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SUMMARY

Contactin-associated protein-like 2 (CASPR?2) is encoded by CNTNAP2 and clusters
voltage-gated potassium channels (K 1.1) at the nodes of Ranvier. We report a homo-
zygous mutation of CNTNAP2 in Old Order Amish children with cortical dysplasia,
focal epilepsy, relative macrocephaly, and diminished deep-tendon reflexes. Intrac-
table focal seizures began in early childhood, after which language regression,
hyperactivity, impulsive and aggressive behavior, and mental retardation developed
in all children. Resective surgery did not prevent the recurrence of seizures. Tem-
poral-lobe specimens showed evidence of abnormalities of neuronal migration and
structure, widespread astrogliosis, and reduced expression of CASPR2.

OST EPILEPTIC DISORDERS CAN BE TRACED TO AN ABNORMALITY OF

cortical architecture, channel-mediated currents, neuronal growth and

differentiation, or cerebral metabolism.>2 In most cases, however, the
underlying biologic complexity of epilepsy precludes the identification of the genetic
cause, and 65 to 79 percent of recurrent seizure syndromes remain unexplained.?
Microarray analysis of DNA samples can be a powerful tool for revealing a genetic
lesion in well-defined families. We have used this approach in Old Order Amish
families, some members of which have a clinical and neuropathological phenotype
that we designate as the cortical dysplasia—focal epilepsy (CDFE) syndrome. We
identified a genetic variation in the gene encoding CASPR2 in affected patients,
a finding that suggests that CASPR2 influences brain development.

METHODS

The study was approved by the Western Institutional Review Board of Olympia,
Washington, and written informed consent was obtained from all participating
parents. Phenotype information is based on clinical data from nine patients be-
tween the ages of two and nine years. Clinical investigations were routine. Methods
are described briefly here; details are included in the Supplementary Appendix,
which is available with the full text of this article at www.nejm.org.

Four affected children and their six parents were used for analysis of single-
nucleotide polymorphisms (SNPs) with the use of the GeneChip Human Mapping
10K assay kit (Affymetrix). Genotype data were analyzed with Varia software
(Silicon Genetics), which assumes mutation homogeneity and scans for regions
that are autozygous (identical by descent) among affected persons. Target gene
sequencing was performed as previously described.*

Serial 8-wm sections from paraffin-embedded temporal-lobe specimens were
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stained with hematoxylin and eosin, Luxol fast
blue—cresyl violet, and routine immunoperoxidase
methods with antibodies against NeuN, neuro-
filament, synaptophysin, and glial fibrillary acid-
ic protein. Additional sections were stained with
primary antibodies against CASPR2 (Santa Cruz
Biotechnology), K 1.1 alpha subunit, and type II
sodium channel (Na,1.2) alpha subunit (both
purchased from Upstate Cell Signaling Solutions).
Samples were stained in parallel, as slide pairs,
with control hippocampal and temporal neocor-
tical tissue obtained from a donor-tissue bank of
adult volunteers not known to have neurologic
disease (Sun Health Research Institute).

RESULTS

PHENOTYPE OF THE CDFE SYNDROME
Detailed clinical information was available for
nine patients with CDFE and is summarized in
Table 1. During infancy, all patients had mild
gross motor delay and subtle limitations in skills
that required imitation, concentration, or motor
planning. In general, language comprehension
was good before the onset of seizures, and cog-
nitive and social development were age-appropri-
ate in eight of the nine children by the age of 18
months. Patients had no distinguishing physical
features, and growth trajectories were normal,
although all patients had relatively large heads
and diminished or absent deep-tendon reflexes
(Table 1).

Seizures exhibiting simple, partial, or complex
partial semiology® began in early childhood and
were frequent and intractable between two and
seven years of age. Learning ability and social
behavior deteriorated after the onset of seizures.
All patients with CDFE who were more than three
years of age had language regression, aberrant
social interactions, and a restricted behavioral
repertoire. Scores on the Griffiths Scales of Men-
tal Development® for three presurgical patients
with CDFE (ages 32, 40, and 73 months) revealed
global mental ages of 21, 17, and 13 months,
respectively (Table 1 of the Supplementary Appen-
dix). The most common interictal neuropsychi-
atric disturbances were hyperactivity, inattention,
and aggression.

Results of 24-hour video electroencephalogra-
phy (EEG) available from seven patients showed
normal background rhythms, with seizures aris-
ing from temporal and occasionally from frontal

Table 1. Clinical Features and Seizure Activity
of Nine Patients with the Cortical Dysplasia—Focal
Epilepsy Syndrome.

Variable

Clinical feature

Age (mo)

Median 57

Range 27-117
Head circumference (percentile for age)

Median 85

Range 18-99
Body length (percentile for age)

Median 22

Range 4-57
Age at independent ambulation (mo)

Median 22

Range 16-30
Diminished or absent deep-tendon reflexes (%) 89
Evidence of dysplasia on MRI (%)* 43

Seizure activity

Age at onset of seizures (mo)

Median 16

Range 14-20
Peak seizure frequency (no. of events per wk)

Median 50

Range 5-90
Type of seizure (%)

Complex partial 100

Simple partial 33

Secondarily generalized 44

Status epilepticus 33
Neuropsychiatric outcomes (%)
Mental retardation 100
Attention deficit-hyperactivity disorder 83
Pervasive developmental delay or autism 67

3

Evidence included unilateral dysplasia of the anterior
temporal lobe in two patients and unilateral malforma-
tion of the striatum in one patient. MRI denotes magnet-
ic resonance imaging.

" In the six patients who were older than 48 months of age,
the diagnoses were made on the basis of criteria listed in
the Diagnostic and Statistical Manual of Mental Disorders,
fourth edition.

regions as unilateral high-amplitude spike—slow-
wave discharges or focal slowing lasting 20 to
110 seconds. Interictal spikes were observed fre-
quently and always from regions of the electro-
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encephalographic onset of seizures. Transsphe-
noidal recording revealed that discharges starting
within inferior and medial frontotemporal fields
could rapidly spread to ipsilateral frontal and pari-
etal regions, cross to a mirror focus, or occur with
no surface EEG correlate. Intraoperative electro-
corticography of temporal lobes targeted for re-
section demonstrated multiple seizure-onset zones
distributed over the amygdalohippocampal com-
plex, parahippocampal gyrus, and lateral tempo-
ral gyri.

Magnetic resonance imaging (MRI) of the
brain showed focal malformations in three of
seven patients studied. Two patients had unilater-
al dysplasia of the anterior temporal lobe, and one
had a malformation of the left striatum (Fig. 2 of
the Supplementary Appendix).

Timed-injection single-photon-emission com-
puted tomography” in four patients showed post-
ictal hypoperfusion of the epileptogenic temporal
lobe and adjacent ipsilateral structures (e.g., stria-
tum and frontal cortex).

Long-term developmental outcomes were uni-
formly poor. Patients who were four years of age
or older with CDFE were impulsive, had autistic
characteristics, and were fully dependent on oth-
ers for daily living, with projected adult mental
ages ranging from one to three years. Three pa-
tients underwent electrocorticography-guided ep-
ilepsy surgery® for disabling complex partial sei-
zures and were temporarily seizure-free, but all
had a recurrence of seizures from 6 to 15 months
after surgery.

MOLECULAR GENETIC STUDIES OF CDFE
A large block of putative autozygosity on chromo-
some 7q306 spanned 7.1 Mb and comprised 18 con-
tiguous SNPs delimited by rs721124 and rs756438
(Fig. 1A and 1B). The linked region contained 83
known or hypothetical genes. The sequencing of
the first candidate gene, CENTG3, revealed no
pathogenic variants in patients with CDFE. How-
ever, two patients were heterozygous for a syn-
onymous SNP in exon 13 (1389T->C), excluding
all genes distal to CENTG3 and reducing the size
of the autozygous interval from 7.1 to 3.8 Mb
(Fig. 1B).

A second candidate gene (CNTNAP2) encodes
CASPR2, a transmembrane scaffolding protein
involved in the clustering of K 1.1 at the nodes of
Ranvier.® CNTNAP2 straddled the proximal bound-
ary of the autozygous region in such a way that

Figure 1 (facing page). Molecular Genetics of the Cortical
Dysplasia—Focal Epilepsy Syndrome.

In Panel A, location scores were maximized on chromo-
some 7q36, which provided substantial evidence of
identity by descent among all eight affected haplotypes.
In Panel B, all four patients were homozygous for the
same alleles at 18 SNPs in the linked interval. The re-
gion spanned 7.1 Mb and contained 83 known or hypo-
thetical genes. The entire shaded region delimits the
putative autozygous region. The darker blue shading
shows the boundaries of the region after detection of
heterozygosity for a synonymous SNP in exon 13 of
CENTG3. Panel C shows the structure of the CNTNAP2
locus, the extent of autozygosity within the locus for
the four patients, and the three genotypes with respect
to the 3709delG mutation in CNTNAP2 (arrows). In
Panel D, the 3709delG mutation in CNTNAPZ is pre-
dicted to cause a frameshift, which would result in the
misincorporation of 16 amino acids beginning at posi-
tion 1237. Premature termination of translation occurs
at codon 1253. This lesion is predicted to result in the
loss of the transmembrane and intracellular domains
of CASPR2.

its 5" portion (exons 1 to 8) fell outside the linked
region, with exons 9 to 24 encompassing ap-
proximately 30 percent of the remaining 3.8-Mb
autozygous interval. Sequence analysis of CNTNAP2
exons 9 to 24 in patients with CDFE revealed a
single-base deletion at nucleotide 3709 (coding
sequence 3709delG) in exon 22 (Fig. 1C). All pa-
tients were homozygous for the mutation, and
their parents were heterozygous. The frameshift
mutation results in a premature stop codon and
is predicted to yield a nonfunctional protein, ow-
ing to a lack of transmembrane and cytoplasmic
domains (Fig. 1D).

Genotype analysis of 105 healthy Old Order
Amish controls revealed none who were homo-
zygous for 3709delG but identified four carriers.
We then sequenced CNTNAP2 in 18 additional
Old Order Amish patients with complex partial
seizures. This analysis identified nine addition-
al patients who were homozygous for 3709delG
from seven sibships who had the characteristic
clinical features of the CDFE syndrome.

NEUROPATHOLOGY OF CDFE
Three patients had surgery in an attempt to con-
trol their seizures. Two of these patients had
temporal lobe abnormalities (Fig. 2A) that were
visible on MRI with a 1.5-tesla system, and the
other patient did not. Nevertheless, resected brain
samples from all three patients showed similar
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