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The mouse stargazer gene encodes
a neuronal Ca2+-channel γ subunit
Verity A. Letts1, Ricardo Felix2, Gloria H. Biddlecome2, Jyothi Arikkath2, Connie L. Mahaffey1,
Alicia Valenzuela1, Frederick S. Bartlett II1, Yasuo Mori3, Kevin P. Campbell2 & Wayne N. Frankel1

Stargazer mice have spike-wave seizures characteristic of absence epilepsy, with accompanying defects in the

cerebellum and inner ear. We describe here a novel gene, Cacng2, whose expression is disrupted in two stargazer

alleles. It encodes a 36-kD protein (stargazin) with structural similarity to the γ subunit of skeletal muscle voltage-

gated calcium (Ca2+) channels. Stargazin is brain-specific and, like other neuronal Ca2+-channel subunits, is enriched

in synaptic plasma membranes. In vitro, stargazin increases steady-state inactivation of α1 class A Ca2+ channels. The

anticipated effect in stargazer mutants, inappropriate Ca2+ entry, may contribute to their more pronounced seizure

phenotype compared with other mouse absence models with Ca2+-channel defects. The discovery that the stargazer

gene encodes a γ subunit completes the identification of the major subunit types for neuronal Ca2+ channels, namely

α1, α2δ, β and γ, providing a new opportunity to understand how these channels function in the mammalian brain

and how they may be targeted in the treatment of neuroexcitability disorders.

Introduction
Epilepsies are a heterogeneous group of disorders characterized by
recurrent spontaneous seizures affecting 1% of the population.
Approximately half of epilepsy cases are thought to have some
genetic component, but the heterogeneity and complexity of the
genes makes them difficult to map1. Relatively few epilepsies can
be explained by a single gene mutation, but in recent years several
human genes have been identified, including most recently those
encoding the potassium channels KCNQ2 and KCNQ3, whose
mutations cause benign familial neonatal convulsions2–4.

A number of mouse mutants have generalized tonic-clonic
seizures, mostly resulting from gene knockouts. Ion channels are
involved in many of these cases, including potassium5, GABA
(ref. 6) and glutamate receptor channels7. Comparatively fewer
mouse models have been described with absence seizures, (also
known as petit-mal or spike-wave), although this may be due to
ascertainment bias, as these seizures are associated with only a
brief loss of consciousness. It has thus required a systematic elec-
trocorticographic screen of known mutants to uncover mouse
absence models8. The mouse mutants ducky, lethargic, mocha,
slow-wave epilepsy, stargazer and tottering each show some form
of spike-wave discharge associated with behavioural arrest, which
is characteristic of absence epilepsy8–10. The underlying genes are
described in most of these models, and in two—tottering and
lethargic—the defect is in a gene encoding a neuronal Ca2+-
channel subunit11,12.

Voltage-gated Ca2+ channels are a diverse family of proteins
that have a variety of biological functions, including presynaptic
neurotransmitter release and protein signalling within the
cell13,14. The Ca2+ currents produced by these channels are classi-
fied into P/Q-, N-, L-, R- and T-type based on their pharmacolog-
ical and biophysical properties, and all are expressed in brain15–17.
Except for T-type, whose molecular structure is unknown, all
voltage-gated Ca2+ channels are composed of at least three sub-

units, α1, α2δ and β (ref. 18). A fourth subunit, γ, is associated
with skeletal muscle Ca2+ channels. The mRNA for this γ subunit
is abundant in skeletal muscle, but has not been detected in
brain19,20. The α1 subunit forms the membrane pore and voltage-
sensor and is a major determinant for current classification. The
other subunits modulate the voltage-dependence and kinetics of
activation and inactivation, and the current amplitude21. P/Q-
and N-type channels purified from brain contain α1A and α1B
subunits, respectively. These α1 subunits are associated with vari-
ous proportions of four separately encoded β subunit proteins,
indicating that considerable subunit complexity exists, even for
channels that produce only one type of current22,23.

Because of the overlap in expression of voltage-gated Ca2+-
channel subunits and current subtypes in brain, study of channel
subunit function in vivo has not been straightforward. The study
of mouse mutations has begun to allow a dissection of this prob-
lem. For example, the neurological mutants tottering and lethar-
gic have defects in genes encoding α1A and β4 subunits,
respectively11,12. Their phenotypes are very similar, each showing
spike-wave seizures and moderate cerebellar ataxia without obvi-
ous neuronal damage. The mutation in each is commensurate
with the respective roles of major and auxiliary Ca2+-channel
subunits: tottering has an amino acid substitution in the struc-
tural α1A subunit, whereas lethargic is not likely to express any
functional β4 protein. The phenotype of the lethargic mouse
shows that defects in regulatory subunits can also lead to the
same neuronal malfunctions observed for structural subunit
mutations. Continued study of these mouse mutants should give
further insight into neuronal Ca2+-channel function in vivo,
although a comprehensive understanding requires the identifica-
tion of all the major subunits.

The stargazer mutation arose spontaneously at The Jackson
Laboratory on the A/J inbred mouse line9, and was initially
detected for its distinctive head-tossing and ataxic gait. Subsequent
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electrocorticography revealed recurrent spike-wave seizures when
the animal was still, characteristic of absence epilepsy. The seizures
were notably more prolonged and frequent than in tottering or
lethargic mice, lasting on average six seconds and recurring over
one-hundred times per hour. The ataxia and head-tossing are pre-
sumed to be pleiotropic consequences of the mutation in the cere-
bellum and inner ear, respectively; the latter also distinguishes
stargazer from the other mutants. The waggler mutant arose inde-
pendently on the MRL/MpJ strain; its genetic defect was subse-
quently found to be allelic to that of stargazer24. Waggler mice are
severely ataxic, but head-toss less frequently than stargazer and
have a more pronounced side-to-side head motion.

In an earlier study, we described the fine-mapping of the
stargazer mutation on mouse chromosome 15 and the construc-
tion of a 1.3-Mb physical contig across the critical genetic
interval25. Here we describe a new gene disrupted in stargazer and
waggler mice. The structural and functional similarity of stargazer
to the γ subunit of skeletal muscle voltage-gated Ca2+ channels
suggests that it encodes the first described neuronal Ca2+-channel
γ subunit. Its defect in stargazer mice shows that this new gene is
critical for normal function of the central nervous system.

Results
An ETn insertion mutation in the stargazer critical interval
Our previously described 1.3-Mb contig of DNA critical to the
stargazer phenotype was comprised of YAC, P1 and BAC recom-
binant DNA clones. To identify candidate genes we performed
direct cDNA selection26 on the two clones, P12 and BAC28, which
spanned the stargazer critical interval as defined by genetic
recombination25. Selection products were screened for expression
or structural defects in stargazer mice. Using Southern-blot
hybridization of genomic DNA from mutants and controls, clone
c144 identified a 9-kb HindIII fragment in stargazer homo-
zygotes, but a 12-kb fragment (BG11) in wild-type A/J mice, the
strain on which the stargazer mutation arose (data not shown).
Comparative sequencing showed that six further cDNA selection
products were from BG11 (Fig. 1a), including c416. On Southern
blots, clone c416 identified a 9-kb BamHI fragment from

stargazer, compared with a 3-kb BamHI fragment derived from
the A/J strain (data not shown). The hybridization results were
consistent with an approximately 6-kb DNA insertion, containing
no BamHI sites but at least one asymmetrically positioned
HindIII site (Fig. 1a). Although several different types of sponta-
neous proviral insertion mutations have been described in mice,
the putative size and restriction map at stargazer was consistent
with that of an early transposon (ETn). To test this hypothesis,
PCR and sequencing was carried out using oligonucleotides based
on the ETn long terminal repeats (LTR), and flanking genomic
DNA from A/J and stargazer mutants, including both homozy-
gous and heterozygous genotypes from the B6C3Fe-stg stock and
the intersubspecific mapping cross25 (Fig. 1b). Discrete PCR-gen-
erated fragments between the LTR primers and the flanking DNA
were observed in stargazer mutants (Fig. 1b, s/s) or heterozygotes
(+/s), but not in wild-type controls (+/+), showing that an ETn
insertion was only associated with the stargazer mutation.

A novel gene resides at the stargazer locus
Of the cDNA selection products mapping to BG11, only c113
contained a long open reading frame (ORF), 83 bp of which was
present in BG11 as a putative exon (Fig. 1a). To explore the coding
potential of c113, a mouse brain cDNA library was screened and
three clones were sequenced. The longest clone, c2, was over 2.5
kb and included an ORF of 969 bp encoding a putative protein of
323 aa, or 36 kD (Fig. 2a). DNA hybridizations and BAC sequenc-
ing confirmed that much of c2 originated from BAC28. However,
sequences corresponding to more 5´ exons, including the first 70
aa of the putative coding region, were not found on BAC 28, but
were located on two P1 clones from a more telomeric portion of
the contig (Fig. 1a). The corresponding 4.5-kb HindIII fragment
containing this sequence (including exon 1 and the putative 5´
untranslated region) was partly sequenced, confirming that the 5´
portion of c2 comes from this region. These results are consistent
with the stargazer gene having four exons, with intron 1 of 50−90
kb spanning at least two recombinants from the intersubspecific
cross. The ETn insertion resides in intron 2 in the same transcrip-
tional orientation as the stargazer gene.

Fig. 1 An ETn insertion is genetically and physically linked with the stg locus on mouse chromosome 15. a, Restriction map of the 12-kb HindIII fragment from
BAC28, showing the locations of exon 2, cDNA selection products 416, 211, 417, 113, 401, 144, 198 and the ETn insertion. B, BamHI; E, EcoRI; H, HindIII; S, SacI.
Several additional BamHI sites are not shown. The locations of oligonucleotide primers used (Fig. 1b) are shown here as filled arrowheads (left, ETn-OR; right,
JS167) and open arrowheads (left, 109F; right, E/Ht7). Below the restriction map are the exons from cDNA clone c2 shown relative to the mouse BAC and P1 con-
tig25. Coding regions are shown in black, untranslated regions in white. Splice site sequences will be provided upon request. b, Genomic DNA PCR reactions gen-
erated by primers (Fig 1a, arrowheads) spanning the 5´ LTR-intron junction (oligonucleotides JS167 and E/Ht7), the 3´ LTR-intron junction (ETn-OR and 109F) or
intron flanking primers (109F and E/Ht7) spanning the wild-type allele of the ETn integration site. The frames on the left are parental strain, hybrid DNA and con-
trol including lanes: 1, C57BL/6J; 2, A/J; 3, B6C3Fe-stg/stg; 4, MRL/MpJ; 5, B6 - stgwag /stgwag; 6, (B6C3-stg x B6 - stgwag )-F1 hybrid (compound heterozygote); and 7,
no genomic DNA (water control). The frames on the right are selected recombinants of known stg genotype from the intersubspecific F2 stargazer cross DNA
(ref. 25), including wild-type (+/+), +/stg (+/s) and stg/stg (s/s) genotypes. The size marker is HaeIII restriction-digested PhiX DNA (φx).
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The intron/exon junctions for the mouse stargazer gene were
determined from our sequencing of the mouse cDNA, P1 and BAC
(Fig. 1, legend). The sequences match consensus splice sites, except
for the exon 2 splice donor sequence with a TCC/GT motif, con-
firmed in multiple independent cDNA and genomic DNA clones.
This four exon configuration, with a very large first intron, is con-
sistent with a partial sequence from the putative human stargazer
homologue produced by the chromosome 22 sequencing group at
the Sanger Centre; PAC dJ293L6 contains exon 1 and DNA at least
70 kb more centromeric, exons 3 and 4 are present on neighbouring
PAC dJ1119A7. The putative translations of human exons 1, 3 and 4
show 98% identity with the corresponding mouse sequence.
Presently, no epilepsy genes have been mapped to human chromo-
some 22q12−13, but as most epilepsy genes remain unmapped, this
will be an important locus to check for novel linkages in the future.

Secondary-structure analysis suggests that the stargazer gene
encodes a membrane-spanning protein (stargazin), with a

cytosolic amino terminus, four transmembrane domains and a
cytosolic carboxy terminus. Although the protein is not highly
similar to any previously described, it shares a modest partial
sequence similarity (25% identity, 38% similarity over 200 aa;
Fig. 2a), and predicted secondary structure (Fig. 2b) with the γ
subunit of the skeletal muscle voltage-gated Ca2+ channel19,27,28,
a protein that spans the membrane four times and is shorter than
stargazin by 100 aa at the C terminus. In addition, the exon struc-
ture is similar between the two genes28.

Cacng2 mRNA expression
Blot hybridizations of adult total RNA from parental mouse
strains using the c2 DNA as a probe revealed a brain-specific
RNA of approximately 6−7 kb, a smaller, less abundant band of 3
kb and several minor species (Fig. 3a). The smaller transcript was
consistent with the c2 cDNA clone, and blot analyses using
BAC28-derived probes several kilobases downstream of the 3´

Fig. 2 Stargazin protein sequence and similarity to the γ subunit of voltage-gated skeletal muscle Ca2+ channels. a, The predicted open reading frame of cDNA
clone c2 is shown on the top line (323 aa) and is aligned with that of the rat Ca++-channel γ subunit (223 aa) on the bottom line. The pairwise protein sequence
alignment corresponding to stargazin aa 23−207 was made using Gapped BLAST (ref. 58), and the remaining residues were aligned manually. Alignments with
human, rabbit and mouse Ca2+-channel γ subunits are very similar (data not shown). Underlined sequences in each are putative transmembrane regions predicted
by the program TM Pred (ref. 59). The predicted N-glycosylation sites are shown in double underline, and triple underline at the C terminus indicates the peptide
used for antibody (Fig. 5). b, Secondary structure prediction plot made using TM Pred (ref. 59). Positive scores show residues that are likely to be in the mem-
brane, and negative scores show those that are not.

Fig. 3 Stargazin RNA expression in normal and mutant animals. a, Total brain
RNA from A/J, B6C3Fe-stg/stg, MRL/MpJ and B6-stgwag/stgwagadult mice,
hybridized sequentially with the c2 cDNA probe, a 1.6-kb EcoRI-XbaI fragment
derived from genomic DNA approximately 1 kb 3´ from the end of cDNA clone c2
and a β actin probe. Size markers used to estimate kb were 28S and 18S RNA.
b, Brain RT-PCR analysis spanning exons in stargazer and waggler mutants.
Subpanels i−iv were amplified with the primer pairs: 113F1, 417-OR (i); 113F1,
Exon2OF (ii); 113F1, 113R2 (iii); 113F1, 113R1 (iv). The respective products are
marked (bullets). The internal standard band migrating near the 0.3-kb marker
in each is a 277-bp product generated using primers from the B2m gene. Lanes A,
S, M, W and C correspond to A/J, B6C3Fe-stg/stg, MRL/MpJ, B6 -stgwag/stgwag and
no DNA (water) control, respectively, and lane X is the size marker (HaeIII restric-
tion-digested φX DNA).
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end of c2 showed specific hybridization to this larger 6−7-kb
species, suggesting that these messages contained long 3´
untranslated regions. Both major species were absent from
stargazer and waggler mutant mice, and were replaced by less
abundant, larger species (Fig. 3a). However, semi-quantitative
RT-PCR using oligonucleotide primers from several different
regions of the stargazin mRNA showed that both stargazer and
waggler mutants produced at least some normally spliced mRNA
(Fig. 3b); therefore, neither represents a completely null muta-
tion. The stargazin transcript level is appreciably lower than
wild-type downstream of exon 2, suggesting that the ETn inser-
tion causes either premature transcriptional termination or inef-
ficient splicing. Similarly, in the waggler allele, transcripts
containing exon 1 are detectable at control levels, but those from
downstream exons 2, 3 and 4 were much less abundant. Thus,
although the waggler mutation is not yet known, by analogy with
stargazer it appears to reside in intron 1.

Stargazin mRNA was expressed in adult mouse brain but not in
heart, spleen, lung, liver, skeletal muscle, kidney or testis, as deter-
mined by RT-PCR (data not shown) and northern blots (Fig. 4a).
RT-PCR of total RNA derived from cortex, midbrain, hippocam-
pus, pons, cerebellum and olfactory bulb suggested that the pro-
tein is ubiquitously expressed in the brain (data not shown). RNA
in situ hybridization confirmed this, showing highest expression
in cerebellum, olfactory bulb, cerebral cortex, thalamus and CA3
and dentate gyrus regions of the hippocampus (Fig. 4b).

Stargazin localizes to synaptic membranes
To analyse the stargazin protein in native tissue, we developed a
polyclonal antibody against the last 15 amino acids by injection
of a KLH-coupled peptide into rabbits. Antibody 239 recognizes
MBP-stargazin fusion protein, in vitro translated protein and

native stargazin in brain (Fig. 5). Its specificity for stargazin is
shown by its detection of only the MBP-stargazin fusion protein
in crude E. coli cell lysates (Fig. 5a). In addition, excess BSA-cou-
pled antigenic peptide (Fig. 5c) and MBP-stargazin fusion pro-
tein (data not shown) completely inhibited binding of antibody
239 to stargazin in brain and synaptic plasma membrane prepa-
rations. Finally, stargazin antibody, but not preimmune serum,
recognized and immunoprecipitated the stargazin in vitro trans-
lation product (Fig. 5b). This result also verifies that cDNA
derived from the c2 clone contains a recognized ORF that is
translated into protein.

As expected from the mRNA expression pattern (Fig. 4),
stargazin is present in mouse brain, where the antibody recog-
nized a 38-kD protein (Fig. 5c). This band is enriched in mouse
synaptic plasma membranes, similar to neuronal Ca2+-channel
subunits29. As preliminary studies indicate that stargazin is glyco-
sylated (data not shown), a size of 38-kD is consistent with the
predicted translation and a N-glycosylation moiety (Fig. 2a).
Synaptic plasma membranes also contain a 35-kD protein not
seen in microsomes, even after long ECL exposures; this may rep-
resent an unglycosylated form. Future studies will clarify the
structure and identity of these proteins.

Stargazin affects Ca2+-channel kinetics in vitro
Previous studies employing recombinant dihydropyridine
(DHP)-sensitive voltage-dependent cardiac L-type Ca2+ chan-
nels showed that the γ subunit has a pronounced effect on the
macroscopic characteristics of the currents transiently expressed
in Xenopus laevis oocytes30,31 or in the mammalian HEK293 cell
line27,32. Given the structural similarities between stargazin and
the skeletal muscle γ subunit, we investigated whether stargazin
could modify the biophysical properties of neuronal voltage-

Fig. 4 Stargazin RNA distribution. a,
Northern blot purchased from a commer-
cial source (Clontech) containing poly A+

RNA from multiple adult mouse tissues
hybridized sequentially to the c2 cDNA
probe and then the β actin probe, as
shown. Size markers are from a RNA ladder
provided on the blot by Clontech. b, RNA
in situ hybridization using radiolabelled
antisense and sense strand cRNA probes
hybridized to paraformaldehyde-fixed sag-
ittal sections from adult C57BL/6J mice.
Some non-specific labelling is present in
sense but is lower than in antisense.
Regions of high specific expression include
the cerebral cortex (CC), cerebellum (CB),
hippocampal CA3 region (CA3),  dentate
gyrus (DG), olfactory bulb (OB), and thala-
mus (TH). The results shown are represen-
tative of several independent sections in
separate experiments.

Fig. 5 Western-blot analysis and immunoprecipita-
tion of stargazin. a, Cell lysates from E. coli trans-
formed with pMal-stg before (Un) and after induc-
tion (IPTG; 100 cell equivalents each) and purified
MBP-stargazin fusion protein (MBP-stg) were sepa-
rated on a 10% SDS polyacrylamide gel. Gels were
either stained with Gelcode (CB) or immunoblotted
with affinity-purified antibody 239. b, The stargaz-
er gene was transcribed and translated in vitro in
the presence of [35S]-Met, then immunoprecipitat-
ed with crude antibody 239 serum (Immune) or
preimmune serum (Pre). One-third of the super-
natant (S) and all of the bead elution (B) was
loaded on a 5−16% SDS-polyacrylamide gel.
c, Mouse KCl-washed brain microsomes (Micro) and synaptic plasma membranes (SPM; 200 µg each) were electrophoresed on a 10% SDS-polyacrylamide gel and west-
ern-blot analysis was done with affinity-purified antibody 239 in the absence (control) or presence (+ peptide) of 50 µg/ml BSA-coupled antigenic peptide.

a b

a b c

westernCB
control + peptide
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dependent Ca2+ channels in a similar manner. For this, we used a
BHK cell line that stably expresses neuronal α1 class A (P/Q-
type) Ca2+ channels (α1A/β1a/α2/δ; ref. 33).

A series of voltage protocols was used to compare the behav-
iour of the channels expressed with and without coexpression of
stargazin. First, peak Ca2+ current amplitude was examined in
response to 40-ms pulses in untransfected and transfected cells at
a test potential of +20 mV (Fig. 6a). Although a small difference
in current amplitude was observed upon coexpression of
stargazin (−1200±91 pA for control versus −1401±184 pA for
stargazin), the effect was not statistically significant. Likewise, the
properties of the current-voltage relation of the Ca2+ currents
were very similar between groups (Fig. 6b).

Although coexpression of stargazin with neuronal α1 class A
Ca2+ channels left the peak current-voltage relationship un-

changed, it significantly altered the balance between channel
availability and inactivation (Fig. 6c,d). We measured steady-
state inactivation of the Ca2+ channels with and without
stargazin using a wide range of 5 s inactivating prepulses. Traces
(Fig. 6c) show representative records of membrane currents in
control and transfected cells at potentials ranging successively
from −90 mV through −30 mV before a 40-ms step depolariza-
tion to a test potential of +20 mV. The results show that current
amplitude is decreased as the channels became increasingly inac-
tivated. Notably, the presence of stargazin accentuated this inhi-
bition, shifting the voltage-dependence of channel availability
towards more negative potentials. When measurements from
individual cells were normalized and averaged, the midpoint
voltage (V1/2) was more negative in cells transfected with
stargazin than in control cells, creating a statistically significant
hyperpolarizing shift of approximately 7 mV in the voltage-
dependence of neuronal α1 class A Ca2+-channel availability in
the hypothesized direction (Fig. 6d; P=0.017; one-tailed test).
These effects cannot be attributed to the mere presence of foreign
protein in the plasma membrane of transfected cells, as coexpres-
sion of an unrelated protein did not affect α1 class A Ca2+ chan-
nel gating (data not shown).

Discussion
Here we describe a new gene encoding a 36-kD transmembrane
protein whose expression is disrupted in two independent alleles of
stargazer mice. Stargazin is encoded by four exons, with a very
large intron 1 spanning at least two stargazer (stg) distal recombi-
nants on the genetic map25. The stg allele is associated with the
insertion of an ETn retrotransposon into intron 2. Several other
mouse mutations have been caused by ETn insertions34–37. As pre-
dicted for stargazer, in mutants where the ETn resides in an intron
in the same transcriptional direction as the disrupted gene, the
result is premature transcriptional termination, presumably
within the element’s LTR. RNA expression analysis of the waggler
allele shows analogous expression defects mapping to intron 1,
implying that the mutation may be due to a similar mechanism.
Nevertheless, as the transcriptional termination appears incom-
plete in both mutant alleles, the construction of a true null muta-
tion may be of value in future experiments.

The predicted protein structure of stargazin is similar to that of
the γsubunit of skeletal muscle voltage-gated Ca2+ channels—the
only γ subunit described to date—although stargazin is 100 aa
longer at the C terminus. Its mRNA is expressed throughout the
brain, with highest levels in the cerebellum, olfactory bulb, thala-
mus and hippocampus, similar to that of the α1A Ca2+ channel
subunit11, but expression was not detected in other tissues. As in
the case with known neuronal Ca2+-channel subunits, stargazin is
enriched in synaptic plasma membranes20,38,39. Finally, stargazer’s
seizure phenotype is qualitatively like that of tottering and lethar-
gic mouse mutants, which harbour defective Ca2+-channel sub-
units. Together, these observations suggest that stargazin may be a
new γsubunit for neuronal Ca2+ channels. In a test of this hypoth-
esis, we found that stargazin shifts the voltage-dependence of
inactivation of α1A (P/Q-type) Ca2+ channels in BHK cells by
approximately 7 mV, significantly reducing channel availability at
a neuronal resting potential of –70 mV. This effect is due to the
stabilization of channel inactivation rather than a simple block or
lack of channel expression, and presumably occurs by direct inter-
action with other channel subunits, although intermediary com-
ponents in the expression system cannot be excluded. Moreover,
the effect of stargazin on P/Q-type Ca2+ channels mimics that of
the skeletal muscle γ subunit on L-type channels, where the key
effect is also a negative shift in the midpoint voltage of the steady-
state channel inactivation curve27,30.

Fig. 6 Functional effect of stargazin on neuronal Ca2+ channel activity. a,
Average whole-cell Ca2+ current in BHK cells. Currents were elicited by 40-ms
pulses from a holding potential of –90 mV to a test potential of +20 mV in
untransfected and transiently transfected cells expressing GFP alone or in com-
bination with stargazin. Each bar represents mean±s.e. peak Ca2+-current
amplitude, and the number of recorded cells is indicated in parentheses.
b, Average normalized current-voltage relationship for control and transfected
BHK cells. Cells were held at –90 mV, and 40-ms command steps to the indicated
voltages (Vm) were given sequentially at 20-s intervals. Peak currents measured
at each command step were normalized to the maximum current observed in
each cell, averaged and plotted as a function of voltage. Smooth curves are
Boltzmann functions of the type ICa=[g(TP−E)]/[1+exp(−(TP−V1/2)/s)], where g is
the maximum normalized conductance; E, the reversal potential; V1/2, the
potential of half activation; and s, the range of potential for an e-fold change
around V1/2. For the fitted control curve, g=0.02; E=76 mV; V1/2=−10 mV; and
s=4.1 mV. For the curve in cells transiently expressing GFP alone, g=0.02, E=78
mV, V1/2=−8 mV and s=3.7 mV; and for the curve in cells co-expressing GFP and
the stargazin protein, g=0.02, E=78 mV, V1/2=−8 mV and s=4.1 mV. Symbols rep-
resent mean±s.e. of 6−14 cells. c, Representative superimposed current traces
illustrating voltage-dependent inactivation of the channels at steady state from
single control and transfected BHK cells. Individual currents in each cell were
evoked by a 40-ms duration voltage step to +20 mV from a 5-s inactivating pre-
pulse (ranging the voltages shown at the right) prior to the test potential. To
facilitate comparison of records, currents have been scaled to similar size and
only the first 10 ms are displayed. d, Average steady-state inactivation curves for
control and transfected BHK cells. Currents were obtained as in (c). Values were
expressed as a fraction of the maximum amplitude seen in each cell, averaged
and plotted as a function of voltage. Curves were fitted with a single Boltzmann
equation of the form ICa = 1/[1+exp((TP−V1/2)/s)], where V1/2 is the voltage for
50% inactivation and s is the slope factor. For control cells, V1/2=−54.7±1.6 mV
and s=5.6±0.5 mV; for cells expressing GFP, V1/2=−53.4±1.9 mV and s=5.7±0.2 mV;
and for cells expressing GFP and stargazin, V1/2=–61.0±2.8 mV and s=5.8±0.2 mV.
Symbols represent pooled data from 6−7 cells.
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P/Q-type Ca2+ channels are localized at presynaptic terminals
and are the major mediators of Ca2+ entry and neurotransmitter
release. Assuming that the effect of stargazin on channel inacti-
vation is applicable to nerve terminals, where P/Q-type Ca2+

channels are abundant39, stargazin is expected to inhibit presy-
naptic Ca2+ entry. In null or hypomorphic stargazer mutant
mice, therefore, one expects inappropriate entry of Ca2+ into the
cell. This may activate one or more second messenger systems
which could explain, in part, the origin of stargazer’s seizure
phenotype. It is relevant to note that in cortical pyramidal neu-
rons of stargazer mutants, the activity of a caesium-sensitive
inward-rectifying current (Ih) was previously observed to be 2−
3-fold higher than in wild-type cells40. Ih is a mixed-cation
inward-rectifying current that is inactive until the membrane
potential becomes sufficently hyperpolarized following an
action potential. It has recently been shown that Ca2+

i mediates
the upregulation of the Ih current, probably through the action
of second messengers41. Normally, deactivation of these currents
results in the termination and a time period of prevention of
synchronized oscillations in thalamocortical cells. If, however, Ih
current deactivation is not present, as observed for stargazer,
thalamic neurons display abnormal synchronized network oscil-
lations with slow periodicity that last for seconds or tens of sec-
onds, which are characteristic of absence epileptic seizures. The
upregulation of Ih in stargazer mice is a plausible mechanistic
link between a primary effect of this mutation and the absence
seizure phenotype.

Inappropriate Ca2+ entry may also account for the molecular
abnormalities described in the stargazer cerebellum. The cerebel-
lar granular layer in stargazer has a 70-fold reduction of brain-
derived neurotrophic factor (BDNF) mRNA (ref. 42), which is
not easily explained by a loss of known receptors; for example,
BDNF receptor (TrkB) message levels were normal. Given our
findings, it seems reasonable to speculate that this BDNF down-
regulation, which probably contributes to stargazer’s cerebellar
ataxia and impaired conditioned eye-blink response43, also
occurs as a consequence of inappropriate Ca2+ entry.

Tottering and lethargic mouse mutants have defects in the α1A
and β4 subunits of voltage-gated Ca2+ channels, and these mice
have moderate cerebellar ataxia and spike-wave seizures similar
to each other, but less pronounced than in stargazer44,45.
Contrary to those predicted for the stargazer mutant, the defects
in the tottering mouse would anticipate reduced, not increased,
Ca2+ entry into cells. Recent work shows that dissociated
Purkinje cells from at least one allele of tottering have reduced P-
type currents46. Perhaps any perturbation in normal Ca2+-chan-
nel activity can cause an imbalance in associated cellular
mechanisms (for example, neurotransmitter release), resulting
in spike-wave seizures; in stargazer, the additional downstream
effect on Ih currents could account for its more pronounced
spike-wave seizures. Alternatively, the anticipated phenotypic
outcome for a mutant could be different if there are compen-
satory regulation of other channel subunits, as might be
expected for the lethargic mutant given the similarities between
β subunits12. Furthermore, stargazin may have a unique interac-
tion with a particular channel subunit, such as the recently
cloned T-type channel, which is apparently not subject to β sub-
unit regulation17,47. Finally, it is tempting to speculate that while
important for channel inactivation, stargazin has an additional
‘downstream’ function. For example, it may participate in direct
protein signalling via its unique cytoplasmic C terminus; such  a
mechanism could be involved in the generation of spike-wave
seizures. Clearly, there is still much to learn from the ion channel
defects and the functional consequences of subunit interactions
in these mouse mutants.

The discovery of stargazin, now known as the Ca2+ channel γ2
subunit (Cacng2), completes the identification of all the major
subunit types for neuronal Ca2+ channels, namely, α1, α2δ, β and
γ, although additional isoforms for a particular subunit type may
exist. To gain further insight into γ2 function, it will be important
to define its influence on Ca2+ current diversity in neurons, for
example, using functional assays with different neuronal α1
genes, and to explore the major physical associations between
Cacng2 and other subunits. From these results, it will be possible
to study channel function directly in mouse mutants in the most
appropriate physiological and genetic contexts. This information
will further our understanding of the native composition and
function of voltage-gated Ca2+ channels so that they can be more
effectively targeted in the treatment of neurological disorders.

Methods
Mice. The stargazer (stg/stg) and waggler (stgwag/stgwag) mice arose at The
Jackson Laboratory as spontaneous mutations on A/J and MRL/MpJ
inbred strains, respectively. Stargazer is now maintained on a hybrid
C57BL/6J x C3HeB/FeJ background (B6C3Fe-stg) and waggler, on a
C57BL/6J background (B6-stgwag). All parental, control and mutant stocks
are maintained at The Jackson Laboratory, where animal procedures were
approved by ACUC.

Direct cDNA selection and library screening. Direct cDNA selection was
performed with P1 and BAC clones as described26 with modifications48.
The starting material for the preparation of cDNA selection products was
poly(A) mRNA from adult A/J mouse brain. Total RNA was prepared using
Trizol (GIBCO/BRL) and poly(A) mRNA was purified using oligo dT cel-
lulose spin columns (Invitrogen). cDNA selection products had an average
length of 500−600 bp. Of 400 cDNA selection products chosen for partial
sequencing, about 30% from P12 had high similarity to intracisternal A-
type particle proviruses, and about 10% from each clone were similar to
moderately repetitive sequences. Twenty cDNA selection products clus-
tered with an anonymous mouse brain EST mapped to chromosome 15
(MDB5079). A further twenty (derived from BAC28) were similar to an
EST cluster later identified as the Eif-3a66 gene, located on chromosome 22
(Unigene ID Hs.55682). Many cDNA selection products (Fig. 1a) were
derived from incompletely spliced mRNA and contained intronic
sequences. To find cDNA clones, the Lambda ZAP II ICR outbred mouse
brain cDNA library (Stratagene) was screened with the 32P-labelled cDNA
selection product, c113, and phagemids were prepared from the positive
plaques following the manufacturer’s protocols. All radioactive probes
were prepared using the Prime-It kit (Stratagene).

PCR and DNA sequencing. Mouse genomic DNA was prepared as
described49. DNA (5 µg/ml) was PCR amplified in a M/J Research PTC-100
machine (1 min 94 °C, 2 min 55 °C (62 °C for 3´end primer), 2 min 72 °C,
for a total of 25−35 cycles). Primers were: 113F1 (5´−CTCAAAAGCTTG-
ATGACCATC−3´), 113R1 (5´−ACCATCTCGGCGATGATGAAG−3´),
113R2 (5´−ACGAAGAAGGTGCCAGCA−3´), Exon2OF (5´−TGCGGT-
GTCAGCTTCGTAGTC−3´), 417-OR (5´−AAGTTCCCTTCGAGGCAG−
3´), 109F (5´−CATTTCCTGTCTCATCCTTTG−3´), ETn-OR (3´ LTR) (5´−
GCCTTGATCAGAGTAACTGTC−3´), JS167 (5´ LTR) (5´−GAGCAAGCA-
GGTTTCAGGC−3´) and E/Ht7 (5´−ACTGTCACTCTATCTGGAATC−3´).
Intron regions, including intron/exon boundaries, and 5´ and 3´ ends were
determined by subcloning fragments from P1 and BAC genomic DNA into
pGEM1 vector (Promega). Following identification of the correct plasmids
by colony hybridization50, the inserts were subcloned into the pAMP10
vector (GIBCO/BRL) for automated sequencing. All genomic and cDNA
clones were sequenced either manually with the Amplicycle sequencing kit
(Perkin Elmer) or with the ABI model 373A automated DNA sequencer
(Applied Systems) with M13 primers and the following primers. An overall
3−4-fold coverage of the complete ORF of the cDNA c2 and the 3´ genomic
region was determined. Internal primers were: C2R (5´−GCGGT-
TATTGTTCTTGGCGGC−3´), C2F (5´−GGAACTGTGGAACAGGAG-
TCC−3´), 113OF (5´−TCTGGAGTACAGCCAATA−3´), C2F4 (5´−
TGGAATTACCAATCGCACC−3´), 113OR (5´−TACGGCTGGTCCTTC-
TACTTC−3´), 113F2 (5´−TAGTAATATCATCGGGAT−3´) and 3´ end (5´−
CCACGGGGAAGACCTTCCATA−3´).
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Northern blots and RT-PCR. Total RNA was prepared from adult mouse
brains and 20 µg per lane was run on a 1.2% agarose/formaldehyde gel.
Following blotting onto Nytran Plus membrane (Schleicher & Schuell), the
blot was probed in formamide/hybridization buffer at 42 °C. The final
wash was 0.1×SSC, 0.1% SDS at 65 °C. A 1.8-kb mouse actin probe was
labelled and used as a control for equal RNA loading. RNA (5 µg) was
reverse transcribed with AMV reverse transcriptase (Promega). PCR reac-
tions were run as described above for 25 cycles. The control B2m primers
were: F (5´−CACGCCACCCACCGGAGAATG−3´) and R (5´−GATGCT-
GATCACATGTCTCG−3´).

RNA in situ hybridization. C57BL/6J mice were perfused with 4%
paraformaldehyde in PBS. Brains were collected and immersion-fixed for 12
h in 4% PFA/PBS at 4 °C followed by paraffin embedding. Sections (6 µm)
were cleared in xylene, rehydrated in five graded ethanol steps, fixed with
4% PFA for 20 min, treated with proteinase K (20 µg/ml) for 7 min, refixed
for 5 min, acetylated in 0.1 M triethanolamine/0.25% acetic anhydride for
10 min, dehydrated and air dried. The slides were hybridized with probe in
hybridization mix (100 µl; 50% formamide, 1× Denhardt’s, 10% dextran
sulphate, 0.5 µg/ml yeast tRNA, 0.3 M NaCl, 5 mM EDTA, 10 mM Tris pH
8.0, 10 mM NaH2PO4 pH 6.8 and 5x105 cpm/µl 33P-labelled probe) for 16 h
at 65 °C in a humid sealed chamber. Sense and antisense cRNA probes were
transcribed from a 820-bp EcoR1/Pst1 DNA fragment containing the com-
plete coding region of Cacng2 with T3 or T7 polymerase (Promega) and
[α33P]-UTP (NEN). Slides were washed twice in 5× SSC at 55 °C,
2×SSC/50% formamide at 65 °C for 30 min, rinsed, then RNase A treated
for 15 min, washed again in 2×SSC/50% formamide at 65 °C for 30 min fol-
lowed by a 2×SSC, 0.5×SSC wash, dehydrated in five graded ethanol steps
and air dried. Exposures were overnight on Kodak Biomax MR film.

Construction and purification of maltose-binding protein (MBP)-stargazer
fusion protein. Nucleotides 658−972 of the c2 clone ORF (aa 220–323) were
amplified by PCR using the forward primer, 5´−TCTGAATTCGCCTCC-
GCCATCACCCGCATCCCCAGCTAC and the reverse primer, 5´−TAT-
TTCGTCGACTCTTCATACTGGCGTGGTCCGGCGGTTGG. The 350-bp
product was ligated into SalI/EcoRI sites of pMal-c2 (New England Biolabs).
The accuracy was confirmed by sequencing in both directions.

BL21(DE3) E. coli, transformed with pMal-stg, were induced (0.4 mM
IPTG) for 3 h, then protease inhibitors (0.1 mM PMSF, 1 mM benzami-
dine, 10 µg/ml leupeptin and aprotinin and 2 µg/ml pepstatin A) were
added and the cells were collected by centrifugation at 4000g for 20 min.
The cells were resuspended in buffer 1 (50 ml; 20 mM Tris-Cl, pH 7.4, 200
mM NaCl, 1 mM EDTA, 5 mM DTT, protease inhibitors), subjected to
freeze/thaw, sonicated and centrifuged at 9000g for 30 min. The super-
natant was diluted threefold with buffer 1 and rotated with amylose resin
(3 ml; New England Biolabs) for 2 h at 4 oC. The column was washed with
buffer 1 (30 ml) and eluted with buffer 1 that contained maltose (10 mM).

Development of stargazin antibody. A synthetic peptide (Research Genetics;
CAA plus stargazer sequence DSLHANTANRRTTPV) was coupled to key-
hole limpet hemocyanin (KLH) for injection into rabbit 239 (ref. 51). Serum
was affinity-purified52 against MBP–stargazin fusion protein.

Gel electrophoresis and western-blot analysis. Mouse 2× KCl-washed
brain microsomes and synaptic plasma membranes were prepared as
described53,54. Reduced, denatured samples were applied to SDS-polyacry-
lamide gels55. Gels were stained with Gelcode Coomassie blue reagent
(Pierce) or transferred to Immobilon NC (Millipore) in transfer buffer that
contained 20% methanol (40 V, 6 h, 4 oC).

All blotting steps were carried out in 5% non-fat dry milk in PBS (pH
7.4; ref 51). The blot was incubated with primary antibody (1:100) for 12 h
at 4 oC and with HRP-conjugated goat anti-rabbit antibody (1:20,000;
Boehringer Mannheim) for 1 h at RT. Detection was made with
SuperSignal ECL reagent (Pierce) and Kodak X-OMAT film.

Immunoprecipitation of [35S]-Met-labelled stargazin. Radiolabelled
stargazin was prepared as instructed in the in vitro coupled transcription/
translation rabbit reticulocyte lysate system kit (Promega) using T7 RNA
polymerase, 40 µCi of [35S]-Met (Amersham; 10 mCi/ml) and 0.6 µg of
pcDNA3-stg in in 50 µl reaction volume. Unincorporated [35S]-Met was

removed by centrifugal gel filtration and the reaction mix was eluted in a
total volume of 1400 µl. Antibody beads were prepared by incubating a
1:1 ratio of either rabbit preimmune serum or antibody 239 with Protein
G-Sepharose (Pharmacia) overnight at 4 °C, followed by 3 washes in PBS.
Antibody beads (30 µl) were rotated for 4 h at 4 °C with 300 µl of [35S]-
stargazin. Beads were collected by centrifugation, washed three times
with column buffer and bound material eluted with gel loading buffer.
Following SDS-PAGE, the gel was washed, dried and exposed to Kodak
BioMax MR film.

Cell culture and transfection. The cell line BHKBI-6 stably expressing the
α1A, α2δ and β1a subunits was established by transfection of baby hamster
kidney (BHK) cells with the plasmids pK4KBI (α1A), pCAA2 (α2δ) and
pCABE (β1a) and selection in Dulbecco’s modified Eagle’s medium
(DMEM) containing G418 and methotrexate33. The cells were grown in
supplemented DMEM (5% fetal bovine serum, 30 U/ml penicillin,
30 µg/ml streptomycin, 250 µM methotrexate and 600 µg/ml G418) at
37 °C in a 5% CO2 humidified atmosphere. Cells were fed every other day
and subcultured once weekly up to passage eight. Transient transfections
were performed using the calcium-phosphate method56 with 3 µg of plas-
mid cDNA encoding the mouse stargazin protein. The construct was made
by assembling a HindIII/KpnI 1.5-kb fragment of the c2 clone containing
the entire ORF into the pcDNA3 expression vector (Invitrogen). To select
positively transfected cells for electrophysiology, a plasmid encoding the
green fluorescent protein (pGreen Lantern-1; GIBCO/BRL) was added to
the DNA transfection mixture (1:1).

Current recordings. Ca2+-channel currents were recorded from BHK cells
according to the whole-cell patch-clamp technique57. All recordings were
performed at RT using an Axopatch 200A patch-clamp amplifier (Axon
Instruments) and 2−4 MΩ micropipettes manufactured from borosilicate
glass capillary tubes. Cells were clamped at a holding potential of –90 mV
and capacity transients were electronically compensated. Currents were
evoked by 40-ms depolarizing voltage steps (0.05 Hz) to test potentials rang-
ing from –40 to +70 mV. To measure Ca2+-channel inactivation at steady-
state, cells were held for 5 s at potentials ranging successively from –90
through 0 mV prior to a 40-ms step depolarization to a test potential of +20
mV. Linear leak and residual capacity currents were subtracted on-line using
a P/4 standard protocol. Current records were captured on-line and digitized
at a sampling rate of 20 kHz following filtering of the current record (5 kHz;
4-pole Bessel filter) using a personal computer attached to a TL-1 interface
(Axon). Pulse protocols, data capture and analysis of recordings were per-
formed using pCLAMP software (Axon). To isolate Ca2+ currents, cells were
bathed in a solution containing (in mM): CaCl2 10, tetraethylammonium
chloride (TEA-Cl) 125, HEPES 10, glucose 5. The bath solution was adjusted
to pH 7.3 with TEA-OH and to 300 mosml l–1 with sucrose. The internal
(patch pipette) solution consisted of (mM): CsCl 135, MgCl2 5, EGTA 10,
HEPES 10, ATP (magnesium salt) 4, GTP 0.1 (pH 7.3/CsOH, 286 mosml
l–1). The statistical significance of differences in mean current amplitude and
V1/2 between cells expressing stargazer and control was determined by one-
way ANOVA, followed by Duncan’s new multiple range test.

GenBank accession numbers. Cacng2, AF077739; rat Ca2+-channel γ
subunit, EMBL Y09453.
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