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Summary

Childhood absence epilepsy (CAE), a common form of
idiopathic generalized epilepsy, accounts for 5%-15%
of childhood epilepsies. To map the chromosomal locus
of persisting CAE, we studied the clinical and electro-
encephalographic traits of 78 members of a five-gener-
ation family from Bombay, India. The model-free af-
fected—pedigree member method was used during initial
screening with chromosome 6p, 8q, and 1p microsatel-
lites, and only individuals with absence seizures and/or
electroencephalogram 3-4-Hz spike- and multi-
spike—slow wave complexes were considered to be af-
fected. Significant P values of .00000-.02 for several
markers on 8q were obtained. Two-point linkage anal-
ysis, assuming autosomal dominant inheritance with
50% penetrance, yielded a maximum LOD score (Z_,,)
of 3.6 for D8S502. No other locus in the genome
achieved a significant Z__ . For five smaller multiplex
families, summed Z__,_was 2.4 for D8S537 and 1.7 for
D8S1761. Haplotypes composed of the same 8q24 mi-
crosatellites segregated with affected members of the
large family from India and with all five smaller families.
Recombinations positioned the CAE gene in a 3.2-cM
interval.
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Introduction

Idiopathic generalized epilepsies are common neurolog-
ical disorders, accounting for ~39%-59% of the 3 mil-
lion to 4 million Americans suffering from epilepsy
(Hauser and Hesdorffer 1990). Juvenile myoclonic ep-
ilepsy, childhood absence epilepsy (CAE), and epilepsy
with tonic-clonic seizures on awakening are estimated
to account for most of the genetically determined idio-
pathic generalized epilepsies. CAEs with 3-Hz spike and
wave complexes on electroencephalograms (EEGs) are
conservatively estimated to account for at least 2.3%—
37.7% of all epilepsies (Lennox 1945; Livingston et al.
1965) and 8%-15% of all childhood epilepsies in
school-aged children (Cavazzuti 1980). There are at least
three subsyndromes of CAE. The first subsyndrome,
which accounts for ~40%-60% of CAE patients, is
characterized by absence seizures as the sole phenotype
and remits spontaneously during adolescence. The sec-
ond subsyndrome, which accounts for another 40% of
CAE patients, persists into adolescence and adulthood,
during which patients develop tonic-clonic seizures. The
third subsyndrome accounts for a smaller percentage
(possibly 10%-12%) of CAE patients and is character-
ized by the development of tonic-clonic and myoclonic
seizures during adolescence, after the onset of absences
in childhood.

Pure tonic-clonic epilepsies, including those with sei-
zures on awakening, are reported to account for another
22%-37% of all epilepsies, but, because tonic-clonic
seizures, as the sole clinical manifestation of epilepsy, are
rare and are preceded by absences in as much as 45%
of polygraphically or closed circuit television videotape-
EEG recorded attacks, absence epilepsy is more common
than reported (Beyer and Jovanovic 1966; Janz 1969;
Wolf 1992). Therefore, absence epilepsies, including the
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Fong et al.: Childhood Absence Epilepsy Mapped to 8q24

three subsyndromes of CAE mentioned above, may ac-
count for as much as 5%-15% of all epilepsies.

A major, if not exclusive, role for genetics in the eti-
ology of CAE was established by twin studies. Lennox
and Lennox (1960) confined analyses to EEG spike and
wave traits, for 30 pairs of twins. Concordance was 74 %
in MZ twins and 27% in DZ twins. If twin pairs were
examined at the peak age of phenotypic expression
(6-18 years), the concordance rate for absence and
tonic-clonic epilepsies was 100% for MZ twins.

Metrakos and Metrakos (1961) showed that the EEG
trait of a 3-Hz spike and slow-wave complex is inherited
as an autosomal dominant gene with maximum pene-
trance at 10 years of age (range 4.5-16.5 years). The
EEG trait disappears rapidly in older age groups and is
very seldom present by 40 years of age. Metrakos and
Metrakos (1961) also observed that siblings and off-
spring had a 50% risk of inheriting the EEG trait, a
35% risk of expression of the EEG trait in their lifetime,
a 12% risk for generalized tonic-clonic seizures, and an
8% risk for absences. Despite these seminal studies on
the clinical genetics of CAE and its typical EEG trait,
the chromosome locus for this syndrome has remained
unknown.

In this article, we report a large five-generation family
from Bombay, India, with a proband and 10 other family
members who suffer from clinical CAE and/or the EEG
3-4-Hz spike and multispike-slow wave complexes.
Model-free and model-based linkage analyses identified
the CAE locus to be on chromosome 8q24. Haplotypes
and two recombinations identified a 3.2-cM interval in
8q24. We extended linkage analyses to five smaller mul-
tiplex families with the same epilepsy syndrome, and we
obtained positive LOD scores, haplotypes that segre-
gated with affecteds, and three recombinations that iden-
tified the same 8q24 locus.

Subjects and Methods

Patient and Family Database

One large family from Bombay, India, and five smaller
multiplex families were enrolled in this study. Each par-
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ticipating subject or, in the case of minors, the respon-
sible adult signed an informed-consent form, as ap-
proved by the Human Subject Protection Committee at
the School of Medicine, University of California—Los
Angeles (UCLA), or at the participating institution.

A Large Family from Bombay, India

Ascertainment. — We ascertained the large family from
Bombay, India (fig. 1), through a 14-year-old proband
who fulfilled the inclusion criteria for CAE that are based
on the guidelines of the Commission on Classification
of the International League against Epilepsy (1989;
Loiseau 1992) (see Appendix). The criteria include the
following: (1) absences having started sometime during
the 3d-12th year of life; (2) 1-20 absences/d and at least
1 absence/d; (3) clinical absence seizures observed during
3-4-Hz spike and multispike-slow wave complexes, af-
ter 3 min of hyperventilation, and EEG spike waves that
were not photosensitive; (4) Tonic-clonic or clonic-tonic-
clonic convulsions in adolescence; and (5) normal phys-
ical examination and computerized tomography of the
brain.

Clinical and EEG validation of family members. —We
performed EEGs and confirmed the electroclinical state
of 78 family members (fig. 1). Individuals with a history
of seizures were clinically examined by at least one in-
vestigator from UCLA and two investigators from K. E.
M. Hospital, Bombay. All EEG tracings were read and
interpreted by at least two electroencephalographers. Af-
ter all the clinical and EEG data were gathered and be-
fore any genotyping was performed, clinical and EEG
affected or unaffected status was assigned to the family
members.

Phenotypes

Absences, tonic-clonic seizures, and EEG 3-4-Hz
spike and multispike—slow wave complexes. —Of the 78
family members examined, 17 had either seizures or par-
oxysmal epileptiform discharges in their EEGs (fig. 1).
Eleven individuals (24, 64, 66, 72, 112, 113, 114, 115,
117, 172B, and 81) either complained of absences or

Figure 1

Pedigree of family from India, showing segregation of microsatellite markers on chromosome 8q. APM and two-point linkage

analyses involved 78 family members, from five generations, who were genotyped; 10 of these members are not represented in this figure,
because they were unaffected and uninformative. Squares and circles indicate males and females, respectively. Unblackened symbols indicate
unaffected individuals. Blackened symbols indicate individuals affected with absence (24, 66, 81, 115, and 172B), absence plus tonic-clonic
seizures (3, 6, 9, 34, 58, 64, 112, 113, and 114), or absence in remission (117). Stippled symbols indicate individuals affected with partial
seizures (45 and 69) or Rolandic epilepsy (126). The unblackened symbol with a dot in the middle indicates an individual with febrile convulsions
(85). Electroencephalography showed three EEG patterns, namely, 3—4-Hz diffuse spike and multispike-slow wave complexes (24, 64, 66, 72,
81, 112, 113, 114, 115, 117, and 172B); an occipital delta (66); and bifrontal spike waves and short segments of diffuse spike waves (45). Age
at onset of absences was 3.5-10 years, except for 72, whose frequent attacks of absences had started at 14 years of age. Onset of absences in
3 was during childhood, but age could not be specified. Ages at onset for 45 and 69 were 19 and 17 years, respectively. For 126, age at onset
of seizures was 3 years. Note the recombinations in 172B and 81. The centromeric border is defined by crossovers in 172B and 81, between
D8S1710 and D8S272, whereas the telomeric border is shown by crossovers between D8S523 and D8S502.
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had 3-4-Hz spike and multispike-slow wave complexes
during actual attacks; all these 11 individuals also had
interictal 3—-5-Hz spike and multispike—slow wave com-
plexes, as well as 3-5-Hz sharp and slow wave com-
plexes. Five of these patients had developed tonic-clonic
seizures during late childhood or during adolescence.
Six family members (117, 24, 115, 66, 81, and 172B)
had active or clinically undiagnosed absences as the sole
phenotype. Only one person complained of frequent
daily absences; five family members had their absences
determined by their EEGs (fig. 2). Family members 115
(12 years old), 172B (5 years old), 24 (32 years old), 66
(8 years old), and 81 (8 years old) had spontaneous
regular and irregular 3-4-Hz spike and multispike—slow
wave complexes that lasted 1.5-3 s. These EEG patterns
are almost always (98%) associated with clinical ab-
sences (Dalby 1969; Blume 1982). Family member 24,
who is the mother of family member 81, had 3-4-Hz
spike and multispike-slow wave complexes that were
activated by photic stimulation. Photic stimulation can
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precipitate spike and wave bursts in 13% of absence
patients (Dalby 1969). Even though these individuals
were not complaining of clinical absences, we considered
them to be definitely affected with the EEG trait of ab-
sence and with undiagnosed clinical absences.

Family members with partial seizures and secondary
tonic-clonic convulsions.—Family members 45 and 69
had their first seizures at 19 and 17 years of age, re-
spectively. Both complained of auras or warnings of
“electric sensation in the head” and “flashlike sensation
in the mind,” preceding generalized tonic-clonic seizures
with adverse head- and eye-turning to one side. The
EEGs of family member 45 showed long bursts of 4-5-
Hz generalized spikes, sharp and slow wave formations,
and bifrontal spike waves. The EEGs of family member
69 were normal on two occasions.

Family member 126 had Rolandic seizures. Beginning
at 3 years of age, she experienced clonic jerks of the
right limbs and the facial muscles on one side, accom-
panied by head- and eye-turning to one side. Most sei-
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Figure 2

India, who were suspected to have undiagnosed clinical absences.

Examples of EEG 3-4-Hz spike and multispike-slow wave complexes in members (115, 24, and 81) of the family from Bombay,
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Figure 3 Multiplex CAE family from Spain (M8), showing segregation of chromosome 8q24 microsatellites and three affected brothers

and an affected aunt. Note the crossover event between D85529 and D8S256. Symbols are defined as in fig. 1.

zures occurred at night. EEGs showed paroxysmal spikes
and sharp waves over the left centrotemporal areas.
Magnetic-resonance imaging and computerized-tomog-
raphy brain scans were normal.

Family members with infantile febrile convul-
sions.—Three other family members (85, 146, and 150),
who had had febrile convulsions in infancy, were con-
sidered to be unaffected, for linkage analyses.

Deceased family members who had had epileptic sei-
zures.—Family member 3 had suffered from lifelong
generalized tonic-clonic convulsions, with absences
known to have started during childhood. He had
drowned in a river during a convulsive seizure, at 35
years of age. Family member 9 also had drowned in a
river, at 16 years of age. He had suffered from gener-
alized tonic-clonic convulsions that had started at 5 years
of age. Family member 58 had died at 12 years of age,

because of convulsive-status epilepticus. Her seizures
had started in early childhood.

Five Smaller Multiplex Families

Ascertainment. —Five smaller multiplex families (fam-
ily 112 from Argentina, family 130 from California,
families M8 and M2 from Spain, and family S302 from
Saudi Arabia; figs. 3—-5) were ascertained through a pro-
band with frequent daily childhood absences and with
tonic-clonic seizures persisting into adolescence and
adulthood and associated with EEG diffuse 3-4-Hz
spike and multispike-slow wave complexes (see Ap-
pendix).

Clinical and EEG validation of family mem-
bers.—Family 112 had three affected female members,
all of whom had absences and EEG 3-4-Hz spike and
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Flgure 4 Multiplex CAE family from Saudi Arabia, showing segregation of chromosome 8q24 microsatellite markers and affected members.

Note that a recombination is probably present between D851710 and D8S272 centromeric and between D8S523 and D8S502 telomeric, as
indicated by the arrowheads with family member 6. Symbols are defined as in fig. 1.

multispike-slow wave complexes. The proband had fre-
quent daily absences that had started at 8 years of age
and tonic-clonic convulsions that had started at 9 years
of age. Two offspring, who are 9 and 16 years of age,
started having frequent daily absences at 7 years of age.
Another offspring, who is 13 years of age, is unaffected.

Family 130 had two affected brothers, both of whom
had absences with 3-4-Hz spike and multispike-slow
wave complexes in their EEGs.

Family M8 had three male siblings and a maternal
aunt with absences that had started at 3.5-4 years of
age and EEG 3-5-Hz spike and multispike-slow wave
complexes. The proband is 19 years of age, and his ab-
sences have persisted. He has had four episodes of tonic-
clonic convulsions. His 12-year-old and 16-year-old
brothers both have had rare tonic-clonic seizures and
persisting absences.

Family M2 had two half sisters with frequent daily
absences that had started at 5 years of age and tonic-
clonic seizures that had started at 8 years of age. These
two half sisters share a common mother. One half sister
is a member of a pair of DZ twins.

Family S302 had a 25-year-old male proband who
started having absences (12 attacks/d) at 10 years of age.

Occasional tonic-clonic seizures started at 11 years of
age, and he had one bout of absence status. Two nieces,
15 and 18 years of age, also suffered from tonic-clonic
convulsions. The 18-year-old niece also had absences.
One 15-year-old nephew started having absences with
myoclonic jerks during attacks, at 11 years of age. A
19-year-old nephew had suffered from one episode of
febrile seizures, at 4 years of age, and was considered
to be unaffected, for linkage analyses. An 8-year-old,
male, first-degree cousin had absences with myoclonic
jerks during convulsions.

DNA Analyses and Genotyping

Genomic DNA was extracted from peripheral blood,
by means of phenol/chloroform, followed by isopro-
panol precipitation (Sambrook et al. 1989) or by use of
the QUIAamp blood kit (Qiagen). Genotyping was per-
formed on the six families with persisting CAE, by use
of the method described by Weber and May (1989). No
other families with remitting CAE were genotyped. We
chose highly polymorphic short tandem repeats or mi-
crosatellites, from Research Genetics, with heterozygos-
ity of >.7. Allelic scoring was performed by at least two
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Figure 5 Three small multiplex CAE families, from Argentina (LA112), Los Angeles (LA130), and Madrid, Spain (M2), showing segregation

of chromosome 8q24 microsatellites and affected members. Note the recombinations in members 3 and 7 of family M2. The centromeric border
is defined by a crossover between D851710 and D8S537 in family member 3 and a crossover between D8S537 and D85256 in family member
7. The telomeric border is shown by the crossover between D8S502 and D8S523 in family member 7. Abbreviations and their meanings are

similar to those used in fig. 1.

of the authors (C.Y.FE. and Y.H.), who did not know the
clinical status of the family members at the time of the
scoring.

Loci Studied

Because of previous reports of genetic linkage between
(1) classic juvenile myoclonic epilepsy and chromosome
6p (Liu et al. 1995; Serratosa et al. 1996), (2) juvenile
myoclonic epilepsy mixed with absences and chromo-
some 1p (Westling et al. 1996), and (3) idiopathic gen-
eralized epilepsies and chromosome 8q (Zara et al.
1995), genomic screening of the family from Bombay
was started with microsatellites from chromosomes 6p,
84, and 1p, by use of the model-free affected—pedigree
member (APM) method and the model-based LOD-score

method. Initially, we screened the whole human genome,
using 169 microsatellites and, eventually, 300 microsat-
ellites (Weber versions 5 and 6) (Dib et al. 1996).

Data for primer sequences, allele sizes, and frequencies
of each marker were obtained from the Genome Data-
base. Members of a CEPH reference family were used
during the scoring of genotypes. New allele numbers
were created on the basis of the new marker sizes dis-
covered during the genotyping process.

Linkage Analyses

Under the assumption of autosomal dominant inher-
itance with 50% penetrance and a linked codominant
marker with eight alleles, SLINK (version 2.60) consid-
ered individuals with CAE and/or 3-4-Hz spike and mul-
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tispike—slow waves complexes to be affected and pre-
dicted an average LOD score (ELOD) of 4.3 at a
recombination fraction () of .00, after 2,000 replicates,
with an SD of 1.333573 (Ott 1989; Weeks et al. 1990).

For the actual linkage analyses, we tested two diag-
nostic models. For the narrow diagnostic model, the phe-
notypes of affected members included absence epilepsy,
3-4-Hz spike and multispike-slow wave complexes,
and/or tonic-clonic seizures. The broad diagnostic model
included affected members with absences, tonic-clonic
convulsions, partial seizures, secondary generalized
tonic-clonic convulsions, and Rolandic seizures. Patients
whose only phenotype consisted of febrile convulsions
in infancy or early childhood were classified as un-
affected.

The APM method (Weeks and Lange 1988) was used
to screen for microsatellites that showed potential link-
age during the initial screens of chromosomes 1p, 6p,
and 8q, as well as during the subsequent genomewide
screen. Parametric, or model-dependent, two-point link-
age analyses then were performed by use of the computer
program MLINK in the LINKAGE software package,
version 5.1 (Ott 1974). The marker allele frequencies
were obtained from CEPH and from the “married-in”
family members. The frequency of the disease allele was
estimated to be .001. Phenocopy and gene-mutation
rates were set as 0. An autosomal dominant mode of
transmission was used for the model-dependent linkage
analyses. An age-at-onset penetrance curve derived from
114 CAE patients was used to assign each family mem-
ber to a liability class. In these four liability classes, we
assumed (1) a penetrance of 5% at 0-3 years of age; (2)
a penetrance of 80% at 3-14 years of age; (3) a pene-
trance of 40% at 14-30 years of age; and (4) a pene-
trance of 10% at >31 years of age. LOD scores were
calculated at a sex 6, male equal to female (,,_g), over
a grid of 6 values of .00, .05, .10, .15, .20, .25, .30, .35,
and .40.

Haplotype Analysis

We constructed haplotypes by using the computer pro-
gram Cyrillic (Cherwell Scientific), version 2.0. Sixteen
markers located on chromosome 8q were used (figs. 1
and 6). We followed the 1996 Généthon genetic map
and consulted the map positions and order of micro-
satellites on the YAC contig map from Généthon (Chu-
makov et al. 1995) and the radiation-hybrid maps of
the Whitehead Institute for Biomedical Research/MIT
Center for Genome Research and of the Stanford Human
Genome Center.
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Figure 6 Chromosome 8q24 backbone. Polymorphic markers
used for linkage analyses and haplotype construction are represented.
The CAE gene has been mapped between D8S1710 and D8S502.

Results

Model-Free Linkage Analyses of the Family from
Bombay, India

The large family from Bombay, India, was used as the
pilot family, to search for a chromosomal locus for CAE
and its EEG trait. Eleven affected members had absence
and/or 3-4-Hz spike and multispike-slow wave com-
plexes in their EEGs. During the initial screening with
chromosomes 6p, 8q, and 1p markers, the APM method
utilized the narrow diagnostic model. The APM method
showed significant P values [/(P) = 1/v/P] of .00000-.02
for nine markers on chromosome 8q24, suggesting link-
age of the affected members to markers D8S256,
D8S537, D85534, and D8S1753 (P = .00000), D8S274
(P = .00014), D8S1783 (P =.00012), D8S502 (P =
.00199), D8S272 (P = .00624), and D8S1761 (P =
.02875). In our analyses, we first utilized the allele fre-
quencies reported for each marker in the Genome Da-
tabase. Our second set of analyses utilized the allele fre-
quencies of the married-in members of the large family
from India, and the robustness of the results did not
diminish.
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Model-Based Linkage Analyses of the Family from
Bombay, India

Segregation of the absence phenotype followed an au-
tosomal dominant mode with incomplete penetrance.
Prior to simulation and actual linkage analyses, we cal-
culated the number of family members with absence ep-
ilepsy and/or EEG spike waves, across four sibships in
which the epilepsy trait appeared to be present. From
matings of family members 36 and 37, 38 and 39, 20
and 21, and 18 and 19, we estimated the penetrance to
be 50% (fig. 1). After linkage to chromosome 8q24
markers was confirmed, we reevaluated the penetrance
of the gene, using haplotype analyses. Eleven of 21 fam-
ily members showing the haplotype segregating with the
disease were clinically affected with absences, indicating
a penetrance of almost 50%.

After significant results were obtained by use of the
APM method, we used more markers in the chromo-
some 8q region (D8S557, D8SS5S58, D8S529, D8S1710,
D8S537, D8S554, D8S1753, D8S1783, D8S1761,
D8S523, and D8S1837). For the two-point linkage anal-
ysis, we assumed an autosomal dominant mode of in-
heritance, assigned family members to liability classes,
and used the narrow diagnostic model. The resulting
LOD scores, across different 6 values, are shown in table
1. A maximum LOD score (Z,.) of 3.58, with
0 = -00, was found for D8S502. D8S272, which is
located ~0.5 ¢M away from D8S502, also gave a positive
but not significant LOD score of 1.135, with 6, =
.00. When we used the broader diagnostic model, which
classified individuals with partial seizures (126, 45, and
69) as affected, to perform the two-point linkage anal-
ysis, the LOD score of marker D8S502 dropped from
3.6 to 1.1, with 6,,_;, = .00. No informative recombi-
nation events were present in family members affected
with partial seizures.

On the first pass, the human-genome screen revealed
five chromosomal regions with positive LOD scores of
0.8-1.2 (D15207, D6S282, D10S1426, D1151986, and
D155144). Multiple microsatellites then were used to

Table 1
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“flood” the areas surrounding these microsatellites on
chromosomes 1p, 6p, 10p, 11q, and 15p. None of the
microsatellites reached significant LOD scores. The high-
est LOD score was 1.8, at = .00, for D15436 located
at the telomeric end of chromosome 1p. We constructed
haplotypes composed of 15 markers, from D1S507 to
D1S233, but the alleles did not segregate with affected
members.

Haplotype Analysis and Recombination Mapping of
Chromosome 8q of the Family from Bombay, India

We presumed that family members 7, 36, 112, 110,
and 32 exhibited the ancestral haplotype on 8q24, span-
ning D8S557-D8S1837. A smaller segment of this an-
cestral haplotype, comprising identical alleles spanned
by markers D85S272 and D85274, was present in all
individuals with CAE and/or 3-4-Hz spike and multi-
spike-slow wave complexes (fig. 1). This segment also
was present in some asymptomatic carriers. Family
members 114, 72, 172B, 66, 24, and 81 showed hap-
lotypes with a centromeric border of D8S1710 flanked
by D8S537. Two recombinations in family members
172B and 81 confirmed a centromeric border of
D8S1710 flanked by D8S537. However, family members
117 and 115 reduced the size of the CAE region further
by identification of D8S272 as a centromeric end flanked
by D8S1710. Six affected members (72, 64, 172B, 66,
24, and 81) identified a telomeric border of D8S502
flanked by D8S523. These haplotypes positioned the
CAE gene in a 3.2-cM interval flanked by D851710 cen-
tromeric and D8S523 telomeric (see fig. 6 for the chro-
mosome 8924 microsatellite map).

Several individuals (36, 38, and 32, who are offspring
of individuals 8 and 7) in the N branch of the family
have extended regions of homozygous markers, from
D85272/D8S554 to D8S1761/D8S1837 (fig. 1). All these
members were classified as unaffected, because their clin-
ical and EEG examinations did not disclose epilepsy.
Note that family member 114 had inherited her epilepsy
haplotype from the chromosome of family member 38

LOD Scores and ¢ Values for the Family from Bombay, India

LOD SCORE AT 6 =

MICROSATELLITE

MARKER .00 .05 .10 NN .20 25 .30 35 .40
D8S272 1.196  1.006 853 726 .613 .500 381 255 132
D8SS554 .645 588 524 454 305 230 158 .095 400
D8S534 328 277 227 .180 136 .096 .063 .036 .017
D8S1783 .047 127 .160 162 .143 113 .078 .044 .018
D8S274 .095 .083 .079 .076 .072 .063 .052 .039 .025
D8S502 3.588 3.251 2901  2.539 2167 1.783  1.388 987 593
D8S523 —.145 1.745  1.882  1.834 1.687 1470 1.198 .883 542
D8S1753 —2.569 —.849 —-545 -377 —.265 —.183 —-.119 —-.069 -—-.032
D8S1761 126 107 .100 .094 .086 .074 .058 .041 .024
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that had originated from the grandmother (family mem-
ber 8). All other affected offspring (117, 115, and 113)
of family member 38 had inherited their epilepsy hap-
lotypes from the other chromosome of family member
38, which was passed on by their grandfather (family
member 7). However, this epilepsy haplotype from fam-
ily member 7 had originated from one chromosome from
the great-grandmother (family member 2).

In the G branch of the family, the fourth-generation
members with CAE (64, 172B, 66, 24, and 81) had
inherited their epilepsy haplotypes from family members
18 and 24. This epilepsy haplotype had been passed on,
in turn, by family member 5, who is of the second gen-
eration, and originally had been contained in one chro-
mosome of their great-grandfather (family member 3).
Only after haplotypes were constructed did we realize
that family members 85 (affected with febrile convul-
sions and multispike-slow wave complexes), 45 (af-
fected with partial seizures and secondary tonic-clonic
convulsions with bifrontal spike waves), and 126 (af-
fected with Rolandic seizures) also carried the epilepsy
haplotype that had been transmitted to them originally
by their great-grandmother (family member 2). Since the
great-grandmother carried the same 8q24 epilepsy hap-
lotype and had passed this epilepsy haplotype to family
members 85, 45, and 126, the syndromes of febrile con-
vulsions, tonic-clonic seizures with auras, and Rolandic
seizures could be part of the phenotypes resulting from
the 8924 epilepsy gene. If this is true, family members
85 and 45 position the CAE gene in a 0.5-cM area
flanked by D8S272 and D8S502.

Extension to Five Smaller Multiplex Families

In the five smaller multiplex families, there were 15
affected members (including the probands) (figs. 3-5).
Thirteen had frequent daily absences that had started
during childhood, 1 nonproband member had frequent
daily absences that had started during adolescence, and
1 nonproband individual had tonic-clonic convulsions
only. Of the 13 members with childhood absences, 5
also had tonic-clonic seizures. As had been done for the
large family from Bombay, ascertainment was through
a proband with persisting CAE; clinical and EEG states
of affectedness were assigned to family members prior
to genotyping. We then analyzed the data by first using
the APM method, and we obtained significant results,
using the f(P) = 1/\/P statistic, with 10 microsatel-
lites—namely, D8S557 (P = .00004), D85558, D8S529,
D8S256, D8S537, D8S534, D8S1761, and D8S523
(P = .00000), D8S502 (P =.08822), and D8S272
(P = .00881).

We also obtained positive pooled LOD scores or Z,,,,
scores during model-dependent linkage analyses, for
DS537 (2.4 at 6 = .00) and D8S1761 (1.7 at 6 = .00).
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More importantly, haplotypes comprising the same 8q24
microsatellites segregated with affected members in each
of these five families, which were from various countries
on different continents (figs. 3-5). In addition, recom-
binations in the two small multiplex families from Spain
and Saudi Arabia were informative for a locus in the
same 8q24 area that was critical for the large family
from India. Families 130 from Los Angeles and LA112
from Argentina (fig. 5) and M8 from Spain (fig. 3) did
not have any informative recombinations in affected
members.

Haplotypes in family members 9, 3, 7, and 8 of family
$302 from Saudi Arabia (fig. 4) defined an interval oc-
cupied by D8S557 centromeric and D85502-D8S1837
telomeric. The telomeric border was cut to D85274
flanked by D8S502, by family members 3 and 7. Family
member 6 cut the centromeric border to D85272 flanked
by D8S1710. This positions the CAE gene in the same
3.2-cM region flanked by D8S1710 and D8S502, found
in the large family from India.

Recombinations in family members 3 and 7 of family
M2 from Spain may be informative. Crossovers between
D8S537 and D8S1710, at the telomeric end, are present
in family member 3, suggesting that the CAE gene is in
a small area, of <1 cM, between D85537 and D8S1710
(fig. 5). D851710 is still within the D851710-D8S502
vicinity identified for CAE by the large family from In-
dia. However, if the important marker is D85537, then
family M2 from Spain did not show linkage to the same
region to which the family from India showed linkage.
In family member 7, crossovers between D85256 and
D8S537 (centromeric) and between D8S502 and
D8S523 (telomeric) are present (fig. 5). These crossovers
in family member 7 suggest a 5.4-cM critical region be-
tween D8S256 and D8S523. The D8S1710-D8S502
area identified for CAE by the large family from India
is within the region spanned by D8S256 and D8S523.
Thus, after correlating the crossovers in family members
3 (which included D851710) and 7 (which defined an
area spanned by D85S256 and D8S523 and which in-
cluded D851710-D8S502), we favor the suggestion that
this family showed linkage to the same area to which
the family from India showed linkage.

Discussion

Previous studies of the genetics of idiopathic gener-
alized epilepsies have shown that different epilepsy syn-
dromes commonly occur in members of the same family
(Delgado-Escueta et al. 1990; Durner et al. 1991; White-
house et al. 1993). This causes problems when consid-
ering who should be labeled as affected, for linkage anal-
ysis. In the large pedigree from Bombay, India, we were
able to use a narrow diagnostic model for linkage anal-
yses, because there were enough persons affected with
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the same persisting CAE phenotype. There was only one
family member whose frequent daily absences could be
traced back to only 14 years of age. He does not have
juvenile absences, because absences are rare in such syn-
dromes and usually are preceded by tonic-clonic seizures
(Commission on Classification of the International
League against Epilepsy 1989). In this family member
(72), frequent daily absences preceded the appearance
of tonic-clonic seizures at 19 years of age. For these
reasons and because he had the EEG hallmark of CAE,
we considered him to be affected. The narrow diagnostic
model considered as affected only persons with CAE and
its characteristic EEG trait of 3—4-Hz spike and multi-
spike-slow wave complexes. In so doing, we had hoped
to study a homogenous epilepsy phenotype that was ver-
tically transmitted and Mendelian in inheritance. In the
more moderate-sized families, we encountered one mem-
ber with tonic-clonic seizures as the sole phenotype and
two members with childhood absences with myoclonic
jerks during attacks. Because mild myoclonic jerks can
occur during absence attacks in CAE (Loiseau 1992) and
because they all had the EEG trait of 3—4-Hz spike and
multispike—slow wave complexes, we considered these
members to be affected.

The EEG not only complemented the clinical diagnosis
of CAE in actively symptomatic members but also re-
vealed the presence of undiagnosed absences and 3-4-
Hz spike and multispike-slow wave complexes in four
asymptomatic children and in one asymptomatic adult,
in the large family from India. Without EEGs, these five
persons would have been considered to be unaffected,
for linkage analyses. With misdiagnosis and misclassi-
fication of epilepsy-affected persons as unaffected, real
linkage may be overlooked and significantly more data
would be needed in order to obtain the same power to
detect linkage (Ott 1991).

Analysis, by SLINK, of the family from India pro-
duced an ELOD of 4.3; the observed LOD score of 3.58
for D8S502 (at # = .00) is within 1 SD of the ELOD.
The Z,,,. was 3.58 for D8S502 (at # = .00), under the
model of autosomal dominant inheritance with 50%
penetrance and four age-dependent liability classes. Two
other markers provided LOD scores of 1.2 (for D8S272
at 0 = .00) and 1.9 (for D8S523 at 6§ = .00). In classic
model-based linkage, a LOD score >3 usually is required
in order to provide a prima facie case for linkage and
for the presence of a major-gene locus (Morton 1955).
According to Morton (1998), “with rare exceptions,
linkage at a correctly computed LOD >3, is true” (p.
692). Morton also argues that multiple markers and can-
didates have not invalidated the canonical LOD-3 cri-
terion for major loci. If we wish to account for both
multiple-marker tests, as suggested by Lander and
Kruglyak (1995), and for corrections for multiple mod-
els tested, as suggested by Risch (1991), the final thresh-
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old for significant linkage would be 3.5. With a LOD
score of 3.58, D8S502 still would provide significant
evidence for linkage.

For five smaller multiplex families—each ascertained
through a proband with the same persisting CAE syn-
drome and recruited as independent samples, from
Spain, Saudi Arabia, Argentina, and Los Angeles—we
obtained positive LOD scores (Z,,,, of 2.07 for D85537)
and segregating chromosome 8q24 haplotypes. These
results suggest that the epilepsy in these families is ge-
netically the same as the persisting CAE of the family
from India, which showed linkage to chromosome 8q24.
Chromosome 8q24 haplotypes segregated with affected
members, and meiotic recombinations in two of these
smaller families defined the same critical CAE region
previously observed in the large family from India,
namely, the 3.2-cM CAE interval flanked by D851710
and D8S502.

Zara et al. (1995) studied five families with CAE, two
families with juvenile myoclonic epilepsy, one family
with tonic-clonic epilepsy, and two families with febrile
seizures. In four of these families, different idiopathic
generalized epilepsy syndromes occurred in members of
the same family. Despite these mixtures of disparate ep-
ilepsy syndromes, highly significant results were ob-
tained with marker D8S256, by use of the extended-sib
pair and APM methods. However, analyses by a model-
dependent method did not obtain significant LOD
scores. The highest LOD score (1.96 at 6,,,_; = .05) was
obtained by use of an autosomal recessive model with
90% penetrance. Nonetheless, these authors contended
that a susceptibility gene for idiopathic generalized ep-
ilepsies was very likely to be on chromosome 8q. In
1996, Kruglyak et al. (1996) reanalyzed the data of Zara
et al. (19935), using the NPL-statistic sib pairs, and dis-
puted their conclusions. When NPL of GENEHUNTER
was applied, the same data from Italy yielded a score of
2.26 at D8S256 (P = .02). Complete multipoint anal-
yses involving D85284, D85256, and D85534 yielded a
lower score, 1.79 (P = .63). Thus, this nonparametric
method, which detects allele sharing among affected in-
dividuals that are identical by descent, detected no ev-
idence for linkage to chromosome 8q.

Our study could be interpreted as confirmation of the
report by Zara et al. (1995). However, our CAE locus
on 8924 is 2.2-4.9 cM telomeric from the D8256 region
reported by Zara et al. (1995). Our CAE locus is also
2.2-4.9 cM telomeric to the area for the second genotype
of benign familial neonatal convulsions. In this latter
epilepsy syndrome, a missense mutation in a voltage-
gated K-channel gene (KCNQ3) belonging to the KQT-
like subfamily has been found recently. This KCNQ3
gene, however, is outside the critical CAE region. Other,
yet to be cloned potassium channels (Chandy and Gut-
man 1993) could be located in this same CAE 8q24 area
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and would be potential candidates for the CAE gene.
Other possible candidates for the CAE gene, on 8q24,
are (1) the ionotropic NMDA-associated glutamate re-
ceptor 1 (Lewis et al. 1996) and (2) the human jerky
gene. These latter two genes are located within the crit-
ical CAE region, and each has been reported to have a
role in experimental epilepsies (Peet et al. 1987; Toth et
al. 1995).

In conclusion, we report the first large family that both
expresses the phenotype of persisting CAE and inde-
pendently proves linkage to chromosome 8q24. Exten-
sion of our linkage-mapping and haplotype studies to
five smaller multiplex families with the same persisting
CAE subsyndrome supported linkage to the same 8q24
region. Quick independent replication by use of more
new families with persisting CAE and extension to fam-
ilies with remitting CAE are highly desirable at this time.
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Appendix

Inclusion Criteria for Probands with CAE

The following criteria are based on those from the
Commission on Classification of the International
League against Epilepsy (1989) and from the report by
Loiseau (1992).

1. Absence seizures appear as the initial type of at-
tacks, at 3-12 years of age.

2. Absences appear very frequently throughout the
day and are spontaneous or precipitated by environ-
mental factors.
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3. The EEG during absences shows bilateral synchro-
nous and symmetrical spike-wave discharges; in most
patients, spike waves are regular at 3 Hz but may be
less regular as 3-5-Hz multispike waves.

4. EEG background activity is normal.

5. Absence seizures may remit spontaneously, but
40% of patients develop generalized tonic-clonic sei-
zures during adolescence or later in life; very few patients
have only absence seizures as an adult.

6. General physical and neurological examinations are
normal.

Electronic-Database Information

URLs for data in this article are as follows:

Genome Database, http://www.gdb.org/ (for primer sequences,
allele sizes, and marker frequencies used in the linkage
analyses)

Stanford Human Genome Center, http://shgc-www.stanford
.edu/ (for radiation-hybrid maps)

Whitehead Institute for Biomedical Research/MIT Center for
Genome Research, http://www-genome.wi.mit.edu/ (for ra-
diation-hybrid maps)

References

Beyer L, Jovanovic UL (1966) Elektroencephalographische und
klinische Korrleate bei Aufwachepileptikern mit besonderer
Berticksichtigung der therapeutschen Probleme. Nervenartzt
37:333-336

Blume WT (ed) (1982) Atlas of pediatric electroencephalog-
raphy. Raven, New York

Cavazzuti GB (1980) Epidemiology of different types of epi-
lepsy in school-age children of Moedna, Italy. Epilepsia 21:
57-62

Chandy KG, Gutman GA (1993) Nomenclature for mam-
malian potassium channel genes. Trends Pharmacol Sci 14:
434

Chumakov IM, Rigault P, Le Gall I, Bellanne-Chantelot C,
Billault A, Guillou S, Soularue P, et al (1995) A YAC contig
map of the human genome. Nature Suppl 377:175-297

Commission on Classification of the International League
against Epilepsy (1989) An international classification of
epilepsies, epileptic syndromes, and related seizure disorders.
Epilepsia 30:389-399

Dalby MA (1969) Epilepsy and 3 per second spike and wave
rhythms: a clinical, electroencephalographic and prognostic
analysis of 346 patients. Acta Neurol Scand Suppl 40:3

Delgado-Escueta AV, Greenberg D, Weissbecker K, Liu A, Trei-
man L, Sparkes R, Park MS, et al (1990) Gene mapping in
the idiopathic generalized epilepsies: juvenile myoclonic ep-
ilepsy, childhood absence epilepsy, epilepsy with grand mal
seizures on awakening, and early childhood myoclonic ep-
ilepsy. Epilepsia 31 Suppl 3:19-29

Dib C, Fauré S, Fizames C, Samson D, Drouot N, Vignal A,
Millasseau P, et al (1996) A comprehensive genetic map of



Fong et al.: Childhood Absence Epilepsy Mapped to 8q24

the human genome based on 5,264 microsatellites. Nature
380:152-154

Durner M, Sander T, Greenberg DA, Johnson K, Beck-Man-
nagetta G, Janz D (1991) Localization of idiopathic gen-
eralized epilepsy on chromosome 6p in families of juvenile
myoclonic epilepsy patients. Neurology 41:1651-1655

Hauser WA, Hesdorffer DC (eds) (1990) Incidence and prev-
alence. In: Epilepsy: frequency, causes and consequences.
Demo, New York, pp 1-51

Janz D (1969) Die Epilpesien. Georg Thieme, Stuttgart

Kruglyak L, Daly M]J, Reeve-Daly MP, Lander ES (1996) Par-
ametric and nonparametric linkage analysis: a unified mul-
tipoint approach. Am ] Hum Genet 58:1347-1363

Lander E, Kruglyak L (1995) Genetic dissection of complex
traits: guidelines for interpreting and reporting linkage re-
sults. Nat Genet 11:241-247

Lennox WG (1945) The petit mal epilepsies. JAMA 129:
1069-1073

Lennox WG, Lennox MA (eds) (1960) Epilepsy and related
disorders. Little Brown, Boston, pp 66-173

Lewis TB, Wood S, Michaelis EK, DuPont BR, Leach R] (1996)
Localization of a gene for a glutamate binding subunit of a
NMDA receptor (GRINA) to 8q24. Genomics 32:131-133

Liu AW, Delgado-Escueta AV, Serratosa JM, Alonso ME, Me-
dina MT, Gee MN, Cordova S, et al (1995) Juvenile myo-
clonic epilepsy locus in chromosome 6p21.2-p11: linkage to
convulsions and electroencephalography trait. Am ] Hum
Genet 57:368-381

Livingston S, Torress I, Pauli LL, Rider RV (1965) Petite mal
epilepsy: results of prolonged follow-up study of 117 pa-
tients. JAMA 194:113-118

Loiseau P (1992) Childhood absence epilepsy. In: Roger J,
Bureau M, Dravet C, Dreifuss FE, Perret A, Wolf P (eds)
Epileptic syndromes in infancy, childhood and adolescence,
2d ed. John Libbey, London, pp 135-150

Metrakos K, Metrakos JD (1961) Genetics of convulsive dis-
order. II. Genetic and electroencephalographic studies in cen-
trencephalic epilepsy. Neurology 11:474-483

Morton NE (1955) Sequential tests for the detection of linkage.
Am ] Hum Genet 7:277-318

(1998) Significance levels in complex inheritance. Am
J Hum Genet 62:690-697

Ott J (1974) Estimation of the recombination fraction in hu-
man pedigrees: efficient computation of the likelihood for
human linkage studies. Am ] Hum Genet 26:588-597

(1989) Computer-simulation methods in human link-

age analysis. Proc Natl Acad Sci USA 86:4175-4178

1129

(ed) (1991) Analysis of human genetic linkage. Johns
Hopkins University Press, Baltimore

Peet M]J, Curry K, Magnuson DSK, McLennan H (1987) Con-
formational requirements for activation of burst firing of rat
CA1 hippocampal pyramidal neurons. In: Hicks TP, Lodge
D, McLeannan H (eds) Excitatory amino acid transmission.
Alan R Liss, New York, pp 35-42

Risch N (1991) A note on multiple testing procedures in link-
age analysis. Am ] Hum Genet 48:1058-1064

Sambrook J, Fritsch EF, Maniatis T (eds) (1989) Molecular
cloning: a laboratory manual, 2d ed. Cold Spring Harbor
Laboratory Press, Cold Spring Harbor, NY

Serratosa JM, Delgado-Escueta AV, Medina MT, Zhang Q,
Iranmanesh R, Sparkes RS (1996) Clinical and genetic anal-
ysis of a large pedigree with juvenile myoclonic epilepsy.
Ann Neurol 39:187-195

Toth M, Grimsby ], Buzsaki G, Donovan GP (1995) Epileptic
seizures caused by inactivation of a novel gene, jerky, related
to centromere binding protein-B in transgenic mice. Nat Ge-
net 11:71-75

Weber JL, May PE (1989) Abundant class of human DNA
polymorphisms which can be typed using the polymerase
chain reaction. Am ] Hum Genet 44:388-396

Weeks DE, Lange K (1988) The affected-pedigree-member
method of linkage analysis. Am ] Hum Genet 42:315-326

Weeks DE, Ott J, Lathrop GM (1990) SLINK: a general sim-
ulation program for linkage analysis. Am ] Hum Genet
Suppl 47:A204

Westling B, Weissbecker K, Serratosa JM, Jara-Prado A,
Alonso ME, Cordova S, Medina MT, et al (1996) Evidence
for linkage of juvenile myoclonic epilepsy with absence to
chromosome 1p. Am ] Hum Genet Suppl 59:A241

Whitehouse WP, Rees M, Curtis D, Sundqvist A, Parker K,
Chung E, Baralle D, et al (1993) Linkage analysis of idio-
pathic generalized epilepsy (IGE) and marker loci on chro-
mosome 6p in families of patients with juvenile myoclonic
epilepsy: no evidence for an epilepsy locus in the HLA re-
gion. Am J Hum Genet 5§3:652-662

Wolf P (1992) Juvenile absence epilepsy. In: Roger J, Bureau
M, Dravet C, Dreifuss FE, Perret A, Wolf P (eds) Epileptic
syndromes in infancy, childhood and adolescence. John Lib-
bey, London, pp 307-333

Zara F, Bianchi A, Avanzini G, DiDonato S, Castellotti B, Patel
PI, Pandolfo M (1995) Mapping of genes predisposing
to idiopathic generalized epilepsy. Hum Mol Genet 4:
1201-1207



	Childhood Absence Epilepsy with Tonic-Clonic Seizures and Electroencephalogram 3–4-Hz Spike and Multispike–Slow Wave Complexes: Linkage to Chromosome 8q24
	Introduction
	Subjects and Methods
	Patient and Family Database
	A Large Family from Bombay, India
	Phenotypes
	Five Smaller Multiplex Families
	DNA Analyses and Genotyping
	Loci Studied
	Linkage Analyses
	Haplotype Analysis

	Results
	Model-Free Linkage Analyses of the Family from Bombay, India
	Model-Based Linkage Analyses of the Family from Bombay, India
	Haplotype Analysis and Recombination Mapping of Chromosome 8q of the Family from Bombay, India
	Extension to Five Smaller Multiplex Families

	Discussion
	Acknowledgments
	References


