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ABSTRACT

Mutations in the KCNA1 gene, which encodes for the « subunit of the voltage-gated potas-
sium channel Kv1.1, cause episodic ataxia type 1 (EA1). EA1 is a dominant human neuro-
logical disorder characterized by variable phenotypes of brief episodes of ataxia,
myokymia, neuromyotonia, and associated epilepsy. Animal models for EA1 include
Kenal-deficient mice, which recessively display severe seizures and die prematurely, and
V408A-knock-in mice, which dominantly exhibit stress-induced loss of motor coordina-
tion. In the present study, we have identified an N-ethyl-N-nitrosourea-mutagenized rat,
named autosomal dominant myckymia and seizures (ADMS), with a missense mutation
(S309T) in the voltage-sensor domain, 54, of the Kcnal gene. ADMS rats dominantly exhib-
ited myokymia, neuromyotonia and generalized tonic-clonic seizures. They also showed
cold stress-induced tremor, neuromyotonia, and motor incoordination. Expression stud-
ies of homomeric and heteromeric Kv1.1 channels in HEK cells and Xenopus oocytes,
showed that, although S309T channels are transferred to the cell membrane surface,
they remained non-functional in terms of their biophysical properties, suggesting a
dominant-negative effect of the S309T mutation on potassium channel function. ADMS
rats provide a new model, distinct from previously reported mouse models, for studying
the diverse functions of Kv1.1 in vivo, as well as for understanding the pathology of EAL.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Episodic ataxia type 1 (EA1) is an autosomal dominant neuro-
logical disorder, with an age of onset in childhood or early

adolescence. EA1 is characterized by myokymia (involuntary
quivering or rippling of muscle bundles), and episodic attacks
of ataxia (loss of motor coordination and balance with spastic
contractions of the skeletal muscles) (Pessia and Hanna, 1993;
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Rajakulendran et al., 2007). EA1 is also associated with an
increased incidence of epilepsy {Zuberi et al,, 1999) and hypo-
magnesaemia (Glaudemans et al., 2009a). Since clinical manifes-
tations of EA1 are widely variable, with respect to the severity of
ataxia and myokymia, and the occurrence of neuromyotonia
(muscle stiffness, twitching, and fasciculation), and epilepsy
(Eunson et al,, 2000; Gilbert et al, 2011; Poujois et al.,, 2006;
Tomlinson et al, 2010), clinical diagnosis is based on genetic
testing of KCNA1. KCNA1 encodes the o subunit of the voltage-
gated potassium channel, Kv1.1, and is the only known gene as-
sociated with EA1 (Browne et al,, 1994). The KCNA1 mutations
reported in EA1 patients are predominantly missense mutations
that are distributed throughout the gene. However, a nonsense
mutation has also been identified at the C-terminal end of
KCNA1 (Eunson et al, 2000). The phenotypic variability of EA1
may be associated with the distinct mutations of KCNA1; howev-
er, phenotypic differences are present not only among families,
but also among individuals carrying the same mutation within
the same family, suggesting the interplay of modifier genes
and/or non-genetic factors (Gilbert et al., 2011). Because of this
high degree of intra- and interfamilial genetic and environmen-
tal variability, determining genotype-phenotype correlations in
humans is problematic. Animal models can greatly improve
our understanding of human disease pathogenesis under the
control of specific genetic and environmental conditions.

N-ethyl-N-nitrosourea (ENU) mutagenesis has been widely
used to generate animal models of human diseases by two com-
plementary approaches, forward and reverse genetics. A
reverse genetics, or gene-driven approach (gene to phenotype),
screens for mutations within a gene of interest, in ENU-
mutagenized animals, enabling subsequent investigation of
gene function. For the reverse genetics approach, we have gen-
erated a large repository of ENU-mutagenized rats, the Kyoto
University Rat Mutant Archive (KURMA: http//www.anim.
med kyoto-u.ac,jp/enu) (Mashimo et al., 2008). KURMA contains
genomic DNA and frozen sperm from 10,000 ENU-mutagenized
G1 rats, and will be used to screen mutations of targeted genes
using a high-throughput screening assay based on the Mu-
transposition reaction (MuT-POWER). Subsequent recovery of
corresponding sperm by intracytoplasmic sperm injection
(ICsI), will establish gene-targeted rat models of human dis-
eases (Mashimo et al,, 2010; Yoshimi et al, 2009). Alternatively,
a forward genetics, or phenotype-driven approach (phenotype
to gene), involves screening ENU-mutagenized animals for
abnormal phenotypes, and then mapping the casual mutation.
The forward genetic approach allows mutagenized animals
expressing symptoms of interest to be identified, and may
offer new insight into disease pathogenesis.

In this study, we used a forward genetic screen on ENU-
mutagenized G1 rats to identify neurological phenotypes.
We identified a rat exhibiting persistent myokymia, neuro-
myotonia, and spontaneous epileptic seizures, subsequently
named autosomal-dominant myokymia and seizures (ADMS)
rats. Positional cloning identified a missense mutation
(S309T), in the Kcnal gene, located in the voltage-sensor seg-
ment (S4), of Kv1.1. The S309T mutation is in close proximity
to the L30SF mutation previously identified in a French EA1
family, exhibiting brief episodes of ataxia in early childhood
and progressive development of chronic neuromyotonia
(Poujois et al., 2006). Thus ADMS rats provide a new model of

EA1, which are genetically and phenotypically different from
previously reported mouse models.

2. Results

2.1.  An ENU-mutagenized rat exhibiting twitching and
spontaneous seizures

In the first generation of the progeny (G1) from an ENU-
injected F344 male, one female exhibited abnormal behav-
iours, characterized by muscle twitching and spontaneous
convulsive seizures. To determine the mode of inheritance,
this “affected” G1 female was backcrossed with an F344
male. Of the backcross progeny, 16 (53.3%) rats exhibited
the abnormal behaviours, with 14 (46.7%) rats phenotypical-
ly normal. Both twitching and seizure behaviours always co-
segregated, and there were no gender differences. Further
backcrossing of affected males to F344 females, for ten gen-
erations (N10), resulted in approximately 50% of the progeny
affected and 50% unaffected in each generation. This pattern
of inheritance, suggests that on an F344 genetic background, the
abnormal behaviours of muscle twitching and seizures, are
inherited in an autosomal dominant pattem. Thus, we named
this inbred strain of rats, autosomal-dominant myokymia and
seizures (ADMS).

Interestingly, compared with F344 rats, ADMS rats
showed slightly but significantly increased body weight
from 10 to 13 weeks of age (Fig. 1A), that coincided with se-
vere twitching behaviour. Physically, the ADMS rats
appeared swollen, and were not obese. From 16 weeks of
age, the body weight of ADMS rats significantly decreased,
compared with F344 rats, coinciding with severe periodic
seizures. By 30 weeks of age, 84% of ADMS rats had died. In
contrast, no F344 or ADMS rats on a BN background, died at
this age (Fig. 1B). This increased mortality in ADMS rats coin-
cided with a reduced body weight and increased number of
convulsive seizures. Postmortem examination showed no
obvious morphological abnormalities in any tissues exam-
ined from ADMS rats.

2.2, Neuromyotonia and myokymia in ADMS rats

ADMS rats began to display muscle twitching from 6 weeks
of age, typically characterized by coordinated muscle con-
traction of the eyelid, the neck, and the extremities
(Fig. 1C; Supplementary Video 1). Startle responses, twitch-
ing behaviour in response to sudden acoustic stimuli such
as clapping hands, was also evident (Fig. 1D). The number
of twitches increased with age until 18 weeks, then de-
creased, coinciding with loss of mobility, reduced body
weight and increased convulsive seizures in the rats. To fur-
ther characterize muscle twitching in ADMS rats, we used
EMG to record muscle activity from fore and hind limbs
(Fig. 1D). Spontaneous myoclonic discharges, correlating
with muscle twitching, were detected from the hind limbs.
Large spikes were recorded from both fore and hind limbs
in response to sound stimulation, reflecting myoclonic star-
tle responses. Importantly, EMG recordings from fore limbs
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Fig. 1 - Gross and myokymic phenotypes in ADMS rats. (A) Comparison of body weight between ADMS (n=6) and F344 (n=6) rats.
ADMS rats show increased body weight from 10 weeks of age, which is then reduced, in conjunction with the severe convulsive
seizures from 18 weeks of age. Error bars indicate SEM. Unpaired student’s t-test: "p<0.05, **p <0.01. (B) Kaplan-Meier survival
curves of ADMS (n=19), F344 (n=6) rats, and (ADMS x BN) x BN backcross progeny (n=10). By 30 weeks of age, 84% of ADMS rats had
died. (C) Twitching behaviours appeared from 6 weeks of age and peaked at 18 weeks of age in ADMS rats (n=11). Error bars indicate
SEM. (D) Electromyogram (EMG) recording of forelimb and hindlimb muscles during the interictal period in 16-week-old ADMS rats.
A spontaneous myoclonic discharge was detected from the hindlimb, as well as a myoclonic startle reaction in response to a sound
stimulus. Spontaneous rhythmic myokymic discharges (7 Hz) were detected from the forelimb.

also showed rhythmic multiple discharges with an intra-
burst frequency of 7 Hz. This firing pattern is similar to
that observed in human myokymia.

2.3. Spontaneous convulsive seizures in ADMS rats

ADMS rats exhibited spontaneous convulsive seizures from
10 weeks of age (Fig. 2A). Occurrence of seizures was aggravat-
ed during cage changing or animal handling. Seizure onset
was observed in all ADMS rats (n=11) by 16 weeks of age.
The average number of seizures significantly increased with
age until 20 weeks of age (Fig. 24), while the mean duration
of each seizure did not increase (Fig. 2B). The typical seizure
phenotype encompassed four stages: (i) initial sudden falling
down, (ii) secondly jerking of the entire body or the
extremities as clonic phase, occasionally with a tonic phase
with stiffening of the entire body, (iil) immobility, and (iv)
rearing with muscle twitching (Fig. 2C; Supplementary Video
2). Motor automatisms, such as repetitive chewing, occasion-
ally occurred during the seizure. Cortical and hippocampal
EEG recordings identified four characteristic EEG patterns cor-
responding to the four stages of the seizure phenotype. First,
aberrant large spike activity associated with falling-down be-
haviour (i). Second, low-voltage fast wave discharges detected

during the tonic stage, and spike-and-wave discharges (2 Hz)
detected during the clonic convulsive stage (ii). These dis-
charges terminated abruptly, followed by fast spikes with
low to high voltages in the freezing stage (iii). Finally, poly-
spike and large wave complexes (1-3 Hz) during the rearing
stage (iv). Although cortical and hippocampal EEG recordings
were generally synchronized, ictal epileptic activities in the
hippocampus tended to precede cortical discharges, specifi-
cally at the onset of seizure ((i) initial sudden falling), and/or
during the transition stage between freezing (iii) and rearing
(iv). The behavioural phenotypes and abnormal discharge pat-
terns in ADMS rats are similar to other rodent models of tem-
poral lobe epilepsy (Rho et al.,, 1999; Wenzel et al., 2007). These
spontaneous convulsive seizures and the twitching pheno-
types were significantly prevented 30 min after the adminis-
tration of carbamazepine (CBZ) in ADMS rats (n=5) (Figs. 2D,
E). Histopathological analysis of ADMS rats at 16-19 weeks of
age revealed no major abnormalities in haematoxylin staining
of the brain (Supplementary Fig. 1).

2.4.  Identification of a Kcnal S309T mutation
We crossed ADMS females to BN males, a rat strain suitable

for genetic mapping studies, because of their distinct genetic
background. We obtained eight F1 progeny exhibiting the
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same abnormal behaviours as the ADMS rats, albeit with a
slightly delayed onset. Muscle twitching was observed from
10 to 12 weeks of age, compared with 6 weeks in ADMS rats,
while spontaneous convulsive seizures were not evident

until 20-30 weeks of age in four animals, with the remaining
four animals not presenting with seizures until 40 weeks, sug-
gesting modifier gene(s) are associated with the onset of sei-
zures. Further breeding, generated 180 (ADMSxBN)xBN
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Fig. 3 - Identification of Adms mutation. (A) (Left) Distribution of haplotypes in (ADMS x BN) x BN backcross progeny, determined
using SSLP markers from rat chromosome 4. White boxes represent BN homozygous alleles or ‘unaffected’ for Adms. Black
boxes represent F344-derived heterozygotes or ‘affected’ alleles. Numbers of the backcross progeny are depicted at the bottom
of the haplotypes. (Right) Adms was mapped to a 1.6-Mb region between G45786 and D4Rat276. (B) Sequencing analysis in F344
(upper) and ADMS (lower) rats revealed a nucleotide change from T to A (arrowhead) located at position 925 of the Kcnal gene.
The mutation results in an amino acid substitution of serine (Ser) with threonine (Thr) at codon 309 of the KCNA1 protein.
(C) Amino acid sequence alignment of the voltage-sensor domain S4 of KCNA1 in several species and between KCNA families.
The $309T amino acid substitution (boxed) is located in a region highly conserved among species and within the KCNA family.
(D) Schematic representation of the Kv1.1 subunit. Black circles represent the positions of the EA1 mutations thus far reported

and a white circle represents the rat Adms mutation.
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backcross progeny, with 87 rats expressing the twitching phe-
notype at 10-14 weeks of age, and seizure activity from
20 weeks of age.

Genome-wide scanning using 121 SSLP markers mapped
the Adms locus to a 1.6-Mb genomic region, between markers
G45786 and D4Rat276 on Chr 4 (Fig. 3A). Eighteen known or
predicted genes within the Adms region were obtained from
the Ensembl database (http://www.ensembl.org). Among
them were the voltage-gated potassium channel families,
Kenal, Kcna5, and Kcna6, that we deemed to be good candi-
dates, based on their functional ability to regulate membrane
potential, neuronal excitability, and nerve signalling
(Johnston et al., 2010; Wulff et al., 2009). In particular, the
behavicural phenotypes of ADMS rats were similar to those
of Kcnal-deficient mice (Smart et al., 1998), and to the symp-
toms reported in human EA1 (Pessia and Hanna, 1993;
Rajakulendran et al., 2007). We compared the sequences of
Kcnal, KenaS, and Kcna6 between F344 and ADMS rats, and
identified a T-to-A mutation at nucleotide 925 of the Kcnal
gene, but no mutations in Kcna5 and Kcna6 genes (Fig. 3B).
The T925A mutation of Kcnal results in a substitution of
serine for threonine at residue 309, which is located in the
voltage sensor segment, 54, of Kv1.1. This residue is highly
conserved among species and other potassium channel fam-
ily genes (Fig. 3C). To date, more than 20 KCNA1 mutations
have been reported in EA1 patients (Bretschneider et al,
1999; Browne et al,, 1994; Browne et al., 1995; Chen et al,,
2007; Comu et al., 1996; Demos et al., 2009; Eunson et al,,
2000; Glaudemans et al., 2009b; Graves et al., 2010; Imbrici
et al., 2008; Kinali et al., 2004; Klein et al., 2004; Knight et al.,
2000; Lee et al., 2004; Poujois et al., 2006; Scheffer et al., 1998;
Shook et al, 2008; Zerr et al, 1998; Zuberi et al., 1999)
(Fig. 3D). Interestingly, the KCNA1 missense mutation L305F,
which is closely located to S309T in the S4 segment, was
reported in an EA1 family uniquely exhibiting brief episodes
of cerebellar ataxia in early childhood and progressive devel-
opment of chronic neuromyotonia with muscle rippling
and hypertrophy (Poujois et al., 2006).

25 Premature death of homozygous S309T rats

To investigate the effect of the homozygous mutation of Kenal
S309T, we crossed N10 heterozygous ADMS males and females.
The behaviour and appearance of homozygous S309T/5309T
rats at birth did not differ from those of heterozygous S309T/+
and WT+/+ littermates. Western blot analysis showed that the
expression level of endogenous KCNA1 protein in the brain did
not differ between homozygous, heterozygous and WT litter-
mate rats (Supplementary Fig. 2). However, from postnatal day
14, development of the homozygous rats was dramatically im-
paired and body weight significantly decreased compared with
heterozygous and WT littermates (Fig. 4A). In conjunction with
reduced body weight, the homozygous rats showed tremors,
motor incoordination, mainly caused by extension of hind
limbs, and spontaneous convulsive seizures (Supplementary
Video 3). These phenotypes progressively worsen with age. Ho-
mozygous pups became inactive except during seizures, and
usually remained isolated from their mother. All homozygous
rats died prematurely with a mean lifetime of 16 days (Fig. 4B).
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Fig. 4 - Lethality of homozygous S309T rats. (A) From
postnatal (P) 7 days, the body weight of homozygous S309T/
S309T rats (n=10) was significantly reduced compared with
heterozygous S309T/+ (n=15) and WT+/+ (n=15) rats. Error
bars indicate SEM. Unpaired student’s t-test: “p <0.05,
““p<0.01. (B) Kaplan-Meier survival curves of homozygous
S309T/S309T (n=10), heterozygous S309T/+ (n=15) and
WT+/+ (n=15) rats. All homozygous rats had died by P18.

No homozygous rats survived beyond postnatal day 18, while
neither heterozygous or WT littermates died at this age. Post-
mortem examination of homozygous rats detected an absence
of stomach contents, suggesting early mortality might result
from feeding failure partially caused by the severe behavioural
phenotypes.

2.6.  Motor incoordination by cold-swim tests

To examine whether ADMS rats show cold-swim induced neu-
romyotonia and motor incoordination that were recognized in
Kcnal-deficient mice (Zhou et al., 1998}, we forced rats to swim
in a tank filled with either warm (38 °C) or cold (17 °C) water.
We used 5-week-old ADMS rats that have never exhibited mus-
cle twitching or spontaneous seizures. In warm water, there was
no behavioural difference between ADMS and WT rats during 2-
min swimming in the tank and subsequent 5-min observation
on a dry platform at room temperature. In cold water however,
there was an observable difference between ADMS and WT
rats. Toward the end of the 2-min swimming period, ADMS
rats had difficulties maintaining axial orientation and
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Fig. 5 - Cortical EEG recording in ADMS rat by cold-swim
tests. (A) EEG recorded from an ADMS rat before the test
(upper) and during the cold-swim induced clonus behaviour
(lower). (B) A photograph shows characteristic posture during
the clonus behaviour.

transfected with Kenal WT or S305T cDNA (Fig. 6C). To inves-
tigate whether the S309T mutation has an effect on the intra-
cellular trafficking of Kv1.1, we analysed the cell-surface
expression of Kv1.1, by biotinylating the surface proteins on
HEK cells. Precipitation of the solubilized biotinylated pro-
teins with streptavidin beads, followed by western blotting,
detected expression of both WT and S309T variants of Kv1.1
on the cell surface (Fig. 6D).

Because ADMS rats carrying the Kcnal S309T mutation
dominantly display several neurological abnormalities, the
opening of Kv1.1 channels may be disturbed when one or
more S309T-containing subunits are incorporated into the
tetrameric complex of Kv1.1 channels. To test this hypothe-
sis, we co-injected cRNAs for WT and S309T mutant subunits
in Xenopus oocytes, and measured current responses under a
two electrode voltage clamp configuration. At a holding po-
tential of —=60 mV, current families were obtained by 500-ms
depolarizing commands (with a 500 ms prepulse at —120 mV)
from -60 to 60 mV, delivered in 20 mV increments. The co-
injection of WT and S309T cRNA (1:1 ratio) resulted in re-
duced outward currents, with an approximately 80% smaller
amplitude than that of WT-injected oocytes at 0 mV, suggest-
ing a dominant-negative effect of the S309T subunit on the
function of heterotetrameric Kv1.1 channels (Figs. 6E, F).
Western blot analysis showed equivalent Kv1.1 protein
expression levels among the three groups (WT, S309T and
WT:S309T (1:1) co-injected) of oocytes (Fig. 6G).

swimming, showing head shaking and twitching behaviour in
the water. When removed from the water, ADMS rats exhibited
severe neuromyotonia (Supplementary Video 4) and tremors,
with the eyes shut and whiskers flickering. After a few minutes
of tremors lasting, and even worsening, the rats demonstrated
head nodding, forelimb clonus and rearing. Cortical EEG record-
ings showed aberrant spike-and-wave discharges (2-3 Hz) asso-
ciated with clonus behaviours (Figs. 5A, B). The tremors and
clonus phenotypes were reduced as time progressed, but when
the animals started to walk, its movements were staggering
and ataxic (Supplementary Video 5). Normal behaviour was
fully recovered after 20 min. Cold-swim induced tremors, neuro-
myotonia, clonus, and motor incoordination, were present in all
ADMS rats tested (n=7). In contrast, none of the behaviours was
observed in WT rats (n=5).

2.7. Electrophysiological properties of S309T channel

To investigate the functional consequences of the S309T
mutation on the Kv1.1 channel, we transfected HEK 293
cells with Kecnal ¢DNA (WT or S309T) and recorded whole-
cell current responses. At a holding potential of =80 mV, cur-
rent families were obtained by sequential 100-ms depolariz-
ing commands from -100 to 50 mV, delivered in 10 mV
increments. Typical delayed-rectifier potassium currents
were recorded from cells expressing Kv1.1 WT, whereas min-
imal currents were detected from cells expressing Kv1.1
S309T or from mock-transfected cells (Figs. 6A, B). In western
blot analysis, a single 56-kD band was detected in cells

3. Discussion

Table 1 summarizes the Kcnal-mutant animal models for EA1
previously reported in mice and rats. They exhibit diverse
neurological phenotypes and show differing functional de-
fects of the potassium channel, Kv1.1 (Herson et al., 2003;
Petersson et al.,, 2003; Smart et al., 1998). Kcnal-knockout
mice have a complete deletion of Kcnal, and have enormous-
ly contributed to our fundamental understanding of Kv1.1
function (Glasscock et al, 2010; Kopp-Scheinpflug et al,
2003; Lopantsev et al,, 2003; Smart et al., 1998; Zhang et al,,
1999; Zhou et al., 1998). Homozygous Kcnal-knockout mice
exhibit various neurological defects, namely, spontaneous
seizure activities associated with elevated excitability of the
hippocampal CA3 neurons (Lopantsev et al.,, 2003), and/or of
the auditory neurons of the medial nucleus of the trapezoid
body (MNTB) (Kopp-Scheinpflug et al., 2003). Other defects
include temperature-sensitive nerve excitability in the PNS
(Zhou et al., 1998), alteration of GABAergic inhibition in cere-
bellar Purkinje cells (Zhanget al.,, 1999), and premature death
potentially associated with cardiac dysfunction (Glasscock
et al,, 2010). However, to date, no mutation causing a com-
plete deletion of the KCNA1 gene has been reported in human
EA1l. Spontaneous mutant mice, megencephaly, expressing a
truncated KCNA1 protein of 230 residues, recessively exhibit
progressive brain overgrowth and epileptic behaviours similar
to knockout mice (Persson et al.,, 2005; Petersson et al,, 2003).
Kenal-knockin mice induced by the V408A EA1 mutation,
show stress-induced loss of motor coordination, which mimics
the symptoms of human EA1 (Herson et al, 2003). However,
none of the mouse models shows spontaneous behavioural
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Fig. 6 - Electrophysiological properties of S309T channel. (A) Typical whole-cell current families recorded from HEK 293 cells
transfected with ¢cDNAs encoding Kv1.1 WT (left), S309T (centre) and transfection control (mock, right). Minimal currents were
detected from cells expressing Kv1.1 S309T or from mock-transfected cells. (B) I-V relationships of Kv1.1 channels recorded
from HEK cells transfected with each variant (n=4-5). (G, D) Western blot analysis of (C) whole cell lysate and (D) cell surface
fractions of HEK cells transfected with each variant. Both WT and S309T Kv1.1 proteins were expressed on the cell surface.
(E) I-V relationships of Kv1.1 channels recorded from Xenopus oocytes injected with WT cRNA, S309T cRNA and 1:1 mixture of
WT and S309T cRNAs (n=4). The total amount of injected cRNAs was adjusted to 5 ng/oocyte. (F) Current amplitude recorded in
response to 0 mV voltage pulse shown in (E). The co-injection of WT and S309T cRNA resulted in 80% smaller currents than
WT-injected oocytes. (G) Western blot analysis indicated equivalent Kv1.1 protein expression levels among the three groups of
cRNA injected oocytes, WT, S309T and WT:S309T (1:1) co-injected.

phenotypes in heterozygotes, in contrast to the ADMS rats,
which we have shown to dominantly express convulsive sei-
zures, myokymia and neuromyotonia. These neurological phe-
notypes are similar to symptoms of human EA1, and are severe
compared with current mouse models. Interestingly, as far as
we know, the myokymia phenotype detected by EMG recording
in ADMS rats, has not been reported in any of the mouse models,

but is always detected in individuals with human EA1. Consider-
ing EA1 patients exhibiting myokymia in the limbs or especially
in the muscles of the face or the hands (Pessia and Hanna, 1993},
myokymia with a predilection for forelimbs of ADMS rats may
partially mimic the EA1 symptoms of human patients.

What mechanism is responsible for the phenotypic differ-
ences between the EA1 models? Strain-dependent genetic



Table 1 - Phenotype comparison of Kenal mutant animals and relevance as EA1 models.

Animals Mutation Phenotypes Protein functions in vitro
Lethality Seizure (CNS) Myokymia, Episodic ataxia Channel Expression, Tetrameric
neuromyotonia (cerebellum) activity trafficking channels
(PNS)
Kcnal knockout mice Null Hetero - * - = (RN | -
(Smart et al., susceptible to flurothyl- no activity half expression
1998) induced seizures
Homo ~50% die until +H+ + + 14
5 weeks spontaneous seizures start cold-swim induced  cold-swim induced no expression
from 3-4 weeks tremor and motor incoordination
neuromyotonia
megencephaly mice Truncation Hetero - - - - 111 no activity - Forming
(Petersson at 230aa (increased brain tetramers,
et al., 2003) volume) impeded?
Homo o + startle responses + }] trapped in
spontaneous seizures start shakiness in gait endoplasmic
from 5-6 weeks reticulum
V408A knockin Missense  Hetero - - - + i Normal expression  Interrupting WT-
mice (Herson V408A isoproterenol-induced reduced current, and trafficking Kv1.1 channels
et al., 2003) motor incoordination  slow inactivation
Homo embryonic lethal - = =
at E3-E9
ADMS Missense Hetero ~80% die until ot 4+ + 1 Normal expression Interrupting WT-
$309T S309T 30 weeks spontaneous seizures start myokymia, cold-swim induced no current and trafficking Kv1.1 channels
rats from 12-14 weeks neuroimyotonia, motor incoordination
startle responses
Homo postnatal lethal — ++++ et et
at P10-P18 spontaneous seizures start extension of ataxia

from P10

hind limbs, tremor

91
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background or species differences between mouse and rat likely
play a part. Seizure onset was delayed or even prevented in F1
and BC1 progeny of BN rats, suggesting the influence of modifier
gene(s). In human EA1, neuromyotonia is generally associated
with KCNA1 mutations; conversely, epilepsy is not associated
with mutations in potassium channels, but with other factors
such as modifier genes (Pessia and Hanna, 1993; Poujois et al,,
2006; Rajakulendran et al., 2007; Zuberi et al., 1999). In mice, im-
paired Ca’"-channel function as a result of Cacnala mutations,
show improved seizure susceptibility by altering neuronal net-
work excitability in Kmal-knockout mice, demonstrating pro-
tective interactions between ion channel variants (Glasscock
et al., 2007). A further interaction between Kcnal and another
gene, Lgil, was implicated in a rare autosomal dominant form
of temporal lobe epilepsy, and shown to modulate fast inactiva-
tion of Kv1.1 (Schulte et al,, 2006). Further genetic analysis fo-
cusing on seizure susceptibility in the (ADMSxBN)xEN
backcross progeny may offer insights into the modifier gene(s)
associated with seizure onset.

The distinct mutations of Kcnal may explain the wide
variety of clinical phenotypes in EA1. Our expression studies
of homomeric S309T Kv1.1 channels in HEK cells indicated
cell-surface expression of the channels is non-functional in
terms of their biophysical properties (Fig. 6). Heteromeric ex-
pression of S309T and WT Kv1.1 channels in Xenopus oocytes
resulted in greatly reduced currents comnpared with WT Kv1.1
channels, suggesting the S309T mutation has a dominant-
negative effect on the potassium channel, consistent with
previous functional studies on EA1 mutations (Chen et al.,
2007; D'Adamo et al., 1999; Imbrici et al,, 2011; Zuberi et al.,
1999). The mceph truncated protein, containing only the N-
terminal domain, is retained in the endoplasmic reticulum
and not expressed on the cell surface (Persson et al., 2005)
(Table 1). On the other hand, V408A Kv1.1 channels show nor-
mal cell-surface expression and partially reduced potassium
currents (Adelman et al,, 1995). It was also reported that the
V408A Kv1.1 channels reduce the rate of inactivation by a
decreased affinity for the N-terminal inactivation domain of
co-assembled WT Kv1l.1 in heterotetramers, which could
explain the dominant-negative effects of the V408A Kv1.1
channels (Imbrici et al., 2011). T226K Kv1.1 channels in EA1
also showed a dominant-negative effect when co-expressed
in oocytes with the WT Kv1.1 (Chen et al., 2007). In addition,
Kvil.1l-containing channels in the mammalian central ner-
vous systemn co-assembled with Kv1.2 and Kv1.4 subunits,
which may be also interrupted by the cell-surface expressed
mutated Kv1.1 subunit in heterotetramers (D'Adamo et al.,
1999; Imbrici et al.,, 2006). The dominant-negative effects of
the V408A Kv1.1 channels in knockin mice as well as S309T
Kv1.1 channels in ADMS rats may explain the lethality of
the homozygous animals, which are different from that of
knockout and mceph mice.

In conclusion, using an ENU mutagenesis approach, we
have generated Kcnal-mutant rats that dominantly express
persistent myokymia, neuromyotonia, stress-induced motor
incoordination and spontaneous convulsive seizures, as the
first rat model of human EA1. The ADMS rat provides a useful
animal model of human EA1 to understand the underlying
mechanisms of the various clinical phenotypes of KCNA1-
associated diseases.

4, Experimental procedures

4.1. Rats and ENU mutagenesis

Male F344/NSlc (F344) rats (Japan SLC, Hamamatsu, Japan) re-
ceived two intraperitoneal (i.p.) injections of the chemical mu-
tagen ENU (40 mg/kg) as previously described (Mashimo et al,
2008). Ten weeks after the second ENU injection, males were
bred to untreated F344 females to generate ENU-mutagenized
G1 progeny (mean mutation frequency: approximately 1 in
4 million base pairs). One female exhibiting muscle twitching
and epileptic seizures, was identified and classified as an “af-
fected” founder, then backcrossed to a F344 background, for
ten generations (N2-N10), to remove latent ENU-induced muta-
tions in other chromosomal regions. Heterozygous affected N10
males and females were intercrossed to generate the homozy-
gous mutation.

The animal care and experimental procedures used were ap-
proved by the Animal Research Committee, Kyoto University
and carried out according to the Regulation on Animal Experi-
mentation at Kyoto University. The ADMS rat has been deposit-
ed into the National Bio Resource Project — Rat in Japan
(NBPR-Rat No. 0458) and is available from the Project (http://
www.anim.med.kyoto-u.ac.jp/nbr).

4.2, Electromyography (EMG) recording

Rats at 16 weeks of age were used for electromyography (EMG)
recordings from muscles in the forelimb (musculus triceps
brachii) and hindlimb (musculus quadriceps femoris). To im-
plant EMG electrodes, rats were anesthetized with pentobar-
bital sodium (50 mg/kg ip.). Enamel-coated stainless-steel
electrodes (100 pm diameter), were prepared by flexing the elec-
trode into a hair-pin curve, S mm from the distal end of the elec-
trode. Electrodes were then hooked onto the bevel edge of a 23
gauge injection needle and inserted intc the muscle through the
overlying skin. The injection needle was removed, leaving the
electrode implanted in the appropriate muscle. Pairs of electrodes
were implanted in each muscle, to allow bipolar recording, and a
ground electrode was inserted subcutaneously on the back. After
recovery from anaesthesia, EMG activity was recorded under
freely moving conditions, and combined with behavioural ob-
servations made using an amplifier (MEG-6108; Nihon Kohden,
Tokyo, jJapan) and a thermal alley recorder (RTA-1100; Nihon
Kohden). The recorded signals were stored (PowerLab ML8245;
AD Instruments, Bella Vista, Australia) for analysis.

4.3.  Electroencephalogram (EEG) recording

Rats at 10-20 weeks of age were anesthetized with pentobarbi-
tal sodium (50 mg/kgi.p.), and fixed in a stereotaxic instrument
{David Kopf Instruments, Tujunga, USA) for implantation of
EEG electrodes. Small holes were made in the skull, and screw
electrodes were placed on the surface of the right frontal cortex.
Enamel-coated stainless-steel electrodes were implanted in the
hippocampus (3.8 mm caudal and 2.0 mm lateral to the bregma,
and 2.2 mm from the cortex surface). A reference electrode
was implanted on the left frontal cranium. The electrodes
were then connected to a miniature plug and fixed to the skull
with dental cement. After a 1-week recovery period, animals
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with chronically implanted electrodes were placed in a shielded
box (40 x40 x40 cm?®). Under freely moving conditions, contin-
uous EEG recordings were made for 3 h during daytime (light-
on), with behavioural observations made using an amplifier
(MEG-6108; Nihon Kohden) and a thermal alley recorder
(RTA-1100; Nihon Kohden). The recorded signals were stored
(PowerLab ML845; AD Instruments) for analysis.

4.4.  Antiepileptic drug testing

Carbamazepine (Sigma-Aldrich Co., St. Louis, USA) dissolved
in polyethylene glycol 400 (PEG 400) was used for drug testing
(20 mg/kgi.p.), or saline solution (1 ml/kg i.p.} as control. Five
ADMS rats at 16-19 weeks of age were observed for 3 h during
daytime (light-on) from 30 min after the administration.

4.5.  Histopathology

Rats at 16-19 weeks of age were deeply anesthetized with
sodium pentobarbital (50 mg/kgi.p.). Brains were removed,
post-fixed in Bouin's fixative and paraffin embedded. 4 pm
paraffin sections were cut and stained with haematoxylin
and eosin to evaluate morphological changes.

4.6.  Genetic mapping of Adms

We produced a total of 180 (BN/SsNSlcx ADMS)xBN/SsNSlc
backcross progeny. Genotyping for the Adms locus was per-
formed in rats that exhibited the twitching phenotype at
10-14 weeks of age, since spontaneous seizures were not ob-
served in the backcross progeny until at least 20 weeks of
age. To localize the Adms locus to a specific chromosomal
region, we performed genome-wide scanning on DNA sam-
ples using a panel of 121 simple sequence length polymorphism
(SSLP) markers that cover all the autosomal chromosomes
(Chrs). Genomic DNA was prepared from tail biopsies using an
automatic DNA purification system (PI-200; Kurabo, Osaka,
Japan). All PCRs were performed for 35 cycles (denaturation at
94 °C for 30s, annealing at 60 °C for 1 min, and extension at
72 °C for 45 s), using Taq polymerase (Takara Bio, Otsu, Japan).
PCR products were examined on 4% agarose gels with ethidium
bromide staining.

4.7.  Sequence analysis

The primers used for sequencing the coding regions of Kcnal,
Kcnas, and Kena6 are described in Supplementary Table 1. PCR
products from genomic DNA were reacted with BigDye Termi-
nator v3.1 cycle sequencing mix (Applied Biosystems, Foster
City, USA), followed by the standard protocol for the Applied
Biosystems 3100 DNA Sequencer.

4.8.  Western blotting

Protein lysates were prepared from P10 rat brain as previously
described (Imai et al., 2007). 25 g of each sample was separat-
ed on 10% Bis-Tris polyacrylamide gels and analysed by west-
ern blotting using rat KCNA1 (ab32433; Abcam, Cambridge,
UK) and p-actin (AC-40; Sigma Aldrich) primary antibodies.

Secondary antibodies against rabbit IgG (NA934; GE Healthcare
Bio-Sciences, Little Chalfont, UK) and mouse IgG (NA9S31; GE
Healthcare Biosciences) were used, respectively.

4.9. Swimming tests

Rats at 5 weeks of age were placed in the middle of a tank
(30 cm % 60 cm, filled with water to a depth of 20 cm) to swim.
The water temperature was 17 or 38 °C, and the swim time
was 2 min. After swimming, the rats were placed on a dry plat-
form (room temperature 24 °C) for behavioural observation.

4.10.  Cell culture and transfection

Rat Kcnal is encoded by a single exon, allowing the coding
region of wild-type (WT) or S309T mutant Kcnal to be PCR
amplified from genomic DNA. PCR products were inserted into
pPGEM-T Easy (Promega, Fitchburg, USA) and sequenced to con-
firm the presence of the S309T mutation. The full length cDNA
for each variant (Kcnal WT or 5309T), was subcloned into
pcDNA3.1(-) (Invitrogen, Carlsbad, USA), for western blot analy-
sis, and pIRES2-EGFP (Clontech, Mountain View, USA) for cur-
rent recording. mRNA was transcribed in vitro using T7-RNA
polymerase and a High Yield Capped RNA transcription kit
(EPICENTRE Biotechnologies, Madison, USA).

Human embryonic kidney (HEK) 293 cells were grown to
80% confluence in Dulbecco’s modified Eagle's medium sup-
plemented with 10% foetal bovine serum, 50 U/ml penicillin
and 50 pg/ml streptomycin at 37 °C. Cells were transfected
with Lipofectamine 2000 (Invitrogen). For western blot analy-
sis, cells were transfected with pcDNA3.1(-) containing Kcnal
WT or S309T cDNAs, and maintained for 24 h before harvest-
ing. For whole-cell current recording, cells were transfected
with pIRES2-EGFP containing Kcnal WT or S309T cDNAs,
then plated on glass coverslips at 10% confluence 24 h after
transfection, and maintained for another 24 h.

4.11.  Cell-surface biotinylation

24 h after transfection, HEK 293 cells in 35 mm tissue culture
dishes were washed with PBS-CM (PBS containing 1 mM
MgCl; and 0.1 mM CacCl,), then incubated in 0.8 ml of EZ-
Link Sulfo-NHS-biotin solution (1 mg/ml in PBS-CM; Thermo
Scientific, Waltham, USA) for 30 min on ice. After washing
with ice-cold quenching solution (PBS-CM containing
100 mM glycine), cells were incubated in 1 mL quenching so-
lution for 45 min at 4 °C before harvesting, followed by centri-
fugation for 6 min at 6000xg. Cells were then solubilized on
ice in 300 pl RIPA buffer (1% Triton X-100, 0.1% SDS, 150 mM
NaCl, 1 mM EDTA and 50 mM Tris, pH 7.5 with HCl) contain-
ing 1% protease inhibitor cocktail (Invitrogen). The resulting
cell lysate was centrifuged for 20 min at 14000 x g, and the su-
pernatant collected. UltraLink® immobilized streptavidin
(Thermo Scientific) was added to the supernatant at a ratio
of 1:6, and then incubated overnight at 4 °C with agitation.
Next, samples were centrifuged for 1 min at 5000xg, and the
resin washed with RIPA buffer, high-salt buffer (0.1% Triton
X-100, 500 mM NaCl, 5 mM EDTA, 50 mM Tris, pH 7.4 with
HCl), and 50 mM Tris (pH7.4 with HCI). Proteins were eluted
from the resin by the addition of LDS sample buffer (Invitrogen).
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4.12.  Electrophysiological recording from HEK 293 cells

Whole-cell currents were recorded at room temperature with
an EPC 9 amplifier (HEKA, Lambrecht, Germany). Currents
were sampled and analysed with Patchmaster 2.43 software
(HEKA). Patch pipettes were made from borosilicate glass
capillaries (1.5-mm outer diameter; Narishige, Tokyo, Japan)
using a P-87 micropipette puller (Sutter Instruments, Novato,
USA). The resistance ranged from 2 to 4 MQ when filled with
pipette solution (138 mM NaCl, 5.4 mM KCl, 1.2 mM MgCl,,
1 mM CaCl,, 10 mM EGTA, 10 mM HEPES, 10 mM glucose, pH
7.3 with NaOH). The recording solution was 138 mM NaCl,
5.4 mM KCl, 1.2 mM MgCl,, 1 mM CacCl;, 10 mM EGTA, 10 mM
HEPES, 10 mM glucose, pH 7.3 with NaOH.

4.13.  Electrophysiological recording from Xenopus oocytes

Small pieces of ovary were isolated from cold-anesthetized Xeno-
pus laevis and incubated in Ca**-free solution (88 mM NaCl, 1 mM
KCl, 0.82 mM MgS0,, 2.4 mM NaHCOs, 7.5 mM Tris, pH 7.4 with
HCI), containing 1.5 mg/ml collagenase (Sigma-Aldrich) at 20 °C
for 3 h. Stage V and VI oocytes were selected and injected with
25 nl of cRNA solution for each Kcnal variant (WT or S309T). The
injected oocytes were maintained at 20 °C for 4 days in modified
Barth’s solution (88 mM NaCl, 1mM KCI, 041mM CaCl,,
0.33mM Ca(NOs),, 0.82mM MgSOs, 24 mM NaHCO;, 7.5 mM
Tris, pH7 4 with HCI), supplemented with 300 pg/ml sodium pyru-
vate, 10 U/ml penicillin and 10 pg/ml streptomycin. Currents were
recorded at 20°C with an OC-725C amplifier (Wamer Instru-
ments, Hamden, USA). Currents were sampled and analysed
with a PowerLab 2/25 system (AD Instruments) and Scope 4.0.7
software (AD Instruments). The injected oocytes were voltage-
clamped at a holding potential of —-60 mV with two intracellular
glass electrodes (1-2 MQ with 3 M KCl), made from borosilicate
glass capillaries (1.5-mm outer diameter; Narishige) using a PE-2
puller (Narishige). The recording solution was 115mM NaCl,
2 mM KCl, 2 mM CaCl,, 2 mM MgCl,, 10 mM HEPES, pH 7.2 with
NaOH.

Supplementary materials related to this article can be
found online at doi:10.1016/j.brainres.2011.11.023.
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Mutations of the leucine-rich glioma-inactivated 1 (LGI7) gene cause an autosomal dominant partial epilepsy
with auditory features also known as autosomal-dominant lateral temporal lobe epilepsy. LGI1 is also the
main antigen present in sera and cerebrospinal fluids of patients with limhic encephalitis and seizures, high-
lighting its importance in a spectrum of epileptic disorders. LGI7 encodes a neuronal secreted protein, whose
brain function is still poorly understood. Here, we generated, by ENU (N-ethyl-N-nitrosourea) mutagenesis,
Lgi1-mutant rats carrying a missense mutation (L385R). We found that the L385R mutation prevents the
secretion of Lgil protein by COS7 transfected cells. However, the L385R-Lgi1 protein was found at low
levels in the brains and cultured neurons of Lgi7-mutant rats, suggesting that mutant protein may be desta-
bilized in vivo. Studies on the behavioral phenotype and intracranial electroencephalographic signals from
Lgi1-mutant rats recalled several features of the human genetic disorder. We show that homozygous Lgi7-
mutant rats (Lgi1-3°%-355R) generated early-onset spontaneous epileptic seizures from P10 and died prema-
turely. Heterozygous Lgi7-mutant rats (Lgi1*"-%%°F) were more susceptible to sound-induced, generalized
tonic-clonic seizures than control rats. Audiogenic seizures were suppressed by antiepileptic drugs such
as carbamazepine, phenytoin and levetiracetam, which are commonly used to treat partial seizures, but
not by the prototypic absence seizure drug, ethosuximide. Our findings provide the first rat model with a mis-
sense mutation in Lgi7 gene, an original model complementary to knockout mice. This study revealed that
LGI1 disease-causing missense mutations might cause a depletion of the protein in neurons, and not only
a failure of Lgi1 secretion.

INTRODUCTION

either autosomal dominant lateral temporal epilepsy (ADLTE)

Epilepsy. with a lifetime prevalence of 3%, is a frequent
neurological disorder. Studies on familial idiopathic epilepsies
have identified multiple disease-causing genes (1). For
example, mutations in the leucine-rich glioma-inactivated |
(LGII) gene cause an inherited epilepsy syndrome designated

(2) or autosomal dominant partial epilepsy with auditory fea-
tures (3). Focal seizures. with prominent auditory auras in
about two thirds of patients, emerge in adolescence (4).
Aphasic symptoms and other aberrant perceptions of a
visual. vertiginous. epigastric or psychogenic nature are also
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Figure 1. The L385R mutation, (A) Schematic representation of the Lgil protein showing its domain organization and location of the L385R mutation. The
protein is composed of two structural domains: four N-terminal LRR (in blue) and seven EAR (in yellow) in the C-terminal half of the protein. (B) Multiple
protein alignments of Lgil protein showing the strong conservation of L3835 residue in both vertebrates and invertebrates using the Alamut® Mutation Inter-

pretation Software.

reported, and seizures can be triggered by noises or voices
(5.6). LGII mutations (36 published to date) (7) have been
found in up to 50% of ADLTE families and 2% of sporadic
cases (8). The role of LGII in neurological diseases was
further expanded with the recent discovery that a subset of
patients with limbic encephalitis (an autoimmune disorder
associated with seizures in the majority of patients) (9,10)
has serum antibodies against LGII. It is speculated that the
antibody-mediated disruption of LGI1 causes increased excit-
ability, which results in seizures and other symptoms of limbic
encephalopathy (11).

In contrast to other genes linked to idiopathic epilepsies.
LGII1 does not encode an ion channel subunit. but rather a
secreted leucine-rich repeat (LRR) protein (12). Except
R407C (13), all tested LG// missense mutations tend to sup-
press protein secretion in im virro overexpression systems
(12,14-18), indicating that extracellular levels of LGIl may
be critical to its pathophysiological effects. Lgil protein is
expressed during mouse embryogenesis and increases until
adult, suggesting that it may have a role during brain develop-
ment (19-21). While its functions remain unclear, Lgil inter-
acts with the presynaptic Kvl.I voltage-gated potassium
channel (22), ADAM22/ADAM23 (disintegrin and metal-
loproteinase domains 22 and 23) (23). ADAMI1 (24) and
NogoR1 (25). Insights into the role of Lgil in epilepsy have
emerged from three recent studies on Lgi/ knockout
(Lgil™ 7)) in mice. There is a consensus that in homozygous
Lgil™ ~ mice, the constitutive deletion of Lgi/ induces
early-onset spontaneous seizures [ollowed by premature
death (20,26.27). Heterozygous Lgi/* ~ mice do not generate
seizures spontaneously, but they are more prone to seizure
induction by pentylenetetrazole (26) and auditory stimuli

(20). Lgil may cause epilepsy by modulating signaling in
glutamatergic (21,26.27) but not GABAergic synaptic circuits
(21.27). However, the two studies of Lgi/™ = brain slices
contradict each other, suggesting that the loss of Lgil either
reduces (26) or increases (27) alpha-amino-3-hydroxy-5-
méthylisoazol-4-propionate-mediated miniature excitatory
post-synaptic currents in CA| hippocampal neurons. An alter-
native pathophysiological mechanism might be that Lgil
controls the postnatal maturation of glutamatergic synapses
in the hippocampus (21) and retinogeniculate thalamic
afferents (28).

In the present study, we generated and characterized Lgi/-
mutant rats carrying a missense mutation (L385R). We deci-
phered the mechanisms by which this mutation led to a loss
of function in transfected mammalian cells and primary
neurons in culture. Electroencephalographic (EEG) monitoring
was used to define how the L385R-Lgil protein affected the
phenotype of homozygous and heterozygous Lgil-mutant rats
in vivo. Finally, we examined actions of antiepileptic drugs on
the audiogenic seizures in heterozygous Lgi /™% rats.

RESULTS

Generation of Lgil-mutant rats

The ENU (N-ethyl-N-nitrosourea)-mutagenized F344/NSlc rat
archive (KURMA: Kyoto University Rat Mutant Archive) was
screened for mutations in the Lgi/ gene by a high-throughput
screening assay (29). A missense mutation (¢.1154 T > G) in
exon 8 of Lgi/ was found in one DNA sample of KURMA.
This mutation resulted in the p.Leu385Arg/L385R amino
acid substitution in the fourth epilepsy-associated repeat
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(EAR: Fig. 1A). a residue highly conserved among vertebrates
and invertebrates (Fig. 1B). Four bioinformatics prediction
programs of functional effects of variants were queried for
L385R. All predicted a significant effect of this amino acid
change on protein function: ‘not tolerated” by SIFT (http:/
sift.bii.a-star.edu.sg/). ‘disease causing’ by Mutation taster
(http://www.mutationtaster.org/). “probably damaging’ by
PolyPhen-2  (http://genetics.bwh.harvard.edu/pph2) and a
P-deleterious of 0.991 by Panther (http://www.pantherdb.org/).
Interestingly, a well-documented ADLTE-causing mutation,
p-Glu383Ala/E383A. was located close to the Rat mutation
(3.12.14). The heterozygous Lgil-mutant rat (Lgil** %)
was recovered from the corresponding frozen sperm by intracy-
toplasmic sperm injection. Nine generations were backcrossed
on the F344/NSIc inbred background to eliminate mutations po-
tentially induced by ENU mutagenesis elsewhere in the genome
(mean mutation frequency was ~ 1 in4 x 10° bp). Backcrossed
Lgil™%® rats were then intercrossed to obtain wild-type
(WT; Lgil*’™), heterozygous (Lgil*™*") and homozygous
(Lg:‘["""%k L353R) " animals. They were born in expected
Mendelian ratios (Lgil™™*, n=17; Lgil™**®3%R 5 =18
gi TR g = 29: %% = .59, not significant) and sex ratios
(Lgi 1"V RESHR rars: 28 females and 36 males; x* = 1. not
significant).

L385R mutation impairs Lgil secretion in COS7 cells and
cortical neurons

We asked whether the rat L385R mutation impaired Lgil se-
cretion. by transiently twransfecting COS7 cells with
Flag-Lgil-L385R. Flag-Lgil-E383A or Flag-Lgil-WT.
Using an antibody directed against amino acids 200-300 of
Lgil (ab30868), western blot analysis revealed the presence
of WT Lgil and both mutants in the cell lysates. However,
while WT Lgil protein was predominantly present in the
cell culture medium, we did not detect the Flag-Lgil-L385R
or the Flag-Lgil-E383A mutants (Fig. 2A). This shows that
the L385R mutation prevents the secretion of Lgil into the
culture medium of COS7 cells.

We next examined endogenous Lgil secretion in isolated
neurons of primary cortical cultures from rat embryonic day
19 (E19) Lgi fHWRLIR foijH 38R and Lgil ™™ littermates.
Western blot analysis revealed only weak signal of 65 kDa in
the neuron lysate of homozygous Lgi/ iy rats, as well
as in the neuron medium. indicating a low level of
L385R-Lgil protein in neurons (Fig. 2B).

L385R-Lgil is unstable in vive

We then compared the endogenous L385R-Lgil protein level
by western blot in whole brain homogenates of postnatal day
12 (P12) Lgi X3 RE38R 1 i B35 and WT (Lgil™'™) litter-
mate rats. Immunoblot revealed a single band of 65 kDa in the
lysate of Lgil™ " It was reduced by about half in Lgi/*™**
and was absent in Lgi/"*** %R (; = 5. Fig. 3A). The low
abundance of L385R-Lgil protein in the brain was confirmed
with a second antibody generated to the C terminus of Lgil
(sc-9583. Santa Cruz: Supplementary Material. Fig. 1S).
These findings were replicated in three additional litters of
WT, heterozygous and homozygous rats aged P5 and P9
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Figure 2. Lack of secretion of L385R-Lgil mutant protein in COS7 cells and
cortical neurons. (A) COS7 cells were transiently transfected with the WT or
indicated mutant Flag-Lgil-expressing plasmids. Cell lysates and cell media
were analyzed by western blot with an anti-Lgil antibody (ab30868).
Lgil-WT was detected in both the lysate and the culture media. while
Lgil-L385R and Lgil-E383A mutants were only detected in the cell lysates.
(B) Cortical and hippocampal E19 neurons from Lgi/™ ™, Lgil™**** and
Lgi 15 RER Jitermate rats were cultured. Cell lysates and media were ana-
lyzed by western blot with an anti-Lgil antibody (ab30868). L385R-Lgil
mutant protein was weakly detected in both the lysates and the culture
media, in contrast to the WT Lgil protein. Ponceau staining indicated equal
loading in each well.

(before onset of seizures) and P12 (after onset of seizures). in-
dicating that lack of L385R-Lgil was not secondary to sei-
zures (data not shown). We next analyzed synaptic fractions
of hippocampal and cortical lysates by preparing Triton
X-100 crude fractions. A strong signal was detected in
Lgil™™ and Lgil™"™**® lysates, indicating that WT Lgil
protein was present in the synapse-enriched fraction. In con-
trast, only a very weak band was detected for L385R-Lgil
protein in the Triton X-100-insoluble membrane synaptic frac-
tion (Fig. 3B). suggesting that it is probably unstable and thus
not delivered to the synapse.

We next asked whether low levels of L385R-Lgil protein
resulted from a preferential degradation of the L385R-Lgi/f
transcript. We extracted total RNAs from the whole brains
of Lgil™* R38R (n=5) Lgi]* "R (3 =7) and Lgil™™
(n = 5) littermate rats and analyzed Lgi/ transcript expression
by quantitative reverse transcription (RT)—polymerase chain
reaction (PCR). Relative levels of the L385R-Lgi/ transcript
were not significantly different from levels of the Lgi/™™"
transcript (Kruskal-Wallis test, not significant; Fig. 3C).
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Figure 3. Instability of the L385R-Lgil mutant protein. (A) We assessed Lgil protein expression by western blot of whole brain lysates of Lgil™ ™ (n = 1).
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the housekeeping gene PPIA.

These results suggest that low neuronal levels of L385R-Lgil
protein may result from a shortened half-life of the protein
rather than the transcript.

L385R mutation has no major effect on in vitro neuronal
growth

We asked whether this L385R mutation affected the growth of

primary neurons plated on poly-L-lysine coated culture plates.
Cortical and hippocampal neurons from EI19 rats were
co-cultured for 3 weeks and examined daily. No differential
effect on life span or neurite outgrowth was detected
between Lgil™* 5 R and Lgil*'* rats (Image] measure-
ment of total neurite network length, Kruskal—Wallis test,
not significant; Fig. 4A). In addition. no major morphological
differences were detected between hematoxylin-stained brains
of P12 Lgil*™*RE355R rars and their Lgil "% F and Lgil™"
littermates (Fig. 4B).

Homozygous Lgi/-mutant rats are epileptic and die
prematurely

At birth, we detected no differences in appearance or
: - . LINIRAINS
behavior of homozygous Lgil™ BRALIR rats and heterozygous
;1 L3SSR S g : .
Lgil or Lgil™™" littermates. During the second

(n = 6) rat brains. Data are the mean + SD of triplicates (P not significant) corresponding to the expression of Lgi/ transcript in relation to

postnatal week, Lgi/ At at pups began to exhibit spontan-
eous seizures (Fig. 5A, Supplementary Material, Movie S1).
They occurred from P10 at a mean frequency of 8§ + 2.8 per
hour (mean 4+ SD, n=8) with a mean duration of 83 +
4.9s. Ictal epileptic discharges (n =11 electroclinical sei-
zures) were recorded by intracranial EEG in two homozygous
Lgi 1% RI3SR buns (Fig. 5B). Seizures typically consisted of
sequences of (i) hypertonic, often asymmetric, trunk, limb and
tail postures, (ii) clonies of all limbs or jerking. EEG records
began with rhythmic 5-7 Hz spike activity, which increased
in amplitude. It was replaced by polyspike-and-wave
complexes at | Hz during jerking episodes which slowed
(0.5 Hz) as the seizure terminated. Seizures were sometimes
associated with motor automatisms, such as chewing. Such
spontaneous epileptic activity was never observed in
age-matched heterozygous Lgil* “** (n=7) or Lgil™*
littermates (n = 7). )

As seizures emerged, Lgi1"*"*® "R ra( pups failed to gain
weight. At P15, the average body weight of Lgi/™***® LSRR
rats was significantly (pairwise Student’s r-test, P < 0.009)
lower than that of Lgil*™*® or Lgil™* rats (respectively,
10.4, 25 and 24 g; Fig. 6A), and devel }n_nem slowed dramat-
ically (Fig. 6B). All homozygous Lgi/™****"#** rats died pre-
maturely and the Kaplan—Meier curve revealed a mean lifetime
of 13 days (n=10). No homozygous Lgi/"** %% rat
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Figure 4. No major effect of L385R mutation on neuronal growth. (A) Photography of cortical neurons from E19 Lgif* * (n = 2) and Lgil MRS (= 6)
littermate rats after 4 or 7 days in culture. We observed no major difference on the length of neurites or survival in Lgi/********" rats compared with Lgi/ ™~
littermates. Background was subtracted using Imagel. (B) Hematoxylin and eosin-stained coronal brain sections show the similar morphology of dentate gyrus in
Legil™™ (n=1), Lg.r'.""”"’" (n=1)and Lg”;__rﬁ.e,uxm (n=1) littermates aged P12.

survived beyond P17, while no Lgil "% or Lgil™™ liuer-
mates had died at this age (Fig. 6C). Possibly, this early mortal-
ity results from a failure to feed due to seizures.

Heterozygous Lgil-mutant rats display increased
audiogenic seizure vulnerability

Heterozygous Lgil*""3%F rats appear normal, are fertile and
live for at least 1 year. Spontaneous clinical seizures have
never been observed in either pups or adults. Since partial sei-
zures can be triggered by audiogenic events in ADLTE
patients, we tested the susceptibility of heterozygous Lgil-
mutant rats to audiogenic seizures. A single 120-dB sound
stimulus at 10 kHz never induced seizures in Lgi/™***F or
Lgil™" rats at 3, 5. 8 or 12 weeks of age, possibly due to
this rat strain resistance to audiogenic seizures. Acoustic
priming (5 min, 10 kHz, 120 dB) was thus applied to rat
pups aged P16, corresponding to the critical period when
rats become seizure prone (30). Primed rats were then tested
for audiogenic seizures at 8§ weeks of age. Auditory stimulus
first induced wild running: a typical behavior of audiogenic
seizures, in all Lgil™“%R (n=22) and Lgil™™ (n= 14)
rats (Table 1). Following wild running, auditory stimulation

yielded generalized tonic-clonic seizures (GTCSs) in all
Lgi ™R rats, but only in 4 of 14 (28%) Lgil™ ™" rats
(X*=22, P=3x107% Fig. 7A, Supplementary Material,
Movie S2). The latency from auditory stimulus to wild
running was shorter in Lgi/*"*%® than Lgil™™ rats (Stu-
dent’s t-test, P = 2.7 x 10~ % Fig. 7B). The duration of wild
running was also shorter in Lgi! :"/um than in Lgi/™'™ rats
(Student’s r-test, P=6.8 x 1077 Fig. 7C). probably since
wild running was more rapidly replaced by a GTCS in
Lgi1*""*® rats. The duration of GTCSs did not differ signifi-
cantly in Lgi/*""F and Lgi/*'™* rats (Student’s r-test, P =
4.5 x 107" Fig. 7D).

We compared cortical and hippocampal EEG signals gener-
ated by Lgil™“*%® (n=3) and Lgil™ ™ (n= 1) rats during
auditory stimuli (Fig. 8). During wild running, movement arti-
facts tended to obscure EEG signals. After running terminated.
EEG signals were strongly suppressed in the tonic phase of
Lgil ¥ " rats and the immobility phase of Lgil™ ™ rats.
During the clonic seizure phase in Lgil */**%® rats, continuous
rhythmic slow activity at 2—-3 Hz was detected in cortex and
hippocamgus. EEG signals were then suppressed. as
Lgil™"** rats remained immobile until auditory stimuli
ceased.
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Figure 5. Spontaneous epileptic seizures in homozygous Lgi /™% %%

asymmetric clonie of the four limbs. (B) Epidural EEG recording ina P10 Lgi/

rats. (A) Photography during a spontaneous seizure in a P10 Lgi/

F383R 1383
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10 seconds

1sec

F3RSRLIRGR =
& rat showing

" rat showing the onset and the end of an electroclinical seizure (trace

corresponds to left cortex). Behavioral modifications are correlated with EEG event: (1) tonic attack and (ii) jerking.

Effect of antiepileptic drugs on audiogenic seizures

Finally, we evaluated the efficacy of several antiepileptic
drugs on audiogenic seizures in primed Lgil™ and
Lg:‘f"q'j'm rats. We administered carbamazepine, phenytoin,
levetiracetam or ethosuximide intraperitoneally (20 mg/kg)
30 min before the auditory stimuli in 8-week-old rats
(Table 1. Supplementary Material, Movie S3). Both wild
running and GTCS were completely inhibited by carbamaze-
pine and phenytoin in Lgi/™ " and Lgi/ """ ras. Levetira-
cetam Prg\'emed wild running and GTCS in three of four
Lgi 1% rats. No ictal EEG activity was detected during
auditory stimulation (not shown). Ethosuximide. a prototypic
generalized absence seizure drug, had no effect on seizures
of Lgil ™% rats (n = 4).

DISCUSSION

Here, we present the first genetically engineered animal model
expressing a missense mutation in the Lgi/ gene as found in
patients with ADLTE. We generated and characterized an
Lgil-mutant rat with the L385R mutation and studied its lunc-
tional consequences in vivo. We first examined the impact of
the mutation using an in vitro overexpression paradigm. Our
results showed that this mutation prevented Lgil secretion in

transiently transfected COS7 cells, indicating that it apparently
shares common effects with ADLTE-causing missense muta-
tions which nearly all, except one, decrease protein secretion
(31). Testing endogenous expression levels of the mutated
Lgil protein in cultured cortical neurons of Lgi/-mutant
animals revealed very low levels of L385R-Lgil protein,
both in extracellular medium from cultures and also in
neuron lysates. Moreover, endogenous levels ol Lgil protein
were also substantially lower in the brain of Lgi/-mutant
rats than of WT litterimates. Probably, in vive, the L385R mu-
tation favors misfolding and so reduces Lgil protein stability,
causing its degradation through protein quality-control
mechanisms. This is consistent with in silico models predict-
ing that a number of missense disease-causing mutations
alter protein folding (31). Thus, a physiopathological loss of
function may emerge not only due to a failure of protein secre-
tion as suggested by in vitro experiments but also from a lack
of correctly folded neuronal Lgil. This new mechanism must
be considered together with previous suggestions of a defect-
ive secreted extracellular Lgil (acting as a ligand for
ADAM22/23 at the post-synaptic) (23). rather than cytoplas-
mic (through the modulation of Kvl.I channel) (22). In this
model, the Lgi/-mutant rat carrying a missense mutation
located nearby a naturally occurring missense mutation
found in ADLTE patients (3.12.14) lacks both cytoplasmic
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