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Efhc1 deficiency causes spontaneous myoclonus
and increased seizure susceptibility
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Mutations in EFHC1 gene have been previously reported in patients with epilepsies, including those with
juvenile myoclonic epilepsy. Myoclonin1, also known as mRib72-1, is encoded by the mouse Efhc1 gene.
Myoclonin1 is dominantly expressed in embryonic choroid plexus, post-natal ependymal cilia, tracheal
cilia and sperm flagella. In this study, we generated viable Efhc1-deficient mice. Most of the mice were
normal in outward appearance, and both sexes were found to be fertile. However, the ventricles of the
brains were significantly enlarged in the null mutants, but not in the heterozygotes. Although the ciliary struc-
ture was found intact, the ciliary beating frequency was significantly reduced in null mutants. In adult stages,
both the heterozygous and null mutants developed frequent spontaneous myoclonus. Furthermore, the
threshold of seizures induced by pentylenetetrazol was significantly reduced in both heterozygous and
null mutants. These observations seem to further suggest that decrease or loss of function of myoclonin1
may be the molecular basis for epilepsies caused by EFHC1 mutations.

INTRODUCTION

Juvenile myoclonic epilepsy (JME) is a common adolescent
onset myoclonic, clonic-tonic-clonic (grand mal) generalized
epilepsy (IGE) that is responsible for 3—12% of all known
epilepsies (1-3). Electroencephalography (EEG) reveals
15-30 Hz multispikes during myoclonic and tonic-clonic
convulsions. Moreover, 3.5—6 Hz multispikes and wave com-
plexes appear in 17% of clinically asymptomatic members of
JME families (1). We previously identified mutations in the
EFHCI (EF-hand domain containing 1) gene that segregated
with epilepsy and the appearance of EEG polyspike wave in
patients of JME families (4). The human EFHCI encodes a
640 amino acid non-ion channel protein myocloninl that

harbors three tandemly repeated DM10 domains, a motif of
unknown function and one EF-hand calcium-binding motif
at the C terminus. EFHCI mRNA was observed in multiple
tissues, including the brain in northern blot analyses (4). We
also previously reported along with another group that
mouse myocloninl protein was dominantly expressed in
choroid plexus at restricted developmental stages in the
fetus and in the cilia of ependymal cells lining the wall of
ventricles, tracheal cilia and sperm flagella at post-natal
stages (5,6).

Successive studies by other groups have confirmed our find-
ings by reporting a single EFHCI heterozygous missense
mutation in one of 54 JME Caucasian families (7) and two
missense mutations in two of 27 Italian JME families (8).
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In addition to the mutations in JME, Stogmann et al. (9) pre-
viously described EFHCI mutations in other types of idio-
pathic epilepsies: three missense mutations in four patients
with juvenile absence epilepsy, cryptogenic temporal lobe epi-
lepsy (cTLE) and an unclassified IGE of 61 IGE (including 24
JME) and 372 TLE patients.

In addition to the original full-length myocloninl, the
EFHCI gene also encodes a short isoform of myocloninl
(278 amino acids) that harbors only one DM10 domain
without an EF-hand motif and a unique C-terminal end (4).
We recently identified heterozygous frameshift and nonsense
mutations in the part of EFHCI transcript encoding the
unique C-terminal end of the myocloninl short isoform in
three JME families (two families from Honduras and one
from Mexico) as well as identified new missense mutations
in the original long isoform of EFHCI in two JME families
(from Mexico and Japan) (10).

Although the results of these familial studies have indicated
that EFHCI mutations may be genetically responsible for the
observed epilepsies, direct physiological or biological evi-
dence have been rather scarce to date. To further address the
putative relevance of EFHCI in epilepsies, we generated
and characterized Efhcl-deficient mice. We found that disrup-
tion of Efhicl in mice caused frequent spontaneous myoclonus
and enhanced seizure susceptibility to chemoconvulsant
stimulation. Our findings further support the contention
that EFHCI is a gene responsible for some forms of
epilepsies.

RESULTS
Generation of Efhcl-deficient mouse

We constructed a targeting vector in which a phosphoglycerate
kinase-promoted neomycin resistance gene cassette was
inserted into exon 1 of the Efhcl gene (Fig. 1A). This
caused a frameshift at amino acid position 14 of myocloninl
and introduced a premature stop codon six amino acids
further down from the frameshift. This frameshift effectively
eliminated most of the Efhic/ coding sequence, rendering it
non-functional. Genotypes of targeted embryonic stem (ES)
clones were verified by Southern blot analysis and polymerase
chain reaction (PCR) (Fig. 1B and C). Mice carrying the tar-
geted allele were derived from two independent ES clones
and showed identical phenotypes. Efic/ homozygous mutant
(null) and heterozygous offspring were viable and were pro-
duced in the expected Mendelian genotype ratio (~25 and
~50%, respectively). Reverse-transcriptase—PCR (RT—PCR)
analyses of RNAs extracted from the brain, kidney and liver
tissues revealed no Efic/ mRNA in the null mutants
(Fig. 1D). Genotypes of the mice were determined by PCR
using genomic DNA isolated from the tail (Fig. 1E). We pre-
viously reported the absence of myocloninl protein in the null
mutants by western blot and immunohistochemical analyses
using an anti-myocloninl monoclonal antibody (6A3-mAb)
(5). Heterozygous and null mutants were fertile in both
sexes and showed mostly normal growth with no gross
abnormalities in their outward appearance. Although myoclo-
ninl is dominantly expressed in the sperm flagella and oviduct
(6), the observed preserved fertility of the null mutant male

and female mice suggests that the absence of myocloninl in
the sperm flagellum and oviductal cilia does not adversely
affect the motility and function of these structures.

Increased spontaneous myoclonus in both heterozygous
and null Efhcl-deficient mice

The Efhcl mutant mice developed spontaneous recurrent invo-
luntary movement of the whole body (muscular jerks) at 7—8
months of age (Fig. 2 and Supplementary Material, Video S1).
Each episode of the jerks lasted for less than ~200 ms and
usually consisted of one to three jerks with brief electromyo-
graphic bursts (positive myoclonus), with the mice immedi-
ately returning back to normal behavior after each of the
episodes. Movements without electromyographic bursts were
assumed to be voluntary ones and were not included in the
count. The frequency of myoclonus was seven to eight times
higher in the heterozygous and null mutants compared with
the background level of wild-type littermates (Fig. 2B).
These involuntary twitches and jerks (myoclonus) synchro-
nously involved the whole body, simultaneously activating
the upper body in the shoulders and head bilaterally, often pro-
pelling the mice backwards. These semiologies suggest an
afferent volley outside the cerebral cortex and a pontobulbosp-
inal activation. Jerks were observed during both the sleep and
wake phases. A blind observer to the genotype readily
detected these twitches by electromyogram (EMG). By using
bilaterally implanted somatosensory cortex parietal electrodes,
we monitored the electrocorticograms (EcoGs) in freely
moving 7—8-month-old mice. We did not observe prominent
abnormal EEG activity in the null or heterozygous mutants
in each single measurement of myoclonus. However, the poly-
graphic analysis revealed that the back-averaging of evoked
potentials in the EcoG recordings gave positive signals when
triggered to involuntary movements (positive myoclonus)
(Fig. 2C), but not when triggered to voluntary movements
(Fig. 2D). These results may suggest that spontaneous myoclo-
nus in the mutants is not cortical but may possibly be subcor-
tical (thalamus, etc.) or perhaps brain stem in origin.

Increased seizure susceptibility to a chemoconvulsant
stimulation in both heterozygous and null
Efhcl-deficient mice

We next investigated the seizure susceptibility of the Efhcl-
deficient mice by using chemoconvulsant, pentylenetetrazole
(PTZ). PTZ, a gamma-aminobutyric acid (GABA) receptor
al subunit antagonist, is one of the most commonly used
pharmacological agents for inducing seizures (11). After intra-
peritoneal (i.p.) application of 50 mg/kg body weight of PTZ
in 4-5-month and 9-12-month-old mice, a much larger
number of the heterozygous and null mutant mice showed gen-
eralized convulsive seizures (GS) when compared with wild-
type mice (Fig. 3). The latency until the onset of seizures
was also significantly decreased in both the heterozygous
and null mutants. We then further evaluated myoclonic jerks
(MJs) and clonic seizures (CLs) (Supplementary Material,
Fig. S1 and Fig. 3). Although MJs did not show significant
differences among genotypes, more frequent CL with shorter
latency was observed in both the mutants. When observed at
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Figure 1. Generation of Efhcl-deficient mice. (A) Schematic diagram of Efhc/ genomic sequence (top), targeting construct (middle) and targeted Efhic/ allele
(bottom). The coding (white box) and non-coding (blackened box) regions of exon 1 are shown. Relative position of the 3" external probe (probe R) used to detect
the targeted allele is shown under the wild-type allele. The predicted size of the wild-type (4.6 kb) and targeted (6.6 kb) alleles that probe R would detect in
HindIIl digests is shown. (B) Southern blot analysis of HindIll-digested genomic DNA from mouse ES cells. Probe R identified expected size fragments of
wild-type and targeted mutant alleles. Lane 1 is targeted ES cell and lane 2 is wild-type ES cell. (C) Homologous recombination of left arm was confirmed
by PCR. The PCR analysis, performed on genomic DNA derived from ES cells, resulted in the amplification of the expected size fragment in the homologous
recombinant ES cell (lane 1), but not in the wild-type sample (lane 2). Lane 3 refers to the reaction without a template. (D) RT—PCR analysis for Efic/ mRNA
expression in mutant mice. Primers on Efiic/ ¢cDNA (exon-connection PCR primer pair exon 1F/exon 3R) or on pgk-neo (Neo) cDNA (primer pair primer 5/
primer 6) were designed to amplify 462 bp fragment from the Efhic/ ¢cDNA or 152 bp fragment from the Neo cDNA. The RT—PCR analysis, performed on
c¢DNAs derived from brain, kidney and liver total RNA, resulted in amplification of the expected size Efhcl exons 1-3 fragment in the wild-type (4/4)
and heterozygous (+/—) but not in the homozygous null mutant (—/—) sample. Conversely, —/— and +/—, but not +/+4, cDNAs were amplified by
primer pair for Neo. Lane (w/o DNA) refers to the reaction without a template. Control amplification for the glyceraldehyde 3-phosphate dehydrogenase
gene (Gapdh) confirms the quality of the cDNA made. (E) PCR genotyping of mouse tail DNA. The PCR analysis, performed on genomic DNAs derived
from +/+, +/— and —/—, resulted in the amplification of the expected size fragment of wild-type allele (442 bp, upper band) in +/+ and +/— or targeted
allele (152 bp, lower band) in +/— and —/—. The positions of primers are indicated in (A). M, DNA size standard.

a younger stage (2-month-old), we did not see any significant
differences of seizure susceptibilities between Effic/ mutants
and their wild-type littermates (data not shown).

among the heterozygous and null mutants, compared with
their wild-type littermates (Fig. 4). We also performed immuno-
histochemistry by using anti-PSA-NCAM antibody on mouse
brain sections from 2-week and 1-month-old mice. In our inves-
tigations of preliminary number of mice, we did not observe
differences in the number of PSA-NCAM™ cells among geno-
types at these stages (data not shown). These results suggest

Increased polysialic acid (PSA)-NCAM expression in
hippocampal dentate gyri of eflicI-deficient mouse

Increased neurogenesis at the subgranular zone (SGZ) of the
hippocampal dentate gyrus has been reported in epileptic
mouse models of seizures, which are induced by chemoconvul-
sants or kindling (12,13). We, therefore, investigated the
expression of PSA-NCAM, a marker for newly generated
neurons (14), in the SGZ of 2-month-old mice without
chemoconvulsant  treatment. The PSA-NCAM-positive
(PSA-NCAM™) cells spontaneously increased in number

that the increased PSA-NCAM™ cell number may be induced
by spontaneous seizures in the heterozygous and null mutants
rather than a primary result of the Efhicl deficiency. Possibly,
these PSA-NCAM™ cells may have contributed to or further
aggravated the spontaneous myoclonus and the reduction of
seizure threshold in Efhcl-deficient mice, as previously pro-

posed in convulsant or kindling-induced epileptic mouse
models.
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Figure 2. Increased spontaneous myoclonus in both heterozygous and null Efhc/-deficient mice. (A) Three examples of EMG recorded in null mutant mice.
Quick (within 200 ms per episode) high amplitude multispikes were observed in EMG of heterozygous and null mutant mice at 7—8 months. See Supplementary
Material, Video S1. (B) The frequency of myoclonus during 12 h in the wild-type, heterozygous and null mutant mice. The frequency of involuntary movement
was seven to eight times higher in the heterozygous (131 + 23.3 per 12 h, P = 0.0081) and null mutants (112.3 + 14.1 per 12 h, P=0.0026), compared with the
background level count of wild-type littermates (16.3 + 3.0 per 12 h). EcoG-EMG back-averaging showed abnormal potential at spontaneous myocloni (C;

n = 93) but not at voluntary movements (D; » = 116). Het, heterozygous.

Unaffected GABAergic system in EfficI-deficient mouse

We also investigated functional integrities of GABA-producing
interneurons in the Efhcl mutants. Kinetic properties of minia-
ture inhibitory post-synaptic currents (mIPSCs) were measured
from the neocortical layer II/IIl. Recordings were made at a
holding potential of 0 mV in artificial cerebrospinal fluid
(ACSF) containing tetrodotoxin. However, the mIPSCs analysis
showed no differences in the amplitude, frequency, rise time or
decay time in l-month-old Efhc/ mutants (Supplementary
Material, Fig. S2). In 2-month-old mutants, increases in
mIPSC frequency were observed but, again, the amplitude,
rise time and decay time did not change. In keeping consistent
with the results of mIPSCs, analyses of the subtype of cortical
interneurons showed no differences in the numbers of parvalbu-
min (PV), calbindin (CB), calretinin (CR) and glutamic acid
decarboxylase 67 (GAD-67) positive cells between wild-type
and null mutants (Supplementary Material, Fig. S3A). The
numbers of these interneurons in hippocampus were also not
changed in the null mutants (data not shown). No significant
changes in GAD-65/ 67 proteins in the cortex and hippocampus
were noted (Supplementary Material, Fig. S3B). These results
suggest that the inhibitory interneurons are mostly intact in the
Efhcl mutants.

Enlarged brain ventricles in Efficl null mutants
but not in heterozygotes

Our investigations by Nissl staining of mice brain sections at
12-month-old or hematoxylin and eosin staining at post-natal

day 0 (P0), P30 and 2-month-old mice revealed enlargements
of ventricles in the null mutants compared with their wild-type
littermates at all stages of development (Fig. SA and B and Sup-
plementary Material, Fig. S4A—C). The size of the hippo-
campus in the null mice was largely reduced, whereas the
volumes of other regions were relatively conserved (ex. stria-
tum; Supplementary Material, Fig. S4D). The ventricle enlarge-
ment was further confirmed by magnetic resonance imaging
(MRI) analyses (Supplementary Material, Fig. S4E). Although
enlargement of the ventricles has been reported in cases with
obstruction or stricture of the aqueduct (15), the sections from
the heterozygous and null Efhcl mutants did not show any
abnormality at the aqueduct and the foramen of Monro (Fig. 5
and Supplementary Material, Fig. S4). Because of predominant
expression of myocloninl at ependymal cilia (5), we examined
the ciliary structure and measured the ciliary beat frequency
(CBF) of the Efhci-deficient mice. Scanning electron
microscopy revealed no abnormality in the diameter and
length of ependymal cilia (Fig. 6A—E). However, the CBF in
the Efhcl null mutant mice was significantly lower when com-
pared with the heterozygous and wild-type mice (Fig. 6F, Sup-
plementary Material, Videos S2 and S3). This suggests that the
ciliary beating defect may be the cause of ventricle enlargement
in the Efhc I null mutant mice, as has been reported in other mice
with defects of ependymal cilia (16—19).

DISCUSSION

The development of seizures and epilepsy in human JME can
be categorized into three stages (20): (i) susceptibility:
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Figure 3. Increased seizure susceptibility in both heterozygous and null Efhci-deficient mice. Seizure events after i.p. application of 50 mg/kg body weight of
PTZ were counted. (A and B) At 4—5 months (A), percentage of animals exhibiting generalized convulsive seizures (GS) was significantly increased in hetero-
zygous and null mutant mice. Nine of 13 (69.2%) heterozygous and 9 of 10 (90%) null mutants showed GS, whereas only 4 of 8 (50%) wild-type mice did
(n = 8—13 per genotype). In 9—12-month-old mice (B), the percentage of animals exhibiting GS was also significantly increased in heterozygous and null
mice. Ten of 14 (71.4%) heterozygous and 6 of 7 (85.7%) null mutants showed GS, whereas only 2 of 11 (18.2%) wild-type mice did (» = 7~ 14 per genotype).
In both developmental stages, the latencies are also significantly decreased in the heterozygous and null mutants [see the histogram in (C)]. Open circles rep-
resent individual mice. Observation time was 600 s after drug application, and mice without GS were plotted at no GS. The numbers in round brackets indicate
how many showed GS in animals tested. *P < 0.05, **P < 0.01. n.s., not significant. (C) Histogram of latencies for MJ, CL and GS in 4-5- or 9—12-month-old
wild-type, heterozygous and null mutant mice with PTZ treatment (n = 7—14 per genotype) (see Supplementary Material, Fig. S1 for the counting of MJ and
CL). For the calculation of latency periods, 600 s was temporarily assigned for the mice without seizures. In 4—5-month-old mice, the latency until onset of GS
was significantly reduced in the null mutant mice (328.2 + 53.2's; P = 0.0207) compared with wild-type (512.9 + 48.5s). In 9—12-month-old mice, the
latency until onset of GS was significantly reduced in the heterozygous (378.1 + 45.1's; P = 0.0007) and null mutant (356.4 + 70.0 s; P = 0.0099) compared
with wild-type (578.7 + 20.0 s); 9—12-month-old null mice (149.6 + 13.5s; P = 0.0451) had significantly shorter latency to CL compared with wild-type
(312.5 + 70.5 s). Mean values + SEM are shown. *P < 0.05 and **P < 0.01. Het, heterozygous.

With incorrect or incomplete treatment, repeated grand mal
convulsions establish the stage of epileptogenicity, in which
spontanecous myoclonus and grand mal seizures start to
appear. (iii) Established epileptogenesis: with more frequent
spontaneous myoclonus and grand mal seizures predominat-
ing, a more enduring stage of excitability ensues and epilepto-
genesis is established. In this study, we found that a disruption
of the Efhicl gene in vivo triggered spontaneous myoclonus
and enhanced seizure susceptibility to chemoconvulsant, pro-
viding evidence that the reduction or loss of function of myo-
cloninl causes epilepsy. The Efhcl-deficient mice are
developmentally normal and fertile, but developed spon-
taneous myoclonus at adult stages. At 4—12 months of age,

PSA-NCAM

Figure 4. Increased PSA-NCAM in hippocampal dentate gyri of Efhci-
deficient mice. Coronal brain sections from 2-month-old mice were stained
with anti-PSA-NCAM monoclonal antibody and with DAB. The expression
level of PSA-NCAM in SGZ of dentate gyrus (DG) increased in the heterozy-
gous and null mutants compared with wild-type mice. Results were repro-
duced in three to five mice per genotype. Het, heterozygous.

myoclonias appear mostly when triggered by fatigue, sleep
deprivation, stress, menses or alcohol use. (ii) Epileptogeni-
city: grand mal convulsions appear 1-2 years after the first
myoclonias but still need to be triggered by external stimuli.

the heterozygous and null mutants showed enhanced seizure
susceptibility to PTZ stimulation. Thus, Efhicl heterozygous
and null mutant mice replicate the developmental stage depen-
dency of susceptibility in human JME. However, a number of
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Figure 5. Enlarged brain ventricles in Efic/ null mutants but not in heterozygotes. (A) Nissl staining of serial coronal sections of brains from 12-month-old mice.
Distances from bregma are shown above. Insets are higher magnifications of aqueducts. Het, heterozygous. (B) The sizes of the ventricle and hippocampal areas
on the Nissl-stained sections were calculated by the NIH image software (n = 3 per genotype). Significant enlargement of lateral ventricles (LV) and decreased
volume of hippocampus were observed in the null mutants compared with wild-type littermates (P = 9.4694E—07-0.0001 at 0.0 to —2.2 mm from bregma).
The third ventricle was also significantly enlarged in the null mutants (— 1.8 to —2.2 mm from bregma). Enlargement of the ventricles in the heterozygotes was
very mild (LV at 0.0 and — 1.8 mm) or mostly not observed (LV at —2.2 mm). The sections from heterozygous and null mice did not show noticeable abnorm-
alities at the aqueduct and fourth ventricle (—3.8 to —6.0 mm from bregma). LV, lateral ventricle; D3V, dorsal third ventricle; V3V, ventral third ventricle; Aq,

aqueduct; 4V, fourth ventricle. White bars, wild-type; grey bars, heterozygotes;

different mouse epilepsy models with gene knockouts do not
show spontaneous or handling-induced tonic-CL until they
are >2 months of age. Therefore, at present, it would be too
early to conclude that the ‘stage dependence’ is an EFHCI-
specific feature. Furthermore, the mutant mice do not
develop tonic-CLs, absence seizures and spike-wave com-
plexes that have been reported in patients with JME. This
may suggest that additional (environmental, genetic, or
species-specific) factors contribute to the appearance of
tonic-CLs and absence seizures in humans.

How does the impairment of myocloninl cause epilepsy?
It has been proposed that the ciliary defects in patients
with EFHCI mutations may cause abnormal CSF flow,
which can lead to abnormal neural migration and result in
epilepsy (21). However, in our study, ventricle enlargement
possibly caused by the ciliary beating defect was minor or
mostly not observed in the heterozygous Efhcl-deficient
mouse. Still, these heterozygotes showed frequent spon-
taneous myoclonus and enhanced seizure susceptibility to

blackened bars, null mutants.

PTZ stimulation, mostly similar to that of Efhc/ null
mutant. These observations suggest that the ventricle enlarge-
ment and the ciliary beating defect themselves may not be
directly relevant to myoclonus and enhanced seizure suscep-
tibility observed in Efhic-deficient mice. In addition, the size
of hippocampus in the null mutant mice was largely reduced,
but this reduction in size was not observed in heterozygotes.
The reduction also did not correlate with the epileptic pheno-
type in heterozygotes, and therefore, the hippocampal size
reduction may not be directly relevant to the epileptic pheno-
types. For the moment, it is still very difficult to speculate on
the pathological cascade in the mice and that of EFHCI
mutation-dependent epilepsy in patients as well. However,
if any phenotypic parameters (ex. CSF secretion from
choroid plexus, ion exchange at ependymal cell or pH of
CSF) that are abnormal in both the heterozygous and null
Efhcl mutants can be identified, it may indicate that one or
all of those parameters are most likely the basis for the
epileptic seizure phenotypes.
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Figure 6. Unaffected morphology but affected motility of ependymal cilia in Efhicl-deficient mice. (A—C) Electron microscopic images of ependymal cilia on
the lateral ventricle walls of the wild-type, heterozygous and null mutant mice at 3 months. No significant difference was observed in the diameter (D) and length
(E) of the cilia (means + SEM) among genotypes. Scale bar: 2 pm. (F) The CBF in the null mutant mice was significantly low (14.90 + 0.21 Hz) compared with
that of heterozygous (20.85 + 0.26 Hz) and wild-type (19.80 + 0.15 Hz). CBFs were measured in 412 cells from three null mutants, 391 cells from three het-
erozygous and 366 cells from three wild-type mice at 8—13 months. See Supplementary Material, Videos S2 and S3. The numbers in round brackets indicate how

many cilia (D, E) and cells (F) were measured. Het, heterozygous.

We reported earlier that myocloninl co-localized and inter-
acted specifically with the R-type calcium channel, Ca,2.3, in
neurons, and increased R-type Ca®" current generated this
channel (4). However, in our recent study with a newly gener-
ated anti-myocloninl monoclonal antibody and by using
Efhci-deficient mice as a negative control, we revealed that
the mouse myocloninl protein was not observed in neuronal
cells, but dominantly expressed in the embryonic choroid
plexus and post-natal ependymal cilia (5). Another group
reported that the myocloninl was localized at mitotic
spindle in cultured cell lines and proposed that myocloninl
could play an important role during cell division (22), but so
far our previously mentioned anti-myocloninl monoclonal
antibody did not detect any signals in the mitotic spindle struc-
ture (unpublished data). It is, however, still possible that the
affinity of our anti-myocloninl monoclonal antibody may
not be high enough to detect lower levels of myocloninl
expression in the neuronal cells or at the mitotic spindle struc-
ture. Alternatively, our anti-myocloninl monoclonal antibody
may not be able to bind to altered epitopes found in different
myocloninl isoforms, which may possibly be expressed in

neurons or the mitotic spindle. Further, careful investigation
on the tissue or subcellular distribution of myocloninl
protein is apparently required to fully elucidate the spatial
expression of myocloninl and its various isoforms.

To date, most of genes responsible for idiopathic epilepsies
have been identified (~20 genes) as ion channels (23-32).
However, with the exception of sodium channel type I alpha
subunit, SCNIA, in severe myoclonic epilepsy of Dravet
(29), ion channel mutations have been unique to no more
than a few of specific families. Therefore, it could be men-
tioned that genes responsible for most patients with idiopathic
epilepsies remain unidentified. In contrast to the epileptic ion
channel genes, multiple mutations of EFHCI, encoding the
non-ion channel protein myocloninl, have been described in
multiple idiopathic epilepsies. The investigations of the mol-
ecular mechanism for epilepsies caused by EFHCI/ mutations
may reveal novel pathological cascades and should greatly
contribute to the understanding of epilepsy as a whole.

About 60% of the patients with JME were free from all
seizure types (grand mal, myoclonic and absence seizures)
during anti-epileptic drug treatment, but these seizures
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continued in 40% of the patients despite drug treatment (20).
Currently, there is no completely effective treatment for
JME. To develop a more effective treatment for JME,
additional studies are required to understand the mechanism
of developing myoclonus and reducing seizure threshold by
alteration of myocloninl. Our Efhcl-deficient mice may
enable further studies for discovery of therapeutic targets,
developing a more effective treatment and perhaps eventually
finding a cure for JME.

In summary, we observed frequent spontanecous myoclonus
and increased seizure susceptibility in mice with Efhcl
deficiency. These results replicate the stage of susceptibility
in human JME and further support our contention that
reduction or loss of function of myocloninl leads to enhanced
susceptibility and epileptogenicity in patients with EFHCI
mutations.

MATERIALS AND METHODS
Generation of EfficI-deficient mice

All experimental protocols were approved by the Animal
Experiment Committee of RIKEN Brain Science Institute.
A genomic clone of the murine Efhicl gene was isolated
from RPCI-22 129s6/SVEVTAC Taconic (F) BAC library
segment 2 (BACPAC Resource Center). A 5.7 kb BamHI/
Xho 1 fragment including the Efhcl exon 1 sequence was
cloned into pBluescript SK (—) (Stratagene). A neomycin
selection marker, loxP-pgk-neo-loxP cassette, was inserted
into Sma 1 site in Efhcl exon 1. A 1.1 kb MC1-DT-A cassette
(a generous gift from Dr Yagi, Osaka University, Osaka,
Japan), a negative selection marker, was added at the 3’-end
of the targeting vector. The targeting vector linearized with
Kpn 1 was electroporated into approximately 5 x 107 El4
ES cells with a Gene-Pulser (Bio-Rad Laboratories) at 3 wF
and 800 V. Transfected cells were plated on neomycin-
resistant, mitomycin C-treated mouse embryonic feeder
(MEF) cells in 10 cm dishes. One day after plating, positive
selection was performed in the presence of Geneticin (G418;
150 wg/ml). Resistant clones were picked at days 8—10 and
subsequently expanded into 96-well plates pre-seeded with
MEF. Hindlll-digested genomic DNA from individual clones
was analyzed by Southern blot, with a 956 bp probe derived
from the genomic sequence immediately downstream of the
targeting vector (probe-R). The probe-R was generated by
PCR using primers 5-TTCTACAAGTGTGGGTAGGAGTG
-3 and 5-CTGCTCTGTGATGTCCGATT-3'. Positive
clones were further confirmed by PCR using primers 1 (5'-G
CTCAGTTCAGCCTTAAAGTTG-3) and 2 (5-CCACTTG
TGTAGCGCCAA-3'). Homologous recombinant ES cells
from each of the six targeted clones were injected into
mouse C57BL/6J (B6J) blastocysts. Two ES clones (8G and
9A) produced several chimeras. Chimeric male mice were
mated with B6J females to generate KO-EfhcI-B6J mice.
The heterozygous mice were further crossbred with B6J
mice four to eight times, and the resultant heterozygous
mice were interbred to obtain the wild-type, heterozygous
and homozygous mice. Genotypes were determined by PCR.
The following PCR primers were used: primer 3 (5-AG
TTTGTTGCCAGGGTAACC-3'), primer 4 (5-TGAGG

ATTCAGAAGCGGTG-3'), primer 5 (5-TGAATGAACTG
CAGGACGAGG-3') and primer 6 (5-AAGGTGAGATG
ACAGGAGATC-3) (Fig. 1A). Primers 3 and 4 yield 442 bp
fragments from the wild-type allele, and primers 5 and 6
yield 152 bp fragments from the mutant allele.

RT-PCR

Brain, kidney and liver tissues were dissected from post-natal
(P) 24 days mice, and RNA was extracted and first-strand
cDNA was obtained as described previously (4). To amplify
mouse cDNA, we designed primers on Efhcl exons 1 and 3,
neomycin and gapdh. Primer sequences are available upon
request.

Electrocorticographic (EcoG) and EMG recordings

Recordings of EcoG and EMG were performed with 7—
8-month-old wild-type, heterozygous and null mice (n = 3,
each genotype). Stainless steel screws (1.1 mm diameter)
that served as EcoG electrode were implanted over the soma-
tosensory cortex (1.5 mm lateral to midline, 1.0 mm posterior
to bregma) under 1.5% halothane anesthesia with N,0:0,
(3:2) ventilation in 1 week before recording. An indifferent
electrode was implanted on the cerebellum (at midline,
2.0 mm posterior to lambda) as ground electrode. Two stain-
less steel wires (0.1 mm diameter, 1.3 mm distance) that
served as bipolar-type EcoG electrode were also implanted
over the somatosensory cortex. EMG electrodes were placed
2-3 mm apart from the cervical region of the trapezius
muscle.

Seizure susceptibility

PTZ (Sigma) dissolved in 1 x phosphate-buffered saline (PBS)
was administered i.p. at a dose of 50 mg/kg body weight in a
total volume of 200—300 wl. After injection, the animals were
watched closely for 10 min. The latency of until onset of
twitch, repeated CL or fully generalized seizure was measured.

Histological analysis

Mice (PO upto 12-month-old) were perfused intracardially
with 4% paraformaldehyde (PFA) in 1x PBS (pH 7.4) at
4°C. Preparations of mouse brain sections (paraffin or
frozen), staining of sections (Nissl and hematoxylin-eosin)
and immunohistochemical staining were carried out as
described previously (5,33). The following antibodies were
used: anti-PSA-NCAM antibody (1:500; Chemicon), anti-PV
antibody (1:2000; Swant), anti-CB antibody (1:500; Chemi-
con), anti-CR antibody (1:2000; Swant) and anti-GAD-67
antibody (1:4000; Chemicon). Immunoreactivity was visual-
ized using a Vectastain ABC kit (Vector Laboratories), devel-
oped with ImmunoPure Metal-enhanced diaminobenzidine
(DAB) Substrate Kit (Pierce). Areas of the ventricles and hip-
pocampus of Nissl-stained sections were determined using
NIH image software (Imagel).



Scanning electron microscopy

Freshly isolated brains from wild-type, heterozygous and null
mice were processed for scanning electron microscopy as
described previously (34). The entire lateral wall of the
lateral ventricles was dissected and fixed with 2.5% glutaral-
dehyde/2% PFA for overnight. The tissues were incubated in
2% 0s0, for 1h, dehydrated with ethanol and dried with a
critical point drier. After sputter coating with platinum, the
mounted samples were examined with a scanning electron
microscope (HITACHI S-5000).

Measurement of CBF

The brains were removed from anesthetized mice, and the
surface of the lateral and fourth ventricles was cut into small
pieces in HCO3 solution at 4°C. The HCO;5 solution had
the following composition (in millimolar): 121 NaCl, 4.5
KCl, 1 MgCl,, 1.5 NaHCO3, 1.5 CaCl,, 1.5 NaHEPES, 5
HEPES and 5 glucose. The tissue block was cut into thin
pieces by two adherent razor blades and was placed on a
cover slip pre-coated with Cell-Tak (Becton—Dickinson
Labware) to adhere slices firmly on the cover slip. The
cover slip with slices was set in the perfusion chamber, the
volume of which was 20 pl, and the rate of perfusion was
200 wl/min. The chamber was mounted on a differential inter-
ference contrast microscope (E600-FN; Nikon), which was
connected to a high-speed digital video camera (FASTCAM
512PCI; Photoron). The sampling rate of the high-speed
camera was 500 Hz. The CBF was calculated from the time
for 10 beating cycles.

Electrophysiology

Acute brain slices were prepared from wild-type and null mice
at 1 and 2 months. Briefly, the mice were decapitated, and the
brain was rapidly removed from ice-cold oxygenated ACSF.
Coronal slices of the somatosensory cortex (300 wm thick)
were obtained using a tissue slicer (Vibratome 3000; Vibra-
tome) in 4°C oxygenated ACSF. Slices were placed in an incu-
bating chamber of oxygenated ACSF at 31°C for at least 1 h
before recording. ACSF had the following composition (in
millimolar): 124 NaCl, 3 KCI, 1.25 NaH,PO,, 1 MgS0,, 26
NaHCOj;, 2 CaCl, and 10 glucose. The ACSF was bubbled
continuously with 95% 0,-5% CO,. Whole-cell voltage-
clamp recordings were obtained from visually identified
neurons using an infrared differential interference contrast
(IR-DIC) microscopy system. Patch electrodes (3—5 M())
were pulled from borosilicate glass capillary tubing and fire
polished. Intracellular patch pipette solution contained (in
millimolar) 130 Cs-gluconate, 10 HEPES, 8 KCI, 10
Na-phosphocreatine, 3 QX314, 4 Na,-ATP and 0.5
Na,-GTP, pH 7.25 (285-290—mOsm). To isolate GABAergic
currents, slices were perfused with ACSF containing either
20 pwMm  6-ciano-7-dinitroquinoxaline-2,3-dione (CNQX) or
50 M D-(—)-2-amino-5-phosphonovaleric acid (D-APS).
Whole-cell voltage-clamp data were low-pass filtered at
1 kHz (—3dB, eight-pole Bessel), digitally sampled at
10 kHz and monitored with Igor 4.1 software (WaveMetric
Inc.). Whole-cell access resistance was carefully monitored
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throughout the recording, and cells were rejected if values
changed by >15%; only recordings with stable series resist-
ance of <30 M() were used for analysis. Each event was
manually selected on the basis of rise time, amplitude and
decay properties. Between 500 and 800 individual events
were analyzed for each cell with the Mini Analysis program
(Synaptosoft). We considered all recorded events in a single
experiment for the determination of mice.

Western blot analysis

Preparations of mouse brain protein samples and western blot
analyses were performed as described previously (4). The fol-
lowing antibodies were used: anti-GAD-65/ 67 (Biomol),
1:4000 dilution or anti-GAPDH (Santa Cruz), 1:1000 dilution.
A horseradish peroxidase (HRP)-conjugated anti-mouse IgG
(1:3000, Promega) or HRP-conjugated anti-rabbit IgG
(1:1000, Santa Cruz) was used for secondary antibody.

High resolution MRI

Mice were anesthetized with pentobarbital and subjected to
micro-MRI scans using a vertical bore 9.4 T Bruker
AVANCE 400WB imaging spectrometer with a 250 mTm ™'
actively shielded microimaging gradient insert (Bruker
BioSpin) (35). A 25 mm resonator was used for signal exci-
tation and detection. The depth of anesthesia was monitored
with a breathing sensor and was maintained with 0.5—-1.5%
isoflurane in air. The T1-weighted MRI scans were performed
with  the following imaging parameters:  matrix
size = 256 x 256 and number of slices: 15. The T2-weighted
MRI scans were performed with the following imaging par-
ameters: matrix size = 256 x 512; TR: 3000 ms; slice
thickness = 0.5 mm; number of slices: 32 and total imaging
time: 100 min (four averages).

Statistical analysis

All data were expressed as mean + SEM. The significance of
differences between mean values was assessed by two-tailed
Student’s r-tests or x° test, with P < 0.05 taken to indicate
statistical significance.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.

ACCESSION NUMBERS

Human EFHCI isoforms: EU520261 (long) and AY608690
(short), mouse Efhcl: EU520262 (NCBI, Entrez Nucleotide).
Human myocloninl isoforms: ACB20691 (long) and
AAT67419 (short), mouse myocloninl: ACB20692 (NCBI,
Entrez Protein).
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