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De-novo mutations of the sodium channel gene SCN1A in
alleged vaccine encephalopathy: a retrospective study

Samuel F Berkovic, Louise Harkin, Jacinta M McMahon, James T Pelekanos, Sameer M Zuberi, Elaine C Wirrell, Deepak S Gill, Xenia lona,
John C Mulley, Ingrid E Scheffer

Summary

Background Vaccination, particularly for pertussis, has been implicated as a direct cause of an encephalopathy with
refractory seizures and intellectual impairment. We postulated that cases of so-called vaccine encephalopathy could
have mutations in the neuronal sodium channel a1 subunit gene (SCN1A) because of a clinical resemblance to severe
myoclonic epilepsy of infancy (SMEI) for which such mutations have been identified.

Methods We retrospectively studied 14 patients with alleged vaccine encephalopathy in whom the first seizure
occurred within 72 h of vaccination. We reviewed the relation to vaccination from source records and assessed the
specific epilepsy phenotype. Mutations in SCN1A were identified by PCR amplification and denaturing high
performance liquid chromatography analysis, with subsequent sequencing. Parental DNA was examined to ascertain
the origin of the mutation.

Findings SCN1A mutations were identified in 11 of 14 patients with alleged vaccine encephalopathy; a diagnosis of a
specific epilepsy syndrome was made in all 14 cases. Five mutations predicted truncation of the protein and six were
missense in conserved regions of the molecule. In all nine cases where parental DNA was available the mutations
arose de novo. Clinical-molecular correlation showed mutations in eight of eight cases with phenotypes of SMEI, in
three of four cases with borderline SMEI, but not in two cases with Lennox-Gastaut syndrome.

Interpretation Cases of alleged vaccine encephalopathy could in fact be a genetically determined epileptic
encephalopathy that arose de novo. These findings have important clinical implications for diagnosis and management
of encephalopathy and, if confirmed in other cohorts, major societal implications for the general acceptance of

vaccination.

Introduction
The sudden occurrence of seizures and developmental
regression after vaccination in previously healthy infants
led to the implication of a causal link, especially with
pertussis vaccination."” Extensive debate ensued, but
subsequent epidemiological studies did not lend support
to the view of a causal association between immunisation
and permanent brain damage.”* In individual cases,
however, the perception of causality can be difficult to
challenge, especially if no alternative cause is identified,
and has led to successful litigation. Public interest in this
issue is high with a vocal minority urging avoidance of
vaccination,” with the grave consequence of a potential
resurgence of preventable serious childhood illnesses.”
This issue is difficult to clarify largely because the
diagnostic features of vaccine encephalopathy have never
been defined. Reported cases have an apparent temporal
relation to vaccination (varying from <1 day to 14 days)
and typically have multiple seizure types with
developmental arrest or regression.>**#1-16

There are various causes of seizures and developmental
regression in infancy, some of which have been previously
misdiagnosed as vaccine encephalopathy.” A particular
epilepsy syndrome, severe myoclonic epilepsy of infancy
(SMEI), has become increasingly recognised. SMEI
begins in the first year of life in previously healthy
children. Hemiclonic seizures, which may be long

lasting, are characteristic and can be associated with
fever. Myoclonic, absence, tonic—clonic, and partial
seizures also occur. The epilepsy is refractory and
developmental regression ensues.®™ The syndrome is
associated with more than 100 different mutations in the
neuronal sodium channel al subunit gene SCNIA. Most
cases of SMEI have such mutations, although the exact
percentage is still debated. Around half the mutations
truncate the protein and about 95% are de novo.*”

We noted a similarity between the clinical pattern of
SMEI and alleged cases of vaccine encephalopathy. Thus,
we postulated that SCNIA mutations might underlie
such cases where the physician or family believed that
vaccination was causal. This finding would imply that the
encephalopathy was not fundamentally caused by
vaccination, but was due to a genetically determined, age-
specific, epileptic encephalopathy.

Methods

Patients

This retrospective study of post-vaccination cases was
nested within alarger study of 96 patients with unexplained
encephalopathies and seizures beginning in the first year
of life. We recruited participants from child neurologists
around Australia and New Zealand during 2002 and 2003
for whom clinical details and DNA were obtainable and
other causes of epileptic encephalopathies (perinatal,
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post-traumatic, post-infectious, metabolic, and structural,
etc) were excluded by appropriate metabolic and imaging
studies. A few referrals were also accepted from outside
Australasia. The study was approved by the Human
Research Ethics Committee of Austin Health. Written
informed consent was obtained from parents, guardians,
or the appropriate government authority.

Cases were systematically classified on the basis of an
exhaustive review of medical records from child
neurologists, paediatricians, hospitals, and other treating
doctors. Source records from initial medical presentations
were sought to determine the precise onset details relative
to vaccination. No specific neurological phenotype has
been described for vaccine encephalopathy, so all cases
were coded as vaccine encephalopathy when a relation to
vaccination had been previously claimed and our review
showed that the first seizure occurred within 72 h of
vaccination. The time interval has no agreed definition,
but on the basis of the published work we selected the
time frame of documented seizure onset within 72 h of
vaccination *>®#5

All patients had epileptic encephalopathy (refractory
seizures and developmental slowing); febrile seizures and
other benign epilepsies were excluded. Epileptic seizures
and epilepsy syndrome were diagnosed according to the
International League Against Epilepsy classifications.”*
For this study, SMEI was diagnosed if all the following
characteristics were present: onset in the first year with
hemiclonic or generalised seizures; previous normal
development; evolution of myoclonic seizures and
generalised spike-wave discharges; and subsequent
neurological deterioration. In Lennox-Gastaut syndrome,
tonic seizures, atypical absences, and slow spike-wave on
EEG were regarded as characteristic. Lennox-Gastaut
syndrome can evolve from West syndrome with infantile
spasms and hypsarrhythmia. The term borderline SMEI
(SMEB), introduced by Japanese authors,”** was used for
cases without key features of SMEI (eg, lack of generalised
spike-wave discharges, lack of myoclonus, few or atypical
seizure types).

Procedures

After clinical classification of the epilepsy syndrome,
molecular analysis was done on genomic DNA extracted
from patients’ venous blood samples. All 26 exons of
SCNIA were PCR amplified with flanking intronic
primers and standard PCR conditions (primers available
on request). PCR fragments were heat denatured at 95°C
for 4 min and slowly cooled to room temperature before
being analysed by denaturing high-performance liquid
chromatography (dHPLC) on the WAVE 3500HT
instrument (Transgenomic, NE, USA). Amplicons
showing altered dHPLC chromatogram patterns
compared with normal control DNA were sequenced
from independent PCR products in both directions on an
ABI 3700 sequencer (Applied Biosystems, CA, USA).
Numbering of each mutation was taken from the start
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codon ATG of the full length SCN1A isoform sequence
(Genbank accession number AB093548). In cases where
a mutation was identified, the parents’ DNA (if available)
was checked for the mutation by direct sequencing.
Sequence changes were identified as mutations rather
than as normal polymorphisms if they were not reported
as common variants and they resulted in the generation
of stop codons or deletions or, for missense mutations, if
they resulted in a non-conservative amino-acid change
and arose de novo, if parental DNA was available. Specific
missense mutations were further validated by excluding
them with dHPLC screening from a panel of anonymous
Australian blood donors used as the control population.

Role of the funding source

The sponsors of the study had no role in study design,
data collection, data analysis, data interpretation, or
writing of the report. The corresponding author had full
access to all the data in the study and had final
responsibility for the decision to submit for publication.

Results

14 patients were identified for whom vaccination had
been judged as causative of the epileptic encephalopathy
and our review confirmed seizure onset within 72 h of
vaccination. The patients were aged 2-5-47 years at the
time of study (mean 12 years [SD 11]). They were
2-11 months old (5-4 months [2-6]) at the onset of the
illness, which followed vaccination by 1-48 h (22 h [15 hj).
The vaccines included pertussis in all cases (table).

The first seizure was described as hemiclonic (n=5),
generalised clonic or tonic—clonic (n=6), infantile spasms
(n=1), tonic (n=1), and unclassified (n=1). The first seizure
was definitely associated with fever (>38°C) in five
patients, six were afebrile, and in three the temperature
was not recorded. Status epilepticus (seizures lasting
230 min) occurred at presentation in six cases. All cases
had severe epilepsy with multiple seizure types and
intellectual disability. Our review of the subsequent
clinical course led to diagnosis of SMEI in eight patients,
SMEB in four, and Lennox-Gastaut syndrome in two. In
the two patients with Lennox-Gastaut syndrome, spasms
and hypsarrhythmia occurred early, representing the
known evolution from West syndrome. MRI showed no
focal lesions and no evidence of destructive or
inflammatory processes; scans in all cases were either
normal (n=8) or showed varying degrees of diffuse
atrophy and delayed myelination (n=6).

Molecular genetic analysis showed heterozygous
mutations of SCNIA in 11 of 14 cases. These mutations
were predicted to lead to truncation of the protein in five
cases (three frameshift and two non-sense mutations);
the other six were missense mutations (figure).”* A
display of evolutionary conservation of the residues
where the mutations were found is shown in the

webfigure. None of the six missense mutations were See Online forwebfigure

identifed in the blood donor control population; a
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Ageatstudy Ageatonset Seizureonset post Vaccine First seizure Later seizures Epilepsy SCN1A mutation De-novo
(years) (months) vaccination (h) type syndrome mutation
Febrile Status epilepticus ~ Seizure type

1 175 8 24 2ndTA N N Hemiclonic Ab, At, H, T, GTCS, SE SMEI Frameshift C1354fsX1359 Y

2 2.5 25 24 1stTA Y N Hemiclonic Ab, At, H, M, T, CPS SMEI Missense R946H Y

3 5 3 5 3rdTA Y Y Hemiclonic H, F, GTCS, SE SMEB Frameshift K1077fsX1079 Y

4 4.5 7 48 3rdTA N Y Hemiclonic Ab, At, H, M, GTCS, SMEI Nonsense R1407X Y

5 4 6 12 3rdTA N Y GC Ab, F, M, GTCS, SE SMEI Missense R1645Q Y

6 12 3 24 1stTA Y Y GCS H, M, GCS, GTCS, SE SMEI Missense E1238D Unknown

7 65 2 9 1stTA N N GC Ab, H, M, T, GTCS, SE, SMEI Frameshift N1509fsX1511 Y

8 135 6 6 3rdTA N Y GTCS F, M, SGTCS, SE SMEB Missense C1396G Y

9 4.5 7 24 3rd PV Y Y Hemiclonic H, M, SGTCS, SE, SMEI Missense Y413N Y

10 47 6 24 1stTA Unknown Unknown Unknown At, F, M, GTCS, SE, SMEB Nonsense W384X Unknown

11 8 4 36 2nd TA Unknown N GCS F M, GTCS, SE, SMEI Missense F403L Y

12 165 11 24 3rdTA Y N GTCS Ab, At, M, Sp, GTCS SMEB None detected NA

13 135 7 1 3rdTA Unknown N Spasms Sp, T, At, M, GTCS, SE, LGS None detected NA

14 145 25 48 1st TA N N Tonic Sp, T, F, M, GTCS, SE LGS None detected NA
TA=triple antigen (diptheria, pertussis, tetanus); PV=pentavalent vaccine (diptheria, pertussis, tetanus, inactivated polio, and haemophilus); GTCS=generalised tonic-clonic seizures; GCS=generalised clonic seizures;
GC=generalised convulsion (uncertain if tonic-clonic or clonic); M=myoclonic seizures; Ab=absences; At=atonic; SE=status epilepticus; CPS=complex partial seizures; H=hemiclonic; SGTCS=secondarily generalised tonic-clonic
seizures; F=focal seizures; Sp=spasms; T=tonic; SMEI=severe myoclonic epilepsy of infancy; SMEB=borderland SMEI; LGS= Lennox-Gastaut syndrome; NA=not applicable.
Table: Clinical characteristics of 14 patients with alleged vaccine encephalopathy

minimum of 130 and maximum of 149 control samples
were successfully screened for each mutation. In nine of
the 11 patients with SCNIA mutations for whom samples
from both parents were available, the mutations were
absent in parental DNA and thus arose de novo. In
patient six, parental DNA was not available. In patient
ten, the mother was tested and did not have the mutation
and the father was deceased. This patient had a deceased
brother who was also said to have seizures beginning
after vaccination, but medical records were destroyed and
this could not be verified. Correlation of the clinically
diagnosed phenotype with the molecular analyses showed
that the sodium channel mutations were confined to the
cases diagnosed as SMEI (eight of eight cases) or SMEB
(three of four cases) and were absent in patients who had
Lennox-Gastaut syndrome.
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Figure: Schematic representation of the proposed structure of SCN1A protein

The protein comprises four homologous domains (I-V), each with six transmembrane segments. Segments five
and six (blue) form the ion channel pore and segment four (grey) is the voltage sensor.”” The relative location of
the six missense mutations (green circles) and five mutations possibly causing protein truncation (pink triangles)
inthe 11 cases with alleged vaccine encephalopathy are shown. The missense mutations predominantly occurred
in the exons coding for the pore forming segments, as previously described in SMEI.*
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Discussion

In this retrospective cohort of unexplained
encephalopathies in the first year of life, 14 patients were
judged by clinicians and families to have a vaccine
encephalopathy and had documented seizure onset
within 72 h of vaccination. With careful electroclinical
analysis, we established that the clinical syndrome was
SMEI in eight patients and the related syndrome SMEB
in four. Eleven patients were shown to have mutations in
the sodium channel gene SCNIA, which is now a well
established finding in SMEL*?” Two of the mutations
have been reported before in association with SMEI or
SMEB (R946H, R1407X) after nomenclature were
standardised to the full length isoform given in Genbank
accession number AB093548.#*” The mutations led to
truncation of the protein in five cases, consistent with
previous reports of truncation mutations being
responsible for about half of SMEI cases with SCN1A
mutations.” The other six patients had missense
mutations. All are likely to be pathogenic as they have
not been reported in control populations nor were they
found in our controls, and the observed missense
mutations affect highly conserved amino-acid sites (data
not shown), are in regions where SMEI mutations have
been previously described,* and arose de novo in all cases
where both parents were tested.

There is no satisfactory case definition of the specific
neurological phenotype in vaccine encephalopathy;
indeed, even the temporal relation to immunisation is
loose with cases described with onset of symptoms from
less than 1day to 14 days post vaccination.>***"* Although
we showed that SMEI or SMEB were important
phenotypes in vaccine encephalopathy we were surprised
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that no less than 12 of 14 patients were diagnosed as such
with careful phenotypic analysis. We do not know if this
finding is representative of cases in other centres, but
previous reports of seizures in SMEI being associated
with vaccination as well as fever lend support to our
findings.**** The multiple seizure types in SMEI and
SMEB can make diagnosis difficult for observers
unfamiliar with these disorders; patients can be judged
as having an unclassified form of epilepsy and intellectual
disability. The discovery of SCN1A mutations has led to
improved awareness and diagnosis of these severe
infantile encephalopathies.”

Scientific and medicolegal controversy of vaccine
encephalopathy has spanned seven decades."* We suspect
that the nature of cases has changed because of
increasingly sophisticated clinical and neurological
diagnoses and investigations. Some patients had coma at
onset whereas others had seizures with subsequent
regression. In the early research, detailed analysis led to
the conclusion that some alleged cases were probably due
to heterogeneous causes, including viral encephalitis and
Reye’s syndrome.” The molecular delineation of genetic
encephalopathies with phenotypes of SMEI and SMEB
now seems to be another major piece in the heterogeneous
diagnostic puzzle of alleged vaccine encephalopathies.

The genetically determined epilepsy syndromes of
SMEI and SMEB typically arise in association with de
novo SCNIA mutations, presumably due to mutations in
the gametes or in the very early post-fertilisation
period.***¥ In alleged vaccine encephalopathy the
assumption of vaccination as a cause has been reinforced
by the absence of a family history of severe epilepsy. Now,
the molecular findings could explain the nature of the
encephalopathy and the usual lack of family history since
around 95% of mutations in SMEI occur de novo.”?”

SMEI often begins with febrile seizures and fever is
frequently associated with seizures early in the clinical
course. In the presence of SCNI1A mutations, vaccination
can still be argued to be a trigger for the encephalopathy,
perhaps via fever or an immune mechanism. Our
experimental design does not address this issue, but the
role of vaccination as a significant trigger for the
encephalopathy is unlikely for several reasons. First,
although vaccination might trigger seizures as shown by
the increased risk of febrile seizures on the day of triple
antigen or MMR vaccination, there is no evidence of
long-term adverse outcomes.** Second, less than half our
patients had documented fever with their first seizure,
which indicates that fever is not essential. Third, our
neuroimaging data showed no evidence of an
inflammatory or destructive process. Finally, truncation
and missense mutations reported in conserved parts of
SCNIA have not been found in many hundreds of healthy
patients.?**#%% Thus, individuals with such mutations
seem to develop SMEI or SMEB whether or not they are
immunised in the first year of life. We do not think that
avoiding vaccination, as a potential trigger, would prevent
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onset of this devastating disorder in patients who already
harbour the SCNIA mutation.

The mechanism by which SCNIA mutations cause
SMEI is unknown. Few causative mutations have so far
been subjected to functional analysis, and the results are
inconsistent; however, these mutations are presumed to
cause abnormal neuronal excitability.** Studies of less
severe mutations of SCN1A that cause milder phenotypes
have also produced conflicting results dependent on the
techniques and the model system investigated.’”
Definitive data from neuronal systems have yet to emerge.
Moreover, because many of the mutations associated with
SMEI cause truncation of the protein, these proteins are
unlikely to be expressed at the cell surface; thus poorly
understood changes to sodium-channel density,
stoichiometry, and function might all contribute to the
phenotypes observed. Further study in neuronal systems,
and ideally whole animal models, is needed to clarify the
complex functional effects of SCN1A mutations.

We did not find a molecular explanation for three
patients with alleged vaccine encephalopathy. These
could be chance associations of vaccination with other
causes leading to the onset of encephalopathies. Other
cases could be due to large deletions or undiscovered
mutations in non-translated parts of the SCNIA gene or
perhaps due to rare mutations in related genes, such as
GABRG2®and SCN2A»

Although epidemiological studies have cast doubts on
the hypothesis of vaccination as a cause of
encephalopathy,*” families, the medical profession, and
society remain difficult to reassure of the lack of causality
in individual patients in whom vaccination and onset of
encephalopathy were coincidental. For individual cases,
this problem is particularly significant in the legal setting.
For society, fear of adverse consequences of vaccination
is a major factor in suboptimum immunisation rates.
The identification of a genetic cause of encephalopathy in
a particular child should finally put to rest the case for
vaccination being the primary cause. Confirmation of
our findings by others would be of value in determining
their generalisability and the broad societal implications.

Cases of vaccine encephalopathy should be carefully
assessed clinically for characterisitcs of SMEI or SMEB,
and testing for SCNIA mutations should be considered.
Correct diagnosis will reassure the family as to the true
cause, remove the blame of having vaccinated the child,
direct appropriate treatment, and allow realistic planning
for prognosis. Specific treatment regimens for seizures
in SMEI are emerging with controlled data showing the
effectiveness of stiripentol,* and uncontrolled open
studies suggesting avoidance of lamotrigine” and
probable benefit of topiramate.” Medical and societal
energies that have focused on the alleged association
with vaccination need to be redirected towards the care of
these severely handicapped individuals and towards
novel approaches to treat and ultimately prevent these
encephalopathies.

491



Articles

492

Contributors

SFB developed the hypothesis and wrote the first draft. Analysis of
clinical data was done principally by IES, JMM, JTP, and SFB, and also
by SMZ, ECW, and DSG. Molecular analysis was undertaken by LH, XI,
and JCM. All authors critically revised the first draft and approved the
final manuscript.

Conflicts of interest

SFB, IES, and JCM have received research support and honoraria from
Bionomics Ltd. Bionomics Ltd has licensed a diagnostic test for SCN1A
mutations.

Acknowledgments

We thank the patients and their families and the referring physicians
(Annie Bye, Simon Harvey, Thorsten Stanley, Mary O’Regan, and lan
Andrews); and Alison Gardner, who did the amino-acid alignments. The
study was supported by grants from the NHMRC and Bionomics Ltd
and a donation from the Thyne-Reid Charitable Trusts.

References

1 Madsen T. Vaccination against whooping cough. JAMA 1933;
101: 187-88.

2 Kulenkampff M, Schwartzman JS, Wilson J. Neurological
complications of pertussis inoculation. Arch Dis Child 1974; 49: 46—49.

3 Miller D, Wadsworth ], Ross E. Severe neurological illness: further
analyses of the British National Childhood Encephalopathy Study.
Tokai ] Exp Clin Med 1988; 13 (suppl): 145-55.

4 Griffith AH. Permanent brain damage and pertussis vaccination: is
the end of the saga in sight? Vaccine 1989; 7: 199-210.

5  Menkes JH, Kinsbourne M. Workshop on neurologic complications
of pertussis and pertussis vaccination. Neuropediatrics 1990;

21: 171-76.

6 Golden GS. Pertussis vaccine and injury to the brain. J Pediatr 1990;
116: 854-61.

7  GaleJL, Thapa PB, Wassilak SG, Bobo JK, Mendelman PM,

Foy HM. Risk of serious acute neurological illness after
immunization with diphtheria-tetanus-pertussis vaccine: a
population-based case-control study. JAMA 1994; 271: 37-41.

8  Barlow WE, Davis RL, Glasser JW, et al. The risk of seizures after
receipt of whole-cell pertussis or measles, mumps, and rubella
vaccine. N Engl | Med 2001; 345: 656-61.

9 Perez-Pena R. Vaccine refusal is cited in whooping cough cases.
The New York Times (New York). Oct 7, 2003: B1 & BS.

10  Anon. Effect of a low pertussis vaccination uptake on a large
community: report from the Swansea Research Unit of The Royal
College of General Practitioners. Br Med J (Clin Res Ed) 1981;

282: 23-26.

11  Fenichel GM, Lane DA, Livengood JR, Horwitz S], Menkes JH,
Schwartz JF. Adverse events following immunization: assessing
probability of causation. Pediatr Neurol 1989; 5: 287-90.

12 Farrington P, Pugh S, Colville A, et al. A new method for active
surveillance of adverse events from diphtheria/tetanus/pertussis
and measles/mumps/rubella vaccines. Lancet 1995; 345: 567-69.

13 Blumberg DA, Lewis K, Mink CM, Christenson PD, Chatfield P,
Cherry JD. Severe reactions associated with diphtheria-tetanus-
pertussis vaccine: detailed study of children with seizures,
hypotonic-hyporesponsive episodes, high fevers, and persistent
crying. Pediatrics 1993; 91: 1158-65.

14 Anon. Update: vaccine side effects, adverse reactions,
contraindications, and precautions: recommendations of the
Advisory Committee on Immunization Practices (ACIP).

MMWR Recomm Rep 1996; 45: 1-35.

15 McAuliffe JS, Wadland WC. Pertussis vaccination.
Am Fam Physician 1988; 37: 231-35.

16 Cowan LD, Griffin MR, Howson CP, et al. Acute encephalopathy
and chronic neurological damage after pertussis vaccine.
Vaccine 1993; 11: 1371-79.

17  Stephenson JB. A neurologist looks at neurological disease
temporally related to DTP immunization. Tokai | Exp Clin Med
1988; 13 (suppl): 157-64.

18 Dravet C, Bureau M, Oguni H, Fukuyama Y, Cokar O. Severe
myoclonic epilepsy in infancy (Dravet syndrome). In: Roger J,
Bureau M, Dravet C, Genton P, Tassinari C, Wolf P, eds. Epileptic
syndromes in infancy, childhood and adolescence, 3rd edn.
Eastleigh, UK: John Libbey & Co; 2002: 81-103.

19

21

22

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

41

42

Commission on Classification and Terminology of the International
League Against Epilepsy. Proposal for revised classification of
epilepsies and epileptic syndromes. Epilepsia 1989; 30: 389-99.
Claes L, Del-Favero ], Ceulemans B, Lagae L, Van Broeckhoven C,
De Jonghe P. De novo mutations in the sodium-channel gene
SCN1A cause severe myoclonic epilepsy of infancy.

Am | Hum Genet 2001; 68: 1327-32.

Sugawara T, Mazaki-Miyazaki E, Fukushima K, et al. Frequent
mutations of SCN1A in severe myoclonic epilepsy in infancy.
Neurology 2002; 58: 1122-24.

Claes L, Ceulemans B, Audenaert D, et al. De novo SCN1A
mutations are a major cause of severe myoclonic epilepsy of
infancy. Hum Mutat 2003; 21: 615-21.

Wallace RH, Hodgson BL, Grinton BE, et al. Sodium channel
alphal-subunit mutations in severe myoclonic epilepsy of infancy
and infantile spasms. Neurology 2003; 61: 765-69.

Nabbout R, Gennaro E, Dalla Bernardina B, et al. Spectrum of
SCN1A mutations in severe myoclonic epilepsy of infancy.
Neurology 2003; 60: 1961-67.

Fujiwara T, Sugawara T, Mazaki-Miyazaki E, et al. Mutations of
sodium channel alpha subunit type 1 (SCN1A) in intractable
childhood epilepsies with frequent generalized tonic-clonic
seizures. Brain 2003; 126: 531-46.

Fukuma G, Oguni H, Shirasaka Y, et al. Mutations of neuronal
voltage-gated Na+ channel alpha 1 subunit gene SCN1A in core
severe myoclonic epilepsy in infancy (SMEI) and in borderline
SMEI (SMEB). Epilepsia 2004; 45: 140—48.

Mulley JC, Scheffer IE, Petrou S, Dibbens LM, Berkovic SF,

Harkin LA. SCN1A mutations and epilepsy. Hum Mutat 2005;
25:535-42.

Commission on Classification and Terminology of the International
League Against Epilepsy. Proposal for revised clinical and electro-
encephalographic classification of epileptic seizures. Epilepsia 1981;
22: 489-501.

Catterall WA. From ionic currents to molecular mechanisms: the
structure and function of voltage-gated sodium channels.

Neuron 2000; 26: 13-25.

Kanai K, Hirose S, Oguni H, et al. Effect of localization of missense
mutations in SCNIA on epilepsy phenotype severity.

Neurology 2004; 63: 329-34.

Stephenson JBP. Epilepsy. Curr Opin Neurol Neurosurg 1991; 4: 406-09.
Yakoub M, Dulac O, Jambaque I, Chiron C, Plouin P. Early diagnosis
of severe myoclonic epilepsy in infancy. Brain Dev 1992; 14: 299-303.
Scheffer IE. Severe infantile epilepsies: molecular genetics
challenge clinical classification. Brain 2003; 126: 513-14.

Rhodes TH, Lossin C, Vanoye CG, Wang DW, George AL Jr.
Noninactivating voltage-gated sodium channels in severe myoclonic
epilepsy of infancy. Proc Natl Acad Sci USA 2004; 101: 11147-52.
Sugawara T, Tsurubuchi Y, Fujiwara T, et al. Nav1l.1 channels with
mutations of severe myoclonic epilepsy in infancy display
attenuated currents. Epilepsy Res 2003; 54: 201-07.

Spampanato J, Aradi I, Soltesz I, Goldin AL. Increased neuronal
firing in computer simulations of sodium channel mutations that
cause generalized epilepsy with febrile seizures plus.

J Neurophysiol 2004; 91: 2040-50.

Alekov A, Rahman MM, Mitrovic N, Lehmann-Horn F, Lerche H. A
sodium channel mutation causing epilepsy in man exhibits subtle
defects in fast inactivation and activation in vitro. J Physiol 2000;
529: 533-39.

Harkin LA, Bowser DN, Dibbens LM, et al. Truncation of the
GABA,-receptor y2 subunit in a family with generalized epilepsy
with febrile seizures plus. Am J Hum Genet 2002; 70: 530-36.
Kamiya K, Kaneda M, Sugawara T, et al. A nonsense mutation of
the sodium channel gene SCN2A in a patient with intractable
epilepsy and mental decline. J Neurosci 2004; 24: 2690-98.

Chiron C, Marchand MC, Tran A, et al. Stiripentol in severe
myoclonic epilepsy in infancy: a randomised placebo-controlled
syndrome-dedicated trial. Lancet 2000; 356: 1638—42.

Guerrini R, Dravet C, Genton P, Belmonte A, Kaminska A,

Dulac O. Lamotrigine and seizure aggravation in severe myoclonic
epilepsy. Epilepsia 1998; 39: 508-12.

Coppola G, Capovilla G, Montagnini A, et al. Topiramate as add-on
drug in severe myoclonic epilepsy in infancy: an Italian multicenter
open trial. Epilepsy Res 2002; 49: 45-48.

http://neurology.thelancet.com Vol 5 June 2006



	De-novo mutations of the sodium channel gene SCN1A in alleged vaccine encephalopathy: a retrospective study
	Introduction
	Methods
	Patients
	Procedures
	Role of the funding source

	Results
	Discussion
	Acknowledgments
	References


