-
brain samples from transgenic mice and their respective WT littermates
by homogenization in a cold buffer solution consisting of 50 mM Tris-
HCl, pH 7.4, 1 mM EGTA, pH 8.0, 1 mM DTT (Sigma-Aldrich), 1 mM

phenylmethanesulfonyl fluoride (Sigma-Aldrich), 2 �g/ml pepstatin
(Roche), 4 �g/ml calpain I (Sigma-Aldrich), 4 �g/ml calpain II (Sigma-
Aldrich), and Complete Protease Inhibitor Cocktail (Roche). Homoge-
nized samples were centrifuged at 1000 � g for 5 min and the resulting
supernatant centrifuged at �100,000 � g for 1 h, with the protein pellet
resuspended in the above homogenization buffer supplemented with
0.1% Triton X-100 (Fisher Scientific). Samples containing 50 �g of pro-
tein, as quantified by the Bio-Rad Protein Assay, were mixed with sample
buffer containing 2% SDS and heated at 70°C for 10 min. The protein
samples were then electrophoretically separated on 10% polyacrylamide
gels (Bio-Rad) and transferred to PVDF membranes (Santa Cruz Bio-
technology) using Bjerrum and Schafer-Nielsen buffer with 0.037% SDS
at 100 V for 105 min at 4°C. Membranes were blocked with 5% nonfat
dry milk (Bio-Rad) in TBS with 0.05% Tween 20 (Bio-Rad) to prevent
nonspecific antibody binding. The Cacna1g protein was detected using
the anti-Cav3.1 primary antibody (Alomone Labs) at a 1:200 dilution,
and visualized using Amersham ECL reagent (GE Healthcare) after bind-
ing of the horseradish peroxidase-labeled secondary antibody (Santa
Cruz Biotechnology) and exposure to HyBlot CL film (Denville
Scientific).

In situ hybridization. RT-PCR was performed using the SuperScript III
First-Strand Synthesis System (Invitrogen) with 50 ng of wild-type adult
mouse brain RNA and random hexamer primers following the manufac-
turer’s protocol. The resulting cDNA was subsequently amplified using
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primers spanning exons 37 and 38 of the Cacna1g gene that introduced
SP6 and T7 promoter sequences to produce a DNA template for ribo-
probe production. The PCR amplification reaction used the forward
primer 5�-GCGATTTAGGTGACACTATAGATCCTACAGCTTCCCA-
AAGATGC-3� and the reverse primer 5�-GCGTAATACGACT-
CACTATAGGGGAAGACAAACCAGAGAGACTCAGC-3� with the
SP6 and T7 promoter sequences designated in bold type and the se-
quence specific to the Cacna1g gene underlined (IDT). In vitro transcrip-
tion of the DNA template using the SP6 and T7 promoters in the presence
of digoxigenin-tagged UTP generated the sense and antisense RNA
probes.

Tissue preparation, automated ISH, and digital imaging were per-
formed as previously described (Yaylaoglu et al., 2005) and as described
online at http://www.genepaint.org/RNA.htm. Briefly, brains from both
lines of adult transgenic mice, along with WT littermate controls, were
removed and immediately frozen by placing samples atop a dry ice/
ethanol bath. Frozen samples were sectioned (25 �m thickness) using a
cryostat with a distance between sections of 200 �m and mounted on
glass slides. Antisense Cacna1g probe was hybridized to sections and
detected by catalyzed reporter deposition (CARD) using biotinylated
tyramide followed by colorimetric detection of biotin with avidin cou-
pled to alkaline phosphatase. This results in a dark blue precipitate in cells
containing the Cacna1g transcript, while hybridization with the sense
control probe produces no signal. The amount of precipitate is propor-
tional to the number of detected transcripts, and gene expression
strength is detectable via the Celldetekt program (Carson et al., 2005),
with red cells showing strong expression, blue cells displaying interme-
diate expression, and yellow cells representing weak expression.

Thalamic patch-clamp recording. Coronal brain slices (350 �m thick)
prepared from P13–17-d-old transgenic and WT littermate mice from
each transgenic line were collected as in previous studies (Zhang et al.,
2002, 2004) at the level of the lateral dorsal nucleus (LDN) [Paxinos and
Franklin (2001), their Figs. 41– 43] or the ventral basal nucleus (VB)
[Paxinos and Franklin (2001), their Figs. 44 – 46] of the thalamus. These
regions were selected since their relay cells are synaptically linked to
frontal brain regions where absence seizures are known to be the most
prominent in mice and human. Thalamocortical relay cells within the
LDN and VB were visually identified with infrared optics, and recorded
by the whole-cell patch clamp method to measure T-type calcium cur-
rents and voltage dependence of steady-state inactivation (SSI). Electro-
physiological recordings were conducted using voltage protocols and
solutions as previously described (Zhang et al., 2002, 2004). Data collec-
tion followed strict selection criteria to standardize recording variability
based on size, clamp quality, and cell condition (absence of significant
time-dependent calcium current rundown within the recording time
interval). Current amplitude from the inactivation protocol, normalized
to maximum, was plotted as a function of prepulse membrane potentials,
and best-fitted with a Boltzmann function: I/Imax � {1 � exp(V � V1/2)/
k} � 1, where V1/2 and k represent the half-maximal voltage and slope,
respectively. Cell capacitance measurements were estimated using the
built-in program within the pClamp10 software. Briefly, the “Membrane
Test” in Clampex generates a definable, biphasic voltage pulse. The cur-
rent response is measured and capacitance is then calculated using
Ohm’s law.

Simultaneous electroencephalograph and electrocardiogram recordings.
Transgenic and WT control mice ranging from 1 to 2 months of age were
surgically implanted under avertin anesthesia with a microminiature
connector attached to silver wire electrodes (0.005 inch diameter). EEG
electrodes were positioned through cranial burr holes overlying the cor-
tical surface in the subdural space over the brain, and two electrocardio-
gram (ECG) electrodes running laterally within the subcutaneous tissue
on either side of the heart were secured with sutures. After 1 or more days
of postsurgical recovery, cortical EEG and ECG activity of freely moving
mice was recorded for several hours per session over multiple days using
a digital video monitoring system (Stellate Systems, Harmonie software,
versions 5.0b and 6.1c). EEG recordings were collected from eight �1G-
Tg1 mice and six �1G-Tg2 mice, while ECG recordings were gathered
from at least three mice from each transgenic line. To determine the
seizure-sensitivity to anti-epileptic drug treatment, mice from each

transgenic line were intraperitoneally injected with either a 5 mmol/kg
dose of ethosuximide (Sigma) or a saline vehicle control. Drug effects
were assessed by comparing seizure incidence during an initial 1 h base-
line EEG recording period with that observed in the hour immediately
following injection of either ethosuximide or saline. EEG and ECG re-
cordings from WT, �1G-Tg1, and �1G-Tg2 mice were analyzed to de-
termine the number of seizures per hour, average SWD frequency, aver-
age seizure duration, and average heart rates.

Video EEG and ECG recordings were analyzed by an individual
blinded to the genotype of the animal while ensuring each animal exam-
ined displayed similar states of arousal and background activity. The
behavioral phenotype of the recorded mice was assessed by reviewing the
digital video associated with each SWD event to identify episodes of
behavioral arrest typified by interrupted motor activity during the sei-
zure and/or a myoclonic jerk at the end of the seizure.

Statistical analysis. The transgene copy number, rotarod, and qRT-
PCR experiments along with EEG discharge and ECG activity character-
izations were analyzed using the one-way ANOVA test. Cacna1g protein
levels by Western blotting were quantified by densitometry and analyzed
using a one-tailed paired t test. Electrophysiology data analysis was per-
formed using the Student’s t test or one-way ANOVA with the post hoc
test. All data are represented as the mean � SEM.

Results
Transgenic Cacna1g overexpression produces viable mice
lacking overt neurological deficits
Cacna1g overexpression transgenic mouse lines were generated
by pronuclear microinjection of BAC clone RP23– 65I14 into
fertilized oocytes of FVB mice. This genomic clone containing the
endogenous promoter region was selected because the human
(Emerick et al., 2006), rat (McRory et al., 2001), and mouse
(Monteil et al., 2000; Ernst and Noebels, unpublished) Cacna1g
genes are highly regulated by alternative splicing, mandating the
use of BAC transgenic methodology for efficient functional ex-
pression of genes under the control of their native enhancing
elements (Heintz, 2000). Two transgene-positive founder lines
were established, �1G-Tg1 and �1G-Tg2.

To determine the number of transgene integrations, a real-
time quantitative genomic PCR-based assay was performed on
isolated tail DNA. Using an approach similar to that of Ballester et
al. (2004), amplification of the target Cacna1g gene and the ref-
erence Scn5a gene was analyzed from each transgenic line along
with WT littermates using the comparative threshold method
(��CT method). The �1G-Tg1 line showed a 1.89-fold increase
in amplification over controls, representing an estimated 1–2
transgene copy integrations (average � 1.78 � 0.19, n � 12, p 	
0.001) (Fig. 1A). The �1G-Tg2 line exhibited a 6.56-fold increase
in amplification over controls, equivalent to an estimated 
10
transgene integrations (average � 11.11 � 0.68, n � 24, p 	
0.001) (Fig. 1A). The variable transgene copy number between
the low-dosage line (�1G-Tg1) and the high-dosage line (�1G-
Tg2) enabled a correlation between gene dose, brain expression,
and thalamocortical activity in the transgenic mice.

Both �1G-Tg1 and �1G-Tg2 transgenic mice were fertile and
appeared phenotypically normal and indistinguishable from
their WT littermates. Since mutant mouse models of absence
epilepsy with primary calcium channel subunit defects and ele-
vated T-type currents show an ataxic phenotype, as do human
epilepsy patients with CACNA1A mutations (Imbrici et al.,
2004), we examined cerebellar function. Gait of the two trans-
genic lines was not visibly altered, and there was no resting or
action tremor. To detect the possible presence of a latent vestibu-
lomotor coordination defect, both transgenic lines and WT lit-
termates were subjected to an accelerating rotarod assay. The
tests revealed no significant changes in motor coordination, as
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transgenic and WT mice performed similarly for each trial (Fig.
1B).

Increased Cacna1g mRNA and protein expression in
the brain
To verify that the integrated BAC transgene enhanced expression
of Cacna1g, we conducted qRT-PCR experiments on isolated
brain RNA samples from each transgenic line along with matched
WT controls. As predicted, whole-brain mRNA levels corre-
sponded with the transgene copy number in each mouse line; the
low-dosage �1G-Tg1 line showed a 37% increase (average fold
change � 1.37 � 0.07, n � 13, p 	 0.001) in Cacna1g mRNA
expression, while the high-dosage �1G-Tg2 line showed higher
levels of Cacna1g mRNA expression, with a 165% increase (aver-
age fold change � 2.65 � 0.26, n � 7, p 	 0.001) (Fig. 2A).
Regional expression of Cacna1g mRNA was also quantified from
dissected samples of the thalamus by qRT-PCR. Both transgenic
lines displayed elevated thalamic Cacna1g mRNA levels. Similar
to the respective elevations found in whole-brain samples, the
�1G-Tg1 and �1G-Tg2 mouse lines mice showed a 34% (average

fold change � 1.34 � 0.04, n � 6, p 	 0.001) and 124% increase
(average fold change � 2.24 � 0.33, n � 6, p 	 0.005) in expres-
sion, respectively (Fig. 2A).

Neuronal Cacna1g protein levels were similarly elevated in
both transgenic lines. Western blot analysis of whole-brain
membrane-isolated protein samples in the �1G-Tg1 line gener-
ated 25% more �1G protein (average fold change � 1.25 � 0.08,
n � 4, p 	 0.05), while the �1G-Tg2 line produced 174% more
�1G protein compared with WT controls (average fold change �
2.74 � 0.13, n � 4, p 	 0.005) (Fig. 2B).

Cacna1g mRNA overexpression accurately localized in
the brain
To further validate the precision of BAC transgene expression
patterns observed within the brain, we performed in situ hybrid-
ization (ISH) using a digoxigenin-labeled Cacna1g probe. The

Figure 1. Variable transgene integrations generate low and high copy number transgenic
mice without overt neurological defects. A, Quantitative PCR assay comparing amplification
from transgenic and WT genomic DNA detecting the Cacna1g target gene and the Scn5a nor-
malizer gene. The �1G-Tg1 line bears an estimated 1–2 transgene integrations (n � 12), and
the �1G-Tg2 line bears an estimated 
10 copies (n � 24). The transgene copy number is
calculated as 2 � (expression fold change) � 2, as described in Materials and Methods. Quan-
titative data represent mean � SEM. ****p 	 0.001 versus WT controls. B, WT (n � 16),
�1G-Tg1 (n � 10), and �1G-Tg2 (n � 9) mice were tested for motor coordination using an
accelerating rotarod assay for three consecutive days with four trials/d. The tests revealed no
significant differences in time on the rotarod between each transgenic line and WT controls, as
each genotype performed similarly for each trial. Quantitative data represent mean � SEM;
p 
 0.05 versus WT controls.

Figure 2. Transgenic mice show overexpression of brain �1G mRNA and protein. A, Quan-
titative RT-PCR assay comparing Cacna1g mRNA expression within whole-brain (�1G-Tg1, n �
13; �1G-Tg2, n � 7) and thalamus (�1G-Tg1, n � 6; �1G-Tg2, n � 6) tissue samples be-
tween each transgenic line and WT mice showing increased mRNA expression. Quantitative
data represent mean � SEM; ***p 	 0.005, ****p 	 0.001 versus WT controls. B, Western
blot analysis of whole-brain membrane-isolated �1G protein from four littermate-paired sets
(connected by brackets) of transgenic (Tg) and WT mice from each line.
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hybridized brain sections from WT and both transgenic lines
revealed distinctly similar regional localization patterns for
Cacna1g mRNA expression (Talley et al., 1999) (Allen Brain At-
las), with notably intense levels in thalamic relay nuclei, entorhi-
nal cortex, hippocampus, cerebellar cortex, and inferior olive
(Fig. 3A–D). At the cellular level, comparison of sections between
WT and the low transgene copy number line mice (�1G-Tg1)
revealed increased Cacna1g mRNA signal within all layers of the
neocortex, the CA1–2 pyramidal cell layers of the hippocampus,
thalamocortical relay cells, and the cerebellar inferior olive (see
supplemental data, available at www.jneurosci.org). In the higher
transgene copy number line (�1G-Tg2), samples displayed ele-
vated signal in these same cell types, along with further increases
in hippocampal CA3 pyramidal neurons and granule cells of the
dentate gyrus (Fig. 3E–H). Expression within the cerebellum of
both the �1G-Tg1 and �1G-Tg2 lines showed intense Purkinje
cell and granule cell layer staining, indicating prominent eleva-

tions of Cacna1g transcript levels when compared with WT sam-
ples (see supplemental data, available at www.jneurosci.org as
supplemental material; Fig. 3G). Importantly, there was no de-
tectable signal in the reticular thalamic nuclei, where Cacna1g is
not natively expressed, and no evidence of ectopic transgene ex-
pression in any other brain region was distinguishable in either
transgenic line.

Increased peak density of T-type calcium currents in
thalamic neurons
We investigated the effects of overexpressing �1G subunits on
whole cell LVA calcium currents in mouse thalamic neurons,
since elevated LVA calcium currents in these cells are a hallmark
of monogenic epilepsy mouse models (Zhang et al., 2002, 2004;
Song et al., 2004). Figure 4, A and B, shows representative traces
of LVA calcium currents within the LDN (Fig. 4A) and VB (Fig.
4B) in response to a �50 mV test pulse following a 3 s prepulse to

Figure 3. Accurate localization of �1G mRNA within the brain. A–H, Coronal brain sections from WT (A–D) and the higher-expressing �1G-Tg2 line (E–H ) were hybridized with an �1G-specific
digoxigenin-labeled riboprobe. Pseudocolored (“heat map”) images were generated by converting cellular Cacna1g mRNA expression intensity (see Materials and Methods and the in-figure legend),
and they represent the midbrain (A, E) along with selected regions of interest, emphasizing the similar pattern but more intense hybridization signal indicated by color changes within the thalamus
(B, F ), Purkinje cell layer (C, G), and the cerebellar inferior olive (D, H ). Note that expression of Cacna1g in the nRT is spared in the WT and transgenic mouse.
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�110 mV in TC neurons from WT and
both transgenic lines. At a membrane po-
tential of �50 mV, all LVA calcium cur-
rents in mouse thalamic LDN and VB neu-
rons have recovered from inactivation and
are thus available for opening in both WT
and mutant neurons (Zhang et al., 2002,
2004). WT, �1G-Tg1, and �1G-Tg2 lines
each possessed current traces showing fast
activation and inactivation. The peak cur-
rent densities of LVA currents (normal-
ized by cell capacitance) recorded from the
LDN for the �1G-Tg1 and �1G-Tg2 lines
increased by 36% and 51%, respectively,
when compared with WT control neurons
(Fig. 4C). The mean peak current ampli-
tudes and peak current densities were
�1452.30 � 33.92 pA and 15.18 � 0.31
pA/pF in the WT controls (n � 19),
�1746.54 � 37.07 pA and 20.65 � 0.36
pA/pF in the �1G-Tg1 line (n � 15), and
�2122.09 � 59.19 pA and 22.86 � 0.35
pA/pF in the �1G-Tg2 line (n � 14) (Fig.
4C). Within VB neurons, the peak current
densities of LVA currents for the �1G-Tg1
and �1G-Tg2 lines increased by 71% and
122%, respectively, when compared with
WT control neurons (Fig. 4C). The mean
peak current amplitudes and peak current
densities were �1200.00 � 61.98 pA and
13.67 � 0.43 pA/pF in the WT controls
(n � 14), �1754.79 � 18.66 pA and
23.40 � 0.21 pA/pF in the �1G-Tg1 line
(n � 23), and �2351.16 � 62.07 pA and
30.41 � 0.50 pA/pF in the �1G-Tg2 line
(n � 13) (Fig. 4C). The higher percentage
increases in LVA current densities in VB
neurons in comparison with those in LDN
neurons may be partly due to the relatively
lower basal level of current density within
LDN neurons.

The duration of macroscopic inactiva-
tion of LVA calcium currents in the WT
controls and each transgenic mouse line
closely resembles the time scale displayed
by T-type calcium channels following their
expression in mammalian cells (Lee et al.,
1999; Zhang et al., 2000), and is compara-
ble to those seen in thalamic neurons in
stg, tg, lh, and Cm mutant mice (Zhang et
al., 2002, 2004). The decay of macroscopic
LVA currents evoked at �50 mV was fitted
by a single-exponential function (Fig.
4A,B). No significant alteration in macro-
scopic LVA current decay was found in ei-
ther transgenic mouse line when com-
pared with WT controls in both LDN and
VB neurons. The pooled time constants
for decay within the LDN were 24.5 � 1.5,
26.4 � 1.2, and 24.5 � 2.3 ms, respectively,
for the WT (n � 19), �1G-Tg1 (n � 15),
and �1G-Tg2 (n � 14) mice, and within
the VB were 25.8 � 1.3, 26.9 � 0.6, and

Figure 4. Transgenic mice produce elevated T-type calcium currents. A, B, Representative traces for T-type current density
from TC cells of the LDN in WT control (n � 19), �1G-Tg1 (n � 15), and �1G-Tg2 (n � 14) mice (A) and VB in WT control (n �
14), �1G-Tg1 (n � 23), and �1G-Tg2 (n � 13) mice (B). T-type currents were evoked at a membrane potential of �50 mV (200
ms) after a 3 s step to �110 mV from a holding potential at �70 mV. Decay of the current was fitted by a single-exponential
function (dotted line), and no significant alterations were detected in macroscopic current decay. C, The average peak current
densities (normalized by cell capacitance) (top) and current amplitudes (bottom) of T-type calcium currents recorded in the LDN
for the �1G-Tg1 and �1G-Tg2 lines increased by 36% and 51%, respectively, when compared with WT controls, and in the VB for
the �1G-Tg1 and �1G-Tg2 lines increased by 71% and 122%, respectively, when compared with WT controls. Quantitative data
represent mean � SEM; *p 	 0.05, **p 	 0.01, ****p 	 0.001 versus WT controls.
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25.9 � 1.8 ms, respectively, for the WT (n � 14), �1G-Tg1 (n �
23), and �1G-Tg2 (n � 13).

In addition to demonstrating that Cacna1g overexpression
elevated LVA calcium currents, we also examined kinetic prop-
erties of the channels. The steady-state inactivation (SSI) of
T-type currents are shown in Figure 5A (recorded from the LDN)
and Figure 5B (recorded from the VB), and were obtained using
a standard double-pulse protocol where a 4 s prepulse delivered
at various membrane potentials (ranging from �120 to �40 mV)
preceded the test stimulus via a voltage step to �50 mV for 200
ms. No significant changes in either the pooled half-maximal
voltages or pooled slopes for SSI, when normalized to maximum
current amplitude, were detected between the WT controls and
the two �1G transgenic mouse lines. The pooled half-maximal
voltages and slopes from the LDN were �77.9 � 3.2 mV and
5.4 � 0.5 in the WT (n � 6), �78.4 � 3.5 mV and 5.5 � 1.2 in the
�1G-Tg1 (n � 6), and �77.0 � 2.2 mV and 5.6 � 1.0 in the
�1G-Tg2 (n � 5) mice, respectively, and the pooled half-
maximal voltages and slopes from the VB were �78.8 � 2.3 mV

and 6.8 � 0.6 in the WT (n � 6), �880.8 �
2.5 mV and 5.5 � 1.2 in the �1G-Tg1 (n �
6), and �78.3 � 2.1 mV and 6.0 � 0.8 in the
�1G-Tg2 (n � 5) mice, respectively (Fig.
5C). These findings suggest that the LVA
current density increases are accounted for
by additional channel subunits.

�1G overexpression induces
ethosuximide-sensitive absence seizures
Prolonged digital electroencephalo-
graphic (EEG) recording with simulta-
neous video monitoring (video EEG) was
used to assess the phenotypic effects of
Cacna1g gene overexpression on thalamo-
cortical network activity in freely moving
mice. We observed that both transgenic
lines generated frequent stereotyped,
rhythmic cortical spike-wave discharges
(SWDs), while WT littermate mice
showed normal brain EEG activity without
developing SWDs (Fig. 6). The SWDs de-
tected in each transgenic line were associ-
ated with periods of behavioral arrest, a
typical characteristic of absence seizures
(see supplemental video EEG data, avail-
able at www.jneurosci.org as supplemental
material). Analysis of the number of SWD
events per hour revealed that the �1G-Tg2
line produced more seizures (25.8 � 4.9,
n � 12; ranging from 5 to 55 seizures/h)
compared with the �1G-Tg1 line (11.0 �
2.4, n � 23; ranging from 1 to 45 seizures/
h). The �1G-Tg1 mouse line exhibited an
average SWD frequency of 9.5 � 0.7 Hz
(ranging from 5.8 to 15.0 Hz) with indi-
vidual burst durations lasting 0.7–1.7 s,
and the �1G-Tg2 line showed an average
SWD frequency of 9.8 � 0.3 Hz (ranging
from 7.9 to 11.8 Hz) with individual burst
durations lasting 0.8 –1.9 s. The average
SWD frequency of each transgenic mouse
line falls within the range of oscillatory
sleep spindles (7–15 Hz); nevertheless,

EEG seizures in all of these models represent sharp, spike-like
discharges in an awakened state, which are dissimilar to the spin-
dle EEG discharges occurring during sleep (Pinault et al., 2006).

Injection of the anti-absence epileptic drug ethosuximide
promptly suppressed SWD activity in both transgenic lines, so
that the EEG activity resembled WT traces (Fig. 6). On average,
�1G-Tg1 and �1G-Tg2 mice produced 2.3 � 0.9 (n � 3) and
16.7 � 3.8 (n � 3) seizures, respectively, during a 1 h period
before ethosuximide injection and no seizures during the hour
after injection. Injection of a saline control vehicle had no effect
on the discharge rate. These results, combined with the observed
lack of motor coordination defects (Fig. 1B), demonstrate the
development of the first defined calcium channel absence epi-
lepsy mouse model exhibiting spike-wave seizures without an
ancillary ataxic phenotype.

Cardiac �1G overexpression fails to alter resting cardiac rate
To assess the extent and fidelity of BAC transgene expression, we
also examined regions outside of the brain. The Cacna1g gene is

Figure 5. Transgenic mice exhibit normal voltage dependence of T-type calcium currents. A, B, Representative T-type current
traces for SSI from TC cells of the LDN (A) and VB (B) in WT control (n � 6), �1G-Tg1 (n � 6), and �1G-Tg2 (n � 5) mice. A
standard double-pulse protocol for SSI was given from the holding potential of �70 mV, in which a 4 s prepulse delivered at
various membrane potentials (ranging from �120 to �40 mV) preceded the test stimulus via a voltage step to �50 mV for 200
ms (the interpulse interval was 10 s). C, Normalized current–voltage curves for SSI of T-type currents was plotted as a function of
prepulse membrane potentials and best-fitted with a Boltzmann function (see Materials and Methods). No significant changes in
either pooled half-maximal voltages or slopes for SSI within the LDN and VB were observed in the �1G-Tg1 (circle, thick dashed
line) or �1G-Tg2 (triangle, solid line) lines compared with WT controls (square, thin dashed line). Quantitative data represent
mean � SEM; p 
 0.05 versus WT controls.
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normally expressed within the myocar-
dium, where it participates in sinoatrial
pacemaking activity and cardiac conduc-
tion (Mangoni et al., 2006). In whole-heart
samples, qRT-PCR experiments revealed
increased Cacna1g mRNA levels of 47%
(average fold change � 1.47 � 0.14, n � 4,
p 	 0.005) for the �1G-Tg1 line and 27%
(average fold change � 1.27 � 0.09, n � 6,
p 	 0.05) for the �1G-Tg2 line. The ele-
vated Cacna1g mRNA expression does not
influence the basal cardiac rate, as electro-
cardiogram (ECG) recordings from un-
anesthetized animals during periods of be-
havioral immobility while at rest in their
home cage reveal similar cardiac rhythms
between WT and both transgenic mouse
lines (Fig. 7), as WT, �1G-Tg1, and �1G-
Tg2 mice possess average heart rates of
662.4 � 18.3 beats per minute (BPM) (n �
5), 662.0 � 29.5 BPM (n � 3), and 648.0 �
21.1 BPM (n � 3), respectively.

Discussion
In this study we have identified Cacna1g
overexpression as a sufficient mechanism

Figure 7. Overexpression of cardiac �1G spares basal cardiac rate and rhythm in �1G transgenic mice. Representative ECG
recordings sampled from unanesthetized WT, �1G-Tg1, and �1G-Tg2 mice during periods of immobility revealing no alterations
in resting cardiac rate.

Figure 6. Spontaneous synchronous ethosuximide-sensitive spike-wave seizures in �1G transgenic mice. Representative bilateral cortical EEG recordings (L, left; R, right) of freely moving WT,
�1G-Tg1, and �1G-Tg2 mice demonstrating that both the �1G-Tg1 and �1G-Tg2 mice develop spike-wave seizures, while WT mice show normal EEG activity. Administration of the anti-epileptic
drug ethosuximide (ETX) suppresses the spike-wave seizures produced in both the �1G-Tg1 and �1G-Tg2 mice. Comparison of the average number of observed spike-wave seizures per hour reveals
an increased incidence in the �1G-Tg2 line (25.8 � 4.9; ranging from 5 to 55 seizures/h; 12 h from 4 mice) over the �1G-Tg1 line (11.0 � 2.4; ranging from 1 to 45 seizures/h; 23 h from 4 mice).
Comparisons of individual SWD frequency and duration show no significant differences between the �1G-Tg1 (16 seizures from 6 mice) and �1G-Tg2 (16 seizures from 5 mice) lines.
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for the generation of pure absence epilepsy, a phenotype that has
thus far eluded gene mutational modeling attempts. Spontane-
ous epileptic mouse models of SWDs include three bearing high-
voltage-activated (HVA) calcium channel subunit mutations
(Cacna1atg, tg; Cacna1a�/�; and Cacnb4lh, lh); one expressing the
HVA calcium channel-interacting AMPA receptor clustering
mutant protein, stargazin (Cacng2stg, stg); and the last expressing
the HVA calcium channel-interacting SNARE mutant protein,
SNAP25 (Cm). Interestingly, these mutants all show comparable
downstream elevations in thalamic T-type currents mediated by
�1G channels, suggesting a pathogenic contribution in these
complex models (see below). Since this channel expresses only
partial overlap with the other two related T-type channel genes,
Cacna1h and Cacna1i, responsible for neuronal LVA calcium
current (see model in Fig. 8), the finding further subdivides the
necessary and sufficient elements of the neuronal network sub-
serving SWD generation.

Elevated T-type current and the absence epilepsy phenotype
Despite their well defined role in membrane excitability, inher-
ited disorders of single-ion channels reveal a surprising degree of
phenotypic complexity, and it is frequently difficult to predict or
explain the mechanism of one or more elements of the clinical
syndrome, requiring the search for intermediate molecular
pathogenic mechanisms induced downstream of the inherited
gene defect. As each endophenotype is isolated, its homeostatic
role, whether beneficial or deleterious, can be evaluated. Calcium

channelopathies are an eloquent example,
where loss of function mutations in HVA
P/Q-type calcium channel subunits de-
crease neurotransmitter release and pro-
duce frequent episodes of behavioral arrest
due to thalamocortical SWDs in the third
postnatal week, whereas cerebellar ataxia
may appear either earlier or some weeks
later depending on the mutant allele.
While decreased presynaptic and postsyn-
aptic calcium entry can readily explain de-
pressed cerebellar function, the mecha-
nism for epileptic hypersynchronization is
unclear.

In the index P/Q-type calcium channel
mutant mouse, tottering (tg), decreased
evoked cortical glutamate and GABA re-
lease reduce feedforward cortical synaptic
inhibition (Ayata et al., 2000; Sasaki et al.,
2006). This mutant also shows CNS nor-
adrenergic hyperinnervation, and neona-
tal denervation of this transmitter pre-
vents not only the expression of spike-
wave epilepsy, but ataxia as well (Levitt
and Noebels, 1981; Noebels, 1984), pre-
sumably by relieving the G-protein-
mediated inhibition of N-type calcium
channels that sustain transmission at P/Q-
deficient mutant CNS terminals (Qian and
Noebels, 2001; Zhou et al., 2003). More
recently, elevated T-type calcium currents
were identified in thalamic neurons of tg
and four other mouse models of absence
epilepsy (Zhang et al., 2002, 2004; Song et
al., 2004), constituting an additional im-
portant candidate mechanism for epileptic

hypersynchronization. In these models, elevated T-type currents
were not a result of increased Cacna1g mRNA expression and are
likely due to kinetic modulation of channel availability (Zhang et
al., 2002; Song et al., 2004). The complete genetic ablation of �1G
T-type current in �1A�/� and tg mutant mice eliminated spon-
taneous SWD activity, however when �1G-mediated currents
were deleted in mice with auxiliary calcium channel subunit mu-
tations (lh and stg), a low level of SWD activity remained, pre-
sumably due to other developmental abnormalities in these mu-
tants. Similarly, the removal of only one Cacna1g allele in these
models reduced T-type currents to below those seen in WT mice,
yet had little effect on spontaneous SWD activity, indicating that
elevation of T-type currents is not essential in these models (Song
et al., 2004). The present experiments demonstrate however, that
direct enhancement of thalamocortical activity through eleva-
tions of �1G current, in the absence of developmental rearrange-
ments secondary to other known channel mutations, can effec-
tively induce the epileptic phenotype. Together, these data isolate
�1G calcium channels as both necessary in all mouse models and
sufficient in this model for the expression of absence epilepsy,
and implicate the ascending thalamocortical and descending cor-
ticothalamic limbs of the loop as sufficient to sustain aberrant
synchronization by virtue of the restricted expression pattern of
the Cacna1g gene in these two nodes of the circuit (Fig. 8). A
similar strategy to test the overexpression of the Cacna1h and
Cacna1i genes, which mediate the majority of LVA currents in the
nRT, will be needed to determine whether enhanced T-type cur-

Figure 8. Enhanced �1G-mediated thalamocortical network activity evokes absence seizures. Model of relative changes in
thalamocortical activity arising from selective enhancement of �1G T-type calcium channel expression within the brain (WT, left;
�1G transgenic, right) illustrated by merged in situ hybridization images (courtesy of the Allen Brain Atlas) of the three T-type
channel subunits (Cacna1g, red; Cacna1h, green; and Cacna1i, blue). Major elements of the critical thalamocortical loop consist of
ascending TC cells (yellow diamonds) that excite (solid arrows) cortical cells (yellow triangles) and interneurons in the nRT (open
circles), descending cortical cells that excite the TC and nRT, and nRT cells that inhibit (dashed line) the TC. Within the WT brain, a
balanced network produces normal EEG activity, while in the �1G transgenic brain, transgenic overexpression of the Cacna1g
gene (intense red cells) initiates hypersynchronized excitatory activity in the loop between the TC and cortex (bolder arrows),
sufficient to generate SWDs and an absence epilepsy phenotype.
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rent at this critical inhibitory node of the thalamocortical loop is
also sufficient to drive SWDs.

Gene dose effects
The two independent Cacna1g transgenic mouse lines bear dif-
ferent transgene copy numbers and express corresponding in-
creases in whole-brain �1G mRNA and protein levels. Trans-
genic expression of �1G channels produced increases in LVA
T-type calcium current densities in the low (1–2 additional cop-
ies) �1G-Tg1 line (36%) and the high (
10 additional copies)
�1G-Tg2 line (51%), when compared with WT mice. The higher-
dosage line (�1G-Tg2) showed a disproportionately smaller in-
crease in functional thalamic T-type calcium currents produced
from the relatively high levels of protein expression suggesting a
saturable component, perhaps due to more rapid turnover. The
kinetic properties of the elevated currents were similar to those
observed following heterologous in vitro expression of �1G cal-
cium channels (Lee et al., 1999; Delisle and Satin, 2000; Zhang et
al., 2000; Perez-Reyes, 2003) and in dissociated rat TC neurons
(Destexhe et al., 1998). The magnitude of enhanced LVA current
densities in both �1G-Tg1 and �1G-Tg2 thalamic LDN TC neu-
rons is comparable to the 45–54% increase in LVA calcium cur-
rent density in the same cells found in the tg, lh, stg, and Cm
mutant models (Zhang et al., 2002, 2004) and in thalamic VB
neurons in Cacna1a�/� mice (Song et al., 2004), and were ac-
companied by similar patterns of ethosuximide-sensitive SWDs.
Despite these gene dose effects, it is worth noting that the only
apparent difference between the two �1G transgenic lines con-
sisted of an increased number of spontaneous seizures per hour,
rather than other discharge parameters. Further comparisons be-
tween the two transgenic lines and previously established mouse
models of absence epilepsy reveal mild differences in the inci-
dence of SWDs per hour and increased spike frequencies in the
discharge that may be attributed to other gene-specific down-
stream alterations affecting thalamocortical excitability.

T-type overexpression is phenotypically silent in other
oscillating networks
Spike-wave EEG phenotypes defined by P/Q-type calcium chan-
nel mutations in humans and mouse models coexist with other
neurological deficits, including severe ataxia and episodic dyski-
nesia (Imbrici et al., 2004), yet these and other potential comor-
bid phenotypes such as tremor or cardiac arrhythmia were nota-
bly absent in both transgenic Cacna1g mouse lines. Cerebellar
�1G T-type channels are elevated within the Purkinje cell layer in
P/Q-type calcium channel mutant mice (Nahm et al., 2005),
along with other pleiotropic gene changes (Campbell and Hess,
1998; Kaja et al., 2007). Given this downstream complexity, the
specific contribution of elevated T-type calcium channel expres-
sion to the cerebellar neurological phenotype is unclear. In our
study, despite elevated Cacna1g levels in the cerebellum, neither
transgenic line developed any cerebellar signs, namely gait ataxia
or episodic dyskinesias. In addition, removal of the Cacna1g gene
within �1A�/� mice fails to rescue the ataxia phenotype (Song et
al., 2004), further suggesting that enhanced rebound burst prop-
erties in Purkinje cells are not the source of the movement
disorder.

Also surprising was the lack of pathological tremor in both
transgenic lines. Rebound bursting in either the globus pallidus
externa–subthalamic nucleus loop or in inferior olive neurons is
believed to be the basis of resting and action tremor (Llinás and
Yarom, 1981; Nambu and Llinás, 1994; Wang et al., 2006), and
while Cacna1g �-subunits are normally expressed in both of these

pathways, overexpression fails to initiate a tremor phenotype,
indicating that �1G T-type calcium channel elevations alone are
not tremorogenic.

Similarly, although �1G T-type calcium channels are localized
in the cardiac sinoatrial node (Bohn et al., 2000), we observed no
effect of Cacna1g overexpression on heart rate, despite the sinus
bradycardia reported in the Cacna1g knock-out mutant
(Mangoni et al., 2006). Myocardial Cacna1g mRNA levels were
increased by 47% and 27% in the �1G-Tg1 and �1G-Tg2 lines,
respectively. Curiously, while the �1G-Tg1 line showed concor-
dant expression increases in heart and brain, the �1G-Tg2 strain
bearing a higher transgene copy number had a lower relative
cardiac expression increase. The mechanism for this differential
tissue-specific regulation of Cacna1g mRNA expression observed
within the �1G-Tg2 line is unclear. The failure of �1G overex-
pression to produce the expected tachycardia phenotype in either
transgenic line may be due to developmental homeostatic re-
sponses compensating for the over expression, such as altered
modulation of this channel or remodeling of other pacemaking
currents (Chemin et al., 2006).

In conclusion, these findings are compatible with the obser-
vation that most typical childhood spike-wave epilepsy cases ap-
pear as “pure absence seizures” without ataxia or other neurolog-
ical or cardiac disturbances, and are consistent with the
hypothesis that T-type calcium channelopathy is one mechanism
that closely models this human disorder. The Cacna1g transgenic
mice demonstrate that �1G overexpression and elevated T-type
calcium currents are a sufficient molecular defect contributing to
the pathogenesis of spike-wave seizures, and together with the
results of Kim et al. (2001), establish this channel as a definitive
molecular target, and the mouse models as valuable tools, for
development of novel anti-absence epilepsy therapy.
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