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Abstract

Over the past 10 years mutations in voltage-gated sodium channels (Navs) have become closely associated with inheritable forms
of epilepsy. One isoform in particular, Nav1.1 (gene symbol SCN1A), appears to be a superculprit, registering with more than 330
mutations to date. The associated phenotypes range from benign febrile seizures to extremely serious conditions, such as Dravet’s
syndrome (SMEI). Despite the wealth of information, mutational analyses are cumbersome, owing to inconsistencies among the
Nav1.1 sequences to which different research groups refer. Splicing variability is the core problem: Nav1.1 co-exists in three isoforms,
two of them lack 11 or 28 amino acids compared to full-length Nav.1.1. This review establishes a standardized nomenclature for
Nav1.1 variants so as to provide a platform from which future mutation analyses can be started without need for up-front data nor-
malization. An online resource – SCN1A infobase – is introduced.
� 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Voltage-gated sodium channels (Nav) are predestined
to play a role in disorders of excitability. Equipped with
a sophisticated membrane-potential sensing mechanism,
these channels respond to minute voltage reductions by
opening their gates and allowing Na+ to rush into the
cells. The resulting depolarization pushes the cell into
a positive feedback loop: more Nav channels open up,
and an action-potential is triggered, all within millisec-
onds. It should come as no surprise that Nav channel
dysfunction creates excitatory havoc. Indeed, abnormal
Nav channel function goes hand-in-hand with various
pathologies of heart, muscle, and brain. Cardiac
arrhythmias, for example, frequently originate from
Nav1.5 defects, as is the case in Brugada syndrome or
in type III long QT syndrome [1,2]. Skeletal muscle dis-
orders, on the other hand, may arise from dysfunction
of Nav1.4, paramyotonia congenita or hyperkalemic

periodic paralysis being only two examples [3], and pain
perception appears to be heavily influenced by Nav1.9
[4].

Over the past 10 years, a new branch of these
so-called Nav channelopathies has emerged. In these
conditions, neurons spontaneously enter periods of
simultaneous firing that interfere or fully prevent normal
brain function: patients suffer from recurrent seizures.
Essentially all bigger ion-channel groups have been
implicated in some way in an epileptic disorder, and
one may speculate that a large proportion of the idio-
pathic epilepsies are indeed, what I propose, channelep-
sies (a contraction of the English word channel and the
Greek noun lepsis, meaning seizure, or to take hold of,
similar to epilepsy). Voltage-gated sodium channels have
gained special interest in the epilepsy field, owing to an
unusually close connection with febrile seizures. One iso-
form in particular, Nav1.1 (gene symbol SCN1A),
appears to be an epilepsy superculprit as a continuing
wave of publications produces an ever-expanding array
of variants with phenotypes ranging from benign to
extremely severe. Despite a wealth of information on
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the different mutations in SCN1A, there is presently no
platform that would allow for an all-encompassing
genotype–phenotype analysis, because a comprehensive
catalog or review that brings together all published
information is not available. A further complication is
the lack of uniform mutation nomenclature, with differ-
ent groups reporting their findings in reference to differ-
ent Nav1.1 splice variants. There are also some mutation
reports with ambiguities in themselves, leaving it uncer-
tain as to what part of the given information is correct.
In all, no less than 63 of the SCN1A variants collected
here could be interpreted in more ways than one (Table
5 and Online Table 1). The purpose of this review is to

compile an up-to-date, standardized mutation database
that will facilitate future work with Nav1.1 mutations.
To provide the proper context for further discussion, I
will introduce some Nav channel basics to lead into spe-
cific characteristics for Nav1.1.

2. Nav channel structure and function

Voltage-gated sodium channels set themselves apart
with very large a subunit peptide chains in the order
of 2000 amino acids. Hydrophobicity plotting predicts
24 transmembrane regions, with the N-terminus and
the C-terminus directed toward the cell’s interior. Closer
sequence examination reveals the 4 � 6 architecture typ-
ical for these channels, organized in four homologous
domains (D1–D4) that comprise six transmembrane
regions each (S1–S6 left to right, Fig. 1A).

Functionally, Nav channels are responsible for action-
potential initiation. Slight changes in the cytosolic mem-
brane-potential are registered by a channel-internal sens-
ing mechanism involving positively charged residues in
the S4 transmembrane regions. A depolarization exerts
an electromotive force, pushing the S4 basic residues
toward the outside, which in turn invokes conforma-
tional rearrangements of the activation gate that render

Table 1

Differences in amino acid coding between mutually exclusive exons 5N

and 5A

ORF

position

Exon Topology

5A (adult) 5N (neonatal)

201 Tyr (Y) Phe (F) D1/S3

207 Asp (D) Asn (N) D1/S3-S4ex

211 Val (V) Phe (F) D1/S3-S4ex

Taken from Copley et al. [41].

Topology abbreviations as described in Table 2.

Fig. 1. Variable splicing of Nav1.1. (A) Predicted membrane topology of Nav1.1 with the 4 � 6 organization typical for voltage-gated sodium

channels, namely four homologous domains (D1–D4) comprising six transmembrane regions each (S1–S6, from left to right). Amino- and carboxy

termini end on the intracellular side. Arrows denote where differential splicing creates sequence variability in the final protein. Solid arrow: point

where splice variants lack either 11 or 28 amino acids compared to full-length Nav1.1. Open arrows: amino acid differences owing to alternate

encoding via exon 5N or 5A [41] as outlined in Table 1. (B) Alignment of the full-length Nav1.1 protein sequence with that of Nav1.1[�33] and

Nav1.1[�84] at the exon 11/12 splice junction. Alternative endings of exon 11 create two shorter variants which omit residues 671–681 or 654–681.

The isoform nomenclature refers to the nucleic acid level: compared to full-length Nav1.1 cDNA, the shorter isoforms miss 33 or 84 base pairs.

Biochemical and electrophysiological analysis suggest a functional importance of the spliced fragments (personal observation).
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the ion-pore temporarily conducting. Within millisec-
onds, the pore is closed by an inactivation gate – the intra-
cellular linker between D3 and D4 – which swings in
front of the internal mouth of the pore. This so-called fast
inactivation is unconditional and not dependent on volt-
age – a physiological necessity as sustained influx of Na+

would otherwise continually depolarize (i.e., excite) the
cell, effectively preventing it from repolarizing and com-
ing to rest. Any alteration of the finely tuned kinetics that
determine the gating of these channels can have decisive
impact on cellular excitability. Depending on the spatial
and temporal expression pattern of the Nav channel
both, gain- and loss-of-function, are a possible and plau-
sible cause for an excitatory imbalance.

Often overseen is that the a subunits do not act inde-
pendently. In fact, Nav channel function is heavily regu-
lated by ‘‘auxiliary” b subunits (gene symbols SCN1B

through SCN4B) that determine the subcellular location
of the Nav channel complex [5,6] and modulate the cur-
rent per se [7]. The size of the b subunits makes it easy to
underestimate their importance: they are much smaller,
spanning the cytoplasmic membrane only once, with
the exception of a comparatively big and functionally
important extracellular loop [8]. Early Nav research
showed that multiple b subunits bind to one a subunit
[9,10].

3. The Nav channel family and epilepsy

Five different Nav channel isoforms exist in the ner-
vous system: Nav1.1, Nav1.2 Nav1.3, Nav1.6, Nav1.7
[11]. In the context of epilepsy, Nav1.7 is of lesser impor-
tance as its expression is essentially limited to peripheral
neurons [12,13]; all other isoforms are found in the
brain. Not surprising, association with epilepsy is com-
mon [14–17]. Similar data exist for the b subunits, and
two of them, b1 and b2, have already been implicated
in epilepsy [18–20]. However, the main focus of the
research community remains with the a subunits,
although some rightfully point out that lack of a–b
interaction or b dysfunction in itself may play a role in
seizure generation [21,22]. Indeed, Nav channels only
entered the epilepsy scene when b1 (SCN1B) was initially
found to be mutated in patients with febrile seizures [23].

4. Nav1.1. channelepsies and other neurological

phenotypes

Within the family of voltage-gated sodium channels,
the most researched contender in terms of epilepsy asso-
ciation is Nav1.1. After the b1 subunit, it was the second
Nav channel component to be linked to central hyperex-
citability [14]. Two amino acid exchanges, T875M and
R1648H, made their carriers susceptible to generalized
epilepsy with febrile seizures plus or GEFS+ (OMIM
604233), whose existence as a separate entity only

shortly before had been recognized, owing in part to
an extremely diverse phenotype [24,25]. Patients present
symptoms similar to classical febrile seizures, with the
difference that the condition continues beyond age 5 in
an extended spectrum that may also include afebrile
seizures.

Soon after the publication of the SCN1A-GEFS+
linkage, Claes and colleagues tied SCN1A mutations
to a second, devastating type of epilepsy [26]. Dravet’s
syndrome or severe myoclonic epilepsy in infancy –
SMEI (OMIM 607208) is a crippling intractable enceph-
alopathy that begins early in life, commonly within the
first 12 months. Affected children develop normally up
to their first seizure (usually a prolonged, fever-induced
unilateral or generalized clonus), with their development
beginning to deteriorate soon thereafter. Myoclonias
follow, in some cases accompanied by absence seizures,
or less frequently, complex partial seizures. Convulsion-
induced status epilepticus is common. The prognosis for
children suffering from SMEI is somber, since many
cases are entirely resistant to pharmacological interven-
tion. Secondary neuronal damage leads to retardation
and psychomotor decline; 1 in 5 children dies [27,28].
The clinical picture of SMEI is not clear-cut: patients
may present all but one critical diagnostic criterion,
which has prompted a re-categorization within the
SMEI spectrum for the subgroup of borderline SMEI

or SMEB [29,30]. Within the SMEB pool further classi-
fications may be warranted, as patients commonly share
similarities with regards to the missing components [31].
There is also an ongoing debate about yet another sep-
arate phenotype designated as intractable childhood epi-

lepsy with generalized tonic–clonic seizures or ICEGTC,
although the criteria appear to be largely reminiscent
of SMEB [32,33]. In rare cases, researchers have found
SCN1A mutations in patients with cryptogenic focal
or generalized epilepsy [31,34], West syndrome [35],
and Lennox–Gastaut syndrome [31]. Genetic abnormal-
ities in SCN1A have also been reported in non-epileptic
conditions, such as migraine and autism [36–38].

5. SCN1A genomic organization and splicing variability

Nav1.1 is encoded by SCN1A, an 81-kb gene on the
long arm of chromosome 2. Situated at position
2q24.3, SCN1A is part of a cluster of voltage-gated
sodium channel genes that is home to SCN2A, SCN3A,

SCN7A, as well as SCN9A, which encode Nav1.2,
Nav1.3, Nax, and Nav1.7, respectively [39]. Organized
into 26 exons, the Nav1.1 open-reading frame blueprints
the instructions for a protein incorporating between
1976 and 2009 amino acids. The variance in length stems
from alternative splice junctions at the end of exon 11
that produce a full-length isoform or two shortened ver-
sions thereof [40], from hereon referred to as
Nav1.1[�33] and Nav1.1[�84] based on the number of
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base pairs deleted (Fig. 1B). This splicing variability is
the cause for the inconsistencies in mutation reports
across different research groups, as some are referring
to full-length Nav1.1, while others reference
Nav1.1[�33], which is approximately 15 times more
abundant in the brain (personal observation). Refer-
ences to Nav1.1[�84], other than the original report,
do not exist at this time (see Fig. 1).

A second site of SCN1A RNA processing variability
was identified by Copley, who discovered two mutually
exclusive exons, 5N and 5A, that give rise to a post-natal
and an adulthood isoform of Nav1.1 [41]. While unique
at the nucleic acid level (71% identity), the amino-resi-
due coding of these two alternative exons is nearly iden-
tical, differing only in three positions (90% identity,
Table 1). A similar situation may exist in exon 8 in anal-
ogy to murine Nav1.6 [42]; the required genomic
sequence analyses have not been conducted at this time.
In the following, I will refer to full-length Nav1.1 that
incorporates adult exon 5A coding unless indicated
otherwise.

6. Mutation data collection

Genetic data were collected from published material
as referenced. This includes original journal reports

listed in the Public Library of Medicine (National Insti-
tute for Biotechnology Information, NCBI at http://
www.ncbi.nlm.nih.gov/sites/entrez?db=PubMed), as
well as information gathered from published abstracts.
In some cases, unpublished variants were included that
were mentioned in personal communications. Several
exonic single-nucleotide polymorphisms (SNPs) were
taken from the NCBI Entrez Gene web site, GeneID
6323 (http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?
locusId=6323). Not included were conservative base
pair polymorphisms with no effect on amino acid cod-
ing. The possible shortcoming of the latter limitation
is discussed in more detail below.

7. Nomenclature standardization

Allelic variations are named according to the full-
length, 2009-residue sequence of human Nav1.1 (Uni-
Prot Accession No. P35498, http://www.pir.uni-
prot.org). Mutations referring to shorter isoforms were
accordingly adjusted (e.g., formerly: R701X; now:
R712X). All exonic alterations are described using a
non-standard but self-explanatory method that avoids
redundancies (e.g., c.240A>C vs. A240C) and ambigui-
ties (c.333insC vs. 333[C]334ins) of more traditional
descriptions (http://www.hgvs.org/mutnomen/). In all

Fig. 2. Mutation map for Nav1.1. Two dimensional rendering of the Nav1.1 protein with all currently reported exonic mutations at their

approximate location. Topology based on Escayg and colleagues [14]. For the sake of clarity, SMEI and SMEB phenotypes (e.g., SMEB-O, SMEB-

M, aSMEI, etc.) were combined and drawn as circles on the basis of their phenotypic similarity. Benign febrile epilepsy types, GEFS+ and FS, are

depicted as squares. Mutations causing epilepsy or neurological disorders not falling into the previous two categories are shown as triangles. The

numbering of the mutations corresponds to Table 2. Open symbols highlight mutations that generate non-sense truncated Nav1.1.
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Table 2

Exonic mutations of the voltage-gated sodium channel Nav1.1-epilepsies and other neurological disorders

No. AA level NA level Exon Topology Phenotype Reference

1 Q3X C7T 1 N-terminus SMEI [68]

2 F14fsX91 [T]41del 1 N-terminus SMEI [31]

3 E20X G58T 1 N-terminus SMEI [69]

4 R28C C82T 1 N-terminus GEFS+ A. George,

unpublished data

5 P37fsX91 [C]111del 1 N-terminus SMEI [35]

6 Y65X T195A 1 N-terminus SMEI [70]

7 S74P T220C 1 N-terminus FS [52]

8 E78D G234T 1 N-terminus SMEI [47]

9 D79H G235C 1 N-terminus SMEB-O [31]

10 Y83X C249G 1 N-terminus SMEI [47]

11 Y84C A251G 1 N-terminus SMEI [31]

12 N94X [TT]277-278del 2 N-terminus SMEI [45]

13 R101W C301T 2 N-terminus SMEI [31]

14 R101Q G302A 2 N-terminus SMEB [30]

15 S103G A307G 2 N-terminus SMEI [33]

16 T112I C335T 2 N-terminus SMEI [33]

17 R118S G354C 2 N-terminus SMEI [70]

18 S128X C383A 2 D1/S1 SMEI [47]

19 [L]129del [ATT]387-389del 3 D1/S1 SMEI [45]

20 V143fsX148 [GT]429-430del 3 D1/S1 SMEI [30]

21 M145T T434C 3 D1/S1 FS [71]

22 T162P A484C 4 D1/S2 SMEI [45]

23 Y165X T495A 4 D1/S2 SMEI [47]

24 T166fsX170 495[GTGAATC]496ins 4 D1/S2 SMEI [31]

25 I171K T512A 4 D1/S2 SMEB-SW [31]

26 A175T G523A 4 D1/S2 SMEB-O [31]

27 G177E G530A 4 D1/S2-S3in SMEI [47]

28 G177fsX180 [G]530del 4 D1/S2-S3in SMEI [33]

29 D188V A563T 4 D1/S2-S3in GEFS+ [72]

30 W190R T568C 4 D1/S3 SMEI [73]

31 W190X G570A 4 D1/S3 SMEI [52]

32 D194N G580A 4 D1/S3 SMEI [45]

33 T199R C596G 4 D1/S3 SMEB-SW [31]

34 T217K C650A 5 D1/S4 SMEI [45]

35 S219fsX275 [AG]657-658del 5 D1/S4 SMEI [26]

36 R222X C664T 5 D1/S4 SMEI [26]

37 T226M C677T 5 D1/S4 CGE [31]

38 I227S T680G 5 D1/S4 SMEI [47]

39 A239T G715A 6 D1/S4-S5in SMEB-SW [31]

40 V244L G730T or G730C 6 D1/S4-S5in SMEI [74]

41 V244fsX275 [GT]731-732 del 6 D1/S4-S5in SMEI [52]

42 K246X A736T 6 D1/S4-S5in SMEI [74]

43 I252N T755A 6 D1/S5 SMEI [69]

44 G265W G793T 6 D1/S5 SMEI [33]

45 W280R T838C 6 P1 SMEI [47]

46 A285fsX290 [CTTC]854-857del 6 P1 SMEI [47]

47 E289X G865T 6 P1 SMEI [47]

48 T297I C890T 6 P1 SMEI [47]

49 R322I G965T 6 P1 SMEI [52]

50 Y323X T969A 7 P1 SMEI [45]

51 L331fsX339 992[T]993ins 7 P1 SMEI [45]

52 G343E G1028A 7 P1 aSMEI [33]

53 G348X G1042T 8 P1 SMEI [45]

54 M350fsX355 [AT]1048-1049del 8 P1 SMEI [31]

55 V352fsX355 [TG]1055-1056del 8 P1 SMEI [31]

56 R356G A1066G 8 P1 SMEB [52]

57 P358T C1072A 8 P1 SMEB [52]

58 D366E T1098A 8 P1 SMEI [70]

59 S374fsX378 [C]1121del 8 P1 SMEI [47]

60 R377X C1129T 8 P1 SMEI [45]

61 R377Q G1130A 8 P1 GEFS+ [70]

62 F383L C1149G 8 P1 SMEI [45]
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Table 2 (continued)

No. AA level NA level Exon Topology Phenotype Reference

63 W384X G1152A 8 P1 SMEB [75]

64 Q389X C1165T 8 P1 SMEI [47]

65 R393S C1177A 9 P1 SMEI [45]

66 R393C C1177T 9 P1 SMEI [45]

67 R393H G1178A 9 P1 SMEI [68]

68 A395P G1183C 9 P1 CGE [31]

69 Y399X C1197A 9 P1 SMEI [31]

70 [M]400del [ATG]1198-120del 9 D1/S6 SMEI [69]

71 F403L T1207C 9 D1/S6 SMEI [75]

72 Y413N T1237A 9 D1/S6 SMEI [75]

73 V422E T1265A 9 D1/S6 CGE [31]

74 Y426N T1276A 9 L1 SMEI [47]

75 L433fsX449 1299[C]1300ins 9 L1 MAE [60]

76 E435X G1303T 9 L1 SMEI [30]

77 I448X [ATTGAACAGCT]

1342-1352del

9 L1 SMEI [35]

78 R501fsX543 [G]1502del 10 L1 SMEI [76]

79 R542X C1624T 10 L1 SMEI [45]

80 K547fsX570 1640[A]1641ins 10 L1 SMEI [76]

81 K547fsX569 [AA]1639-1640del 10 L1 SMEI [31]

82 F563fsX622 [C]1687del 11 L1 SMEI [31]

83 R568X C1702T 11 L1 SMEI [76]

84 F575fsX622 [T]1724del 11 L1 CFE [31]

85 S607fsX622 [C]1820del 11 L1 SMEI [76]

86 R613X C1837T 11 L1 SMEI [45]

87 S620fsX624 1857[GCAAC]1858ins 11 L1 SMEB [52]

88 S626G A1876G 11 L1 CGE [31]

89 D674G A2021G 11 L1 SMEI [31]

90 P707fsX715 2118[AA]2119ins 12 L1 SMEI [76]

91 R712X C2134T 12 L1 SMEI [77]

92 Q732fsX749 2196[CACCCGT]2197ins 13 L1 SMEI [33]

93 L783P T2348C 13 L1 SMEI [31]

94 Y790C A2369G 13 D2/S1-S2ex GEFS+, PS [78]

95 T808S A2422T 14 D2/S2 ICEGTC [33]

96 T808R C2435G 14 D2/S2 SMEI [45]

97 G854fs876X [G]2561del 14 D2/S3-S4ex SMEI [79]

98 E853K G2536A 14 D2/S3-S4ex SMEI [45]

99 G854fsX876 [A]2562del 14 D2/S3-S4ex SMEI [31]

100 R859C C2575T 14 D2/S4 GEFS+ [80]

101 R865X C2593T 15 D2/S4 SMEI [81]

102 A870fsX874 [GCAAAAT]2608-2614del 15 D2/S4 SMEI [52]

103 T875M C2624T 15 D2/S4 GEFS+ [14]

104 L893X T2678A 15 D2/S5 SMEI [45]

105 F902C T2705G 15 D2/S5 SMEI [76]

106 R931C C2791T 15 P2 SMEI [76]

107 W932X G2796A 15 P2 SMEI [68]

108 M934I G2802C or G2802A 15 P2 SMEB [30]

109 H939Q C2817G 15 P2 SMEI [68]

110 L942P T2825C 15 P2 SMEI [45]

111 V944A T2831C 15 P2 SMEB [30]

112 V944E T2831A 15 P2 SMEI [31]

113 F945L T2833C 15 P2 SMEI [31]

114 R946C C2836T 15 P2 SMEB [30]

115 R946H G2837A 15 P2 SMEB [30]

116 R946S C2836A 15 P2 SIGEI [60]

117 R946fsX953 [C]2835del 15 P2 SMEI [33]

118 G950E G2849A 15 P2 SMEI [31]

119 W952X G2855A 15 P2 SMEI [33]

120 W957L G2870T 15 P2 SMEI [52]

121 D958fsX973 [C]2874del 15 P2 SMEI [77]

122 C959R T2875C 15 P2 SMEI [68]

123 M960V A2878G 15 P2 SMEI [33]

124 Q965X C2893T 15 P2 SMEI [31]

(continued on next page)
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Table 2 (continued)

No. AA level NA level Exon Topology Phenotype Reference

125 T970fsX972 [CATG]2916-2919del 15 D2/S6 SMEI [45]

126 M973V A2917G 15 D2/S6 CGE [31]

127 G979R G2935A 15 D2/S6 ICEGTC [33]

128 V983A T2948C 16 D2/S6 ICEGTC [33]

129 N985I A2954T 16 D2/S6 SMEI [33]

130 L986F C2956T 16 D2/S6 SMEI [26]

131 A1002fsX1009 [C]3006del 16 L2 SMEI [76]

132 E1008X G3022T 16 L2 SMEB-SW [31]

133 N1011I A3032T 16 L2 ICEGTC [33]

134 K1027X A3079T 16 L2 SMEI [76]

135 E1032fsX1045 [A]3096del 16 L2 SMEI [31]

136 I1034T T3101C 16 L2 FA [36]

137 F1038L C3114 G or A 16 L2 FA [36]

138 K1058fs1078X [AAGA]3173-3176del 16 L2 SMEI [45]

139 H1065fsX1073 [TA]3195-3196del 16 L2 SMEI [47]

140 K1077fsX1079 [A]3231del 16 L2 SMEB [75]

141 T1082fsX1086 [C]3245del 16 L2 SMEI [76]

142 E1099X G3295T 16 L2 SMEI [45]

143 S1100fsX1107 3299[AA]3300ins 16 L2 SMEI [26]

144 P1116fsX1119 [C]3347del 16 L2 SMEI [52]

145 G1154fsX1163 [T]3462del 17 L2 SMEI [31]

146 T1174S C3521G 17 L2 FHM [37]

147 L1175fsX1182 [TT]3524-3525del 17 L2 SMEI [30]

148 Q1187fsX1215 [AA]3561-3562del 18 L2 SMEI [31]

149 W1204X G3611A 18 L2 SMEI [82]

150 W1204R T3610C 18 L2 GEFS+ [83]

151 L1207P T3620C 18 L2 SMEI [70]

152 R1213X C3637T 18 L2 SMEI [33]

153 I1214X [TA]3641-3642del 18 D3/S1 SMEI [47]

154 V1215X 3642[TA]3643ins 18 D3/S1 SMEI [47]

155 S1231R T3693A 18 D3/S1 SMEI [33]

156 S1231T G3692C 18 D3/S1 SMEI [84]

157 G1233R G3697C 18 D3/S1 SMEI [47]

158 L1235fsX1244 [G]3705del,

3704 [20-bp]3705ins

18 D3/S1 SMEI [45]

159 E1238D A3714C 19 D3/S1-S2ex SMEI [75]

160 I1242fsX1270 3726[AT]3727ins 19 D3/S1-S2ex SMEI [52]

161 R1245Q G3734A 19 D3/S1-S2ex SMEI [45]

162 R1245X C3733T 19 D3/S1-S2ex SMEI [47]

163 V1257fsX1269 [T]3774del 19 D3/S2 SMEI [70]

164 F1263L C3789G 19 D3/S2 aSMEI [33]

165 L1265P T3794C 19 D3/S2 SMEI [76]

166 L1269fsX1292 [A]3774del 19 D3/S2 SMEI [70]

167 K1270T A3809C 19 D3/S2 GEFS+ [85]

168 W1271X G3812A 19 D3/S2 SMEI [76]

169 W1284X G3852A 19 D3/S3 SMEI [33]

170 [F]1289del [CTT]3867-3869del 19 D3/S3 SMEI [76]

171 D1293fsX1299 [A]3878del 19 D3/S3 SMEI [52]

172 A1326P G3976C 20 D3/S4 SMEI [35]

173 V1335M G4003A 21 D3/S4-S5in SMEI [70]

174 V1353L G4057C 21 D3/S5 GEFS+ [72]

175 C1354fsX1359 [T]4062del 21 D3/S5 SMEI [75]

176 L1355P T4064C 21 D3/S5 SMEB [30]

177 W1358S G4073C 21 D3/S5 SMEI [70]

178 V1390M G4168A 21 P3 SMEI [76]

179 C1396G T4186G 21 P3 SMEB [75]

180 R1407X C4219T 21 P3 SMEI [77]

181 W1408X G4223A 21 P3 SMEI [33]

182 N1414Y A4240T 21 P3 SMEI [52]

183 Y1422C A4265G 21 P3 SMEI [45]

184 L1426R T4277G 21 P3 SMEI [45]

185 Q1427X C4279T 21 P3 SMEB-SW [31]

186 V1428A C4283T 21 P3 GEFS+ [86]

120 C. Lossin / Brain & Development 31 (2009) 114–130



Table 2 (continued)

No. AA level NA level Exon Topology Phenotype Reference

187 A1429fsX1443 [CCACA]4286-4290del,

[ATGTCC]ins

22 P3 SMEI [76]

188 W1434R T4300C 22 P3 SMEI [76]

189 W1434X G4301A 22 P3 SMEI [70]

190 A1441P G4321C 22 P3 SMEI [31]

191 Q1450R A4349G 23 P3 SMEI [76]

192 P1451L C4352T 23 P3 SMEI [45]

193 L1461I C4381A 23 D3/S6 SMEI [47]

194 Y1462C A4385G 23 D3/S6 SMEI [70]

195 F1463S T4388C 23 D3/S6 SMEI [47]

196 G1470W G4408T 23 D3/S6 SMEI [52]

197 L1475S T4424C 23 D3/S6 SMEI [45]

198 G1480V G4439T 23 D3/S6 MAE [31]

199 Q1489K C4465A 23 L3 FHM [38]

200 G1495fsX1500 [G]4484del 24 L3 SMEI [45]

201 N1509fsX1511 [A]4526del 24 L3 SMEI [75]

202 S1516X C4546T 24 L3 SMEI [77]

203 K1517fsX1536 4589[A]4590ins 24 L3 SMEI [52]

204 R1525X C4573T 24 L3 SMEI [84]

205 F1543S T4628C 25 D4/S1 CFE [31]

206 I1545V A4633G 25 D4/S1 SMEI [31]

207 [M]1559del [ATG]4675-46774del 25 D4/S1 SMEI [30]

208 R1575C C4723T 25 D4/S2 RE [61]

209 [F]1584del [TTT]4750-4752del 25 D4/S2 SMEB [30]

210 C1588R T4762C 25 D4/S2 SMEI [52]

211 R1596C C4786T 25 D4/S2-S3in CFE [31]

212 Y1598X T4794A 25 D4/S2-S3in SMEI [31]

213 D1608Y G4822T 25 D4/S3 SMEI [52]

214 V1611F G4831T 25 D4/S3 ICEGTC [33]

215 Y1628X T4884A 26 D4/S3-S4ex SMEI [47]

216 V1630M G4888A 26 D4/S3-S4ex SMEI [52]

217 P1632S C4894T 26 D4/S3-S4ex ICEGTC [33]

218 R1636Q G4907A 26 D4/S4 LGS [31]

219 R1645X C4933T 26 D4/S4 SMEI [30]

220 R1645Q G4934A 26 D4/S4 SMEI [75]

221 R1648C C4942T 26 D4/S4 SMEI [76]

222 R1648H G4943A 26 D4/S4 GEFS+ [14]

223 L1649Q T4946A 26 D4/S4 FHM [62]

224 I1650fsX1672 4949-4950insT 26 D4/S4 SMEB-M [31]

225 I1656M C4968G 26 D4/S4 GEFS+ [72]

226 R1657C C4969T 26 D4/S4 GEFS+ [44]

227 R1657H G4970A 26 D4/S4 CFE [31]

228 T1658R C4973G 26 D4/S4-S5in SMEB [31]

229 F1661S T4982C 26 D4/S4-S5in SMEI [68]

230 P1668A C5002G 26 D4/S4-S5in SMEI [47]

231 F1671fsX1678 [TGTT]5008-5011del 26 D4/S4-S5in SMEI [45]

232 F1671fsX1678 [GTTT]5010-5013del 26 D4/S4-S5in SMEI [26]

233 G1674R G5020C 26 D4/S5 SMEI [76]

234 V1680fsX1715 5040[AA]5041ins 26 D4/S5 SMEI [45]

235 A1685D C5054A 26 D4/S5 SMEI [33]

236 A1685V C5054T 26 D4/S5 GEFS+ [86]

237 F1687S T5060C 26 D4/S5 GEFS+ [52]

238 F1692S T5075C 26 D4/S5 SMEI [30]

239 Y1694C A5081G 26 D4/S5 SMEI [30]

240 V1695fsX1714X [G]5083del 26 D4/S5 CGE [34]

241 F1707V T5119G 26 P4 SMEI [31]

242 T1709I C5126T 26 P4 ICEGTC [33]

243 S1713N G5138A 26 P4 SMEI/FS [87]

244 M1714R T5141G 26 P4 SMEI [45]

245 C1716R T5146C 26 P4 SMEB [52]

246 T1721R C5162G 26 P4 SMEI [31]

247 W1726R T5176C 26 P4 SMEI [31]

248 D1742E C5226A or G 26 P4 GEFS+ [88]

249 L1747fsX1779 5240[AA]5241ins 26 P4 SMEI [89]

(continued on next page)
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cases, the position numbers are given along with the
altered bases and amino acid residues to minimize
misunderstandings and to facilitate identification of
possible remaining errors (e.g., 3696Gdel ins22 =
L1235fsX1243 was changed into [G]3705del,
3704[20-bp]3705ins = L1235fsX1244 as this seemed to
be the closest possible solution with little chance of mis-

interpretation). Similar nomenclature changes were
introduced for intronic changes to step away from con-
ventional, somewhat cryptic abbreviations (e.g.,
c.88+1G>C referring to the +1 intron position follow-
ing coding base 88). In the context of this manuscript,
a more user-friendly approach was adopted that bor-
rows from another common, but also cryptic and rigid

Table 2 (continued)

No. AA level NA level Exon Topology Phenotype Reference

250 G1749E G5246A 26 P4 SMEI [68]

251 G1762E G5285A 26 D4/S6 SMEI [45]

252 F1765fsX1794 5292[T]5293ins 26 D4/S6 SMEI [33]

253 [F]1766del [TTT]5296-5298del 26 D4/S6 SMEB [30]

254 F1765fsX1777 [TTTT]5295del 26 D4/S6 SMEI [52]

255 Y1781C A5342G 26 D4/S6 SMEI [30]

256 S1773F C5318T 26 D4/S6 SMEI [45]

257 M1780T T5339C 26 D4/S6 SMEI [47]

258 A1783T G4347A 26 D4/S6 SMEI [31]

259 A1783V C5348T 26 D4/S6 SMEI [52]

260 E1787K G5359A 26 C-terminus SMEI [52]

261 N1788fsX1796 5363[TGACTTT]5364ins 26 C-terminus SMEI [35]

262 F1789fsX1793 [CA]5367-5368del 26 C-terminus SMEI [52]

263 F1805X [TT]5414-5415del 26 C-terminus SMEI [47]

264 [MFYE]1807-1810del [ATGTTCTATGAG]

5419-5430del

26 C-terminus SMEI [33]

265 F1808L T5422C 26 C-terminus ICEGTC [33]

266 W1812G T5434G 26 C-terminus SMEI [33]

267 W1812X G5436A 26 C-terminus SMEI [31]

268 W1812C,

[EFK]1813-1815del

[GGAGAAGTT]

5436-5444del

26 C-terminus SMEI [47]

269 F1831S T5492C 26 C-terminus SMEI [33]

270 N1845fsX1856 [CAAA]5531-5534del 26 C-terminus SMEI [45]

271 K1846fsX1856 [AAAC]5536-5539del 26 C-terminus SMEI [26]

272 M1852R T5555G 26 C-terminus SMEI [78]

273 M1852T T5555C 26 C-terminus GEFS+ [78]

274 V1857L G5569C 26 C-terminus GEFS+ [90]

275 D1866Y G5596T 26 C-terminus GEFS+ [21]

276 R1874fsX1941 [CGGGTTCT]5620del 26 C-terminus SMEI [52]

277 G1880fsX1881 [AGAGAT]5640-5645del,

[CTAGAGTA]ins

26 C-terminus SMEI [76]

278 E1881D G5643T or G5643C 26 C-terminus SMEI [35]

279 R1886X C5656T 26 C-terminus SMEI [45]

280 L1885fsX1910 [G]5657del 26 C-terminus SMEI [45]

281 M1889fsX1910 [G]5668del 26 C-terminus SMEI [47]

282 R1892X C5674T 26 C-terminus SMEI [77]

283 Q1904X C5710T 26 C-terminus SMEI [31]

284 Q1904fsX1945 5712[ATCA]5723ins 26 C-terminus SMEI [77]

285 T1909I C5726T 26 C-terminus SMEI [76]

286 R1912X C5734T 26 C-terminus SMEI [30]

287 Q1914fsX1943 [AA]5741-5742del 26 C-terminus ICEGTC [31]

288 I1922T T5765C 26 C-terminus SMEI [31]

289 R1928G C5782G 26 C-terminus SMEI [70]

290 I1955T T5864C 26 C-terminus FA [36]

291 E1957G A5870G 26 C-terminus IS [35]

The nomenclature of the amino acid changes uses the single-letter amino acid code with the original residue at the beginning, followed by the open

reading frame position and the residue present in the mutant. Exon–intron boundaries were deduced from rat Scn1a using NCBI’s Basic Local

Alignment Tool (BLAST, http://blast.ncbi.nlm.nih.gov/Blast.cgi).

An effort was made to reference the first, original report of the mutation. Topological data are taken from the secondary structure suggested by

Escayg and colleagues [14]. Non-standard denominations: X – termination codon, del – deletion of residue/base, P37fsX91 (example) – frameshift

with proline 37 being the last wild-type residue, followed by non-sense residues until ORF position 91, where the protein is prematurely terminated,

AA: amino acid, D1/S2 (example): domain 1/transmembrane region 2 (topology code indexes ‘‘in” and ‘‘ex” denote internal and external loop,

respectively), NA: nucleic acid.

Phenotype abbreviations are explained in Table 6.
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description (e.g., IVS4+1G>A, standing for intervening
sequence 4 position +1 G–A exchange). The newer
nomenclature replaces intron descriptor but keeps the
traditional plus or minus sign denoting the intronic 50

beginning or 30-ending, respectively, which allows for
more flexibility, in particular with genetic alterations
affecting more than a single base pair (e.g., Int4(+)G2A,
[AA]6-7del). The membrane topology used throughout
this review is identical to that suggested by Escayg and
co-workers [14]. All sequence analyses were done with
Clone Manager 9 Professional Edition software (Scien-
tific & Educational Software, Cary, NC).

8. Nature of the mutations

A total of 331 SCN1A mutations were recorded
(Fig. 2 and Tables 2–5). The large majority of these were
exonic (86.1%). Only 29 (8.6%) intronic mutations are
known at this time, and genomic deletions affecting
parts of SCN1A or ablating the gene in its entirety, con-
stitute merely a fraction of the mutation pool, counting
in with 18 reports so far (5.3%). This distribution may in
part be attributed to the methodology of the original

mutation analyses, namely the use of exon-flanking
sequencing primers. At a gene size of 81 kb, this is an
economical compromise commonly justified by a tradi-
tional bias of exons being the only parent to the protein,
owing to their responsibility of encoding the amino acid
sequence. This view is now changing, as it becomes ever-
more apparent that intronic gene regulation and post-
transcriptional alteration (e.g., variable splicing) has tre-
mendous potential for functional diversification. In this
context, one may speculate that the present, small frac-
tion of epilepsy-associated SCN1A mutations not falling
into the exonic category will increase in the future. Tak-
ing it further, it may well be that simple exonic sequenc-
ing of candidate genes generally has the potential to
seriously underestimate a gene’s involvement in an
inheritable condition.

Almost all Nav1.1 mutations (92.3%) are spatially
confined, affecting 1 to 6 base pairs. Approximately half
(48.5%) give rise to isolated, non-terminating amino acid
changes. Close to one fifth (18.9%) result in a frameshift,
either by deletion or insertion. A somewhat smaller
number (16.6%) causes premature termination of
protein synthesis by introducing a rogue stop codon.

Table 3

Intronic epilepsy-associated mutations of the voltage-gated sodium channel Nav1.1

No. Mutation Phenotype Other Reference

1 Int1(�)G1A SMEI [31]

2 Int1(�)C3A SMEI [52]

3 Int1(+)G5A SMEI [45]

4 Int2(+)T3G SMEI [45]

5 Int2(�)G20C SMEB Unclear: splice junction lies between base pairs-383/384 not

385/386, initial report as ‘‘c.385-20G>C” on poster

[34]

6 Int3(�)T13A SMEI [31]

7 Int4(+)C1T SMEI [45]

8 Int4(+)G1A SMEI Mosaic mutation in Marini et al. (2006), Epilepsia 47:1737 [33]

9 Int5(+)G1C SMEI [45]

10 Int6(�)A2C SMEI [91]

11 Int7(+)G1T SMEI [31]

12 Int8(+)G1A SMEI [70]

13 Int8(+)C2T SMEI Milder phenotype [92]

14 Int10(+)G1T SMEI [45]

15 Int10(+)T2C SMEI [31]

16 Int10(�)G1C SMEI [31]

17 Int14(+)T2A SMEB-SW [31]

18 Int14(+)A3T SMEI [31]

19 Int15(+)G1T CGE [31]

20 Int16(�)G1A SMEI [52]

21 Int18(+)G1T SMEI [47]

22 Int18(�)G1A SMEI Either Int18(+)G1A (in text) or Int18(�)G1A (in table) [35]

23 Int18(+)G5C SIGEI [60]

24 Int22(�)G1T SMEI [47]

25 Int22(�)T14G SMEI [35]

26 Int22(+)G1A SMEI [26]

27 Int24(+)A2G SMEI [45]

28 Int25(�)T14G SMEI [31]

29 Int25(�)G1C SMEI [45]

Nomenclature example: Int3(�)G2A: intron 3,30 end, second to last base pair before the splice junction, G to A exchange.

Use of a plus (+) or minus (�) symbol indicates the position within the intron (50 or 30 end, respectively).

Phenotype abbreviations are identical to what is used in Table 6.

C. Lossin / Brain & Development 31 (2009) 114–130 123



Taking presumed altered splicing into account, in other
words exonic or intronic nucleic acid changes within 5
base pairs of the splice junction (0.9% and 7.7%, respec-
tively), 45.3% of all SCN1A mutations produce non-
sense products. This number excludes the effect of exo-
nic and intronic base pair changes distant (>5 bp) to
splice junctions. Given the latter restriction, can we
assume that the calculated 45.3% for non-sense products
is consistent with the in vivo number or is this an under-
estimate? Can one equate spatial distance (in this case
>5 bp) to a splice junction with low likelihood of splic-
ing interference? At this time, it is uncertain how the
processing of SCN1A precursor mRNA is regulated,
where the splicing regulatory sites are, and which
enhancing or silencing factors participate. It is possible,
however, to examine Nav1.1 mRNA indirectly by look-
ing at a mutant’s current density. Since macroscopic cur-
rent is the product of the single-channel conductance,
the channel’s unitary current, and the number of chan-
nels in the cytosolic membrane, low- (or no-) current
expressing Nav1.1 mutants without any defects in the
former two parameters must have a reduced cell surface
presence. This possibility has been discussed before [43],
and researched in the laboratory with the hypothesis
that the current density reduction or lack of expression
commonly associated with mutant Nav1.1 [40,44] is the
result of aberrant protein sequences, misfolding, and
ultimately endoplasmic retention. Not addressed so
far, is whether seemingly moderate or simple genetic
variations impact splicing. Do such changes contribute
to the already large pool of truncation mutations? It
would be interesting to establish whether this possibility
constitutes a reality. Lack of Nav1.1 expression as a
cause for Dravet’s syndrome (as opposed to milder phe-

notypes resulting from Nav1.1 dysfunction) has been
debated in the past, and the here-presented analysis
shows that all truncated Nav1.1 protein leads to severe
epilepsy (ICEGTC, SMEB, or SMEI; two cases of
CGE). Abnormal splicing regulation represents a possi-
ble, so-far unexplored and intriguing solution to the
phenotypic dilemma: Is it possible that mutants with
comparatively unremarkable electrophysiology
(K1270T, personal observation) are in fact victims of
aberrant splicing that renders a critical percentage of
the produced protein non-functional? If true, wild-
type-level Nav1.1 current stemming from an SMEI
mutant would then be an methodological artifact, since
heterologous expression bypasses RNA processing by
using artificial Nav1.1 open reading frame inserts.

Another possible basis for loss-of-function is the
alteration of functionally important sites, be it directly
via glycosylation or phosphorylation, or, indirectly,
through interaction with secondary partner proteins.
As for phosphorylation – there is no scarcity of com-
puter applications that are capable of identifying protein
sequence residues that meet the consensual criteria for
post-translational alteration. Whether or not the sug-
gested sites can indeed be modified may only be estab-
lished experimentally, by mass spectrometry for
example. Personal communication with researchers
employing both methods has prompted me not to use
the former, as the prediction power of virtual analyses
can digress greatly from hard experimental evidence.
Unfortunately, there are no experimental phosphoryla-
tion data available on Nav1.1 currently, nor is there
any such information on closely related Nav1.1 isoforms
that would allow for estimates based on homology. For-
tunately, mass spectrometric experimentation address-

Table 4

Genomic alterations of the voltage-gated sodium channel Nav1.1 associated with epilepsy

No. Extent Effect Phenotype Reference

1 6499 bp deletion Intron 20 (partial), exon 21, intron 21 (partial) SMEI [48]

2 n/a Exon 21–26 SMEI [48]

3 5 Mb deletion SCN1A, SCN2A, SCN3A, SCN7A, SCN9A & several other genes SMEI [51]

4 4 Mb deletion SCN1A, SCN2A, SCN3A, SCN7A, SCN9A & several other genes SMEI [51]

5 4.5 Mb deletion SCN1A, SCN2A, SCN3A, SCN7A, SCN9A & several other genes SMEI [51]

6 Balanced chr. 2q>5q translocation Breakpoint within SCN1A SMEI [49]

7 0.6 Mb deletion Part of SCN1A, all of SCN7A, SCN9A SMEI [46]

8 4.7 Mb deletion SCN1A, SCN7A, SCN9A + dozens other genes SMEI [46]

9 3.1 Mb deletion SCN1A, SCN2A, SCN3A, SCN7A, SCN9A & several other genes SMEI [46]

10 n/a Deletion of exons 12–14 SMEI [52]

11 n/a Deletion of SCN1A SMEI [52]

12 0.26 Mb deletion Deletion of exons 8–26 SMEI [50]

13 0.16 Mb deletion Deletion of exons 20–26 SMEI [50]

14 0.16 Mb deletion Deletion of exons 17–26 SMEI [50]

15 0.75 Mb deletion SCN1A, SCN7A, SCN9A & one adjacent gene (FLJ11457) SMEI [50]

16 1.14 Mb deletion SCN1A, SCN7A, SCN9A & two adjacent genes SMEI [50]

17 1.55 Mb deletion SCN1A, SCN7A, SCN9A & several other genes SMEI [50]

18 1.28 Mb deletion SCN1A, SCN7A, SCN9A & several other genes SMEI [50]

Abbreviations are identical to what is used in Table 6.
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ing phosphorylation of a close Nav1.1 paralog is pres-
ently underway.

9. GEFS+ and SMEI. . . polygenic disorders?

Owing to the strong links between SMEI/GEFS+
and mutations in SCN1A, it has become common prac-
tice in the clinic to perform candidate genetic screenings.
This approach has been remarkably successful in some
studies, where virtually all [26] or the majority of the
subjects presented with some form of SCN1A alteration
[31,45]. However, in a subgroup of patients, SCN1A

appears to be intact [30,46], which may have one of
two possible explanations: (1) SMEI and other
SCN1A-associated phenotypes are polygenic disorders,
where Nav1.1 dysfunction is etiologically contributing
but not required; or (2) the finding that SCN1A is not
mutated is a methodological limitation. The discussion
of SMEI and GEFS+ as polygenic conditions is not
new [45,47], but experimental data supporting or oppos-
ing them as such is difficult to obtain. What would be
required is evidence demonstrating integrity of the full
SCN1A gene and all of its control elements. At present
this is not only impractical – SCN1A encompasses more

than 81 kb – but also impossible as the SCN1A regula-
tory regions are not defined. Conceivably, SMEI studies
failing to find mutations fall victim to analytical
approaches. Genomic alterations extending beyond
short insertions, deletions, or point mutations com-
monly produce negatives in analyses where exonic
sequencing is employed. One copy of SCN1A missing
as a result of a genomic deletion, for example, cannot
be detected in that fashion. This problem has been
addressed in a number of studies with partial success.
Several groups have identified microchromosomal dele-
tions ablating one or several SCN1A exons [48,49]. In
six cases, the chromosomal defects extend beyond
SCN1A into adjacent genes that include SCN2A,
SCN3A, SCN7A, and SCN9A [46,50–52]. The common
denominator in all is the genetic abnormality in SCN1A.
It is also true, however, that the interpretability of these
data regarding an association between SMEI/GEFS+
and SCN1A is challenging at best due to the extent of
the chromosomal aberrations. The deletion of various
other genes, paralogous Nav channels included, may
produce in itself distinct pathologies [15,17,53]. On the
other hand, since none of the other genes has been
linked to SMEI at this time, haploinsufficiency of
Nav1.1 remains the most probable cause for the encoun-
tered pathologies.

Finally, it should be reiterated that many studies find-
ing mutations in SCN1A did so using a candidate
screening approach without providing actual genetic
linkage data, which makes the reported association
plausible, but also possibly circumstantial. The sheer
number of studies finding problems in SCN1A speaks
against the latter possibility, as does the work that did
indeed genetically map SCN1A as a febrile seizure locus
[54–56]. However, GEFS+ has also been linked to muta-
tions in the GABA receptor c2 subunit [57,58] and the
Nav channel b1 subunit. The single-gene scenario for
GEFS+ is thus already ruled out, but it remains to be
seen what combination of factors determines the clinical
outcome [59]. Genetic modification via other Nav chan-
nel paralogs, Nav1.6 for example, is now being discussed
[16].

10. Phenotype prevalence

Severe myoclonic epilepsy in infancy is by far the
most common (71.6%) phenotype encountered (Table
6). If atypical SMEI variations are included (e.g., SMEB
and subtypes, ICEGTC, etc.), almost 9 out of 10 indi-
viduals (86.1%) with SCN1A mutations are afflicted
with this debilitating disorder. Second most common,
but rare, are febrile seizures and related syndromes
(6.7%). The remaining associated epileptic conditions
comprise cryptogenic focal and cryptogenic generalized
epilepsy (together 3%) as well as infrequent occurrences
of myoclonic astatic epilepsy [31,60], severe idiopathic

Table 5

Statistics (Mutation Data)

N

Mutation location

Exonic 291 (86.1%)

Intronic 29 (8.6%)

Genomic 18 (5.3%)

Total 338

Mutation type

Single-amino acid substitutions

(SUB)

164 (48.5%)

Frameshifts (FrS) 64 (18.9%)

Premature stop codons (PSC) 56 (16.6%)

Intronic mutations <5 bp from splice

site (INT < 5)

26 (7.7%)

Intronic mutations >5 bp from splice

site (INT > 5)

3 (0.9%)

Genomic deletions (gDEL) 11 (5.3%)

In-frame deletions (DEL) 7 (2.1%)

SUBs <5 bp from splice site

(SUB < 5)

4 (1.2%)

Truncations (subtotal for FrS, PSCs,

INT > 5s, INT < 5s, and SUB < 5s)

150 (45.3%)

Adjustments & Corrections

Mutations not referring to full-length

Nav1.1, incorrect mutation data, or

ambiguous reports

63 (19.6%)

Percentages in the ‘‘Mutation type” and ‘‘Adjustments & Corrections”

categories were based on N = 338, which is the total number of

mutations recorded in this review.

Note that single-amino acid substitutions within 5 bp of the splice

junction must be subtracted when the total is calculated, as they are

tallied under ‘‘SUB” already.
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generalized epilepsy of infancy [60], West syndrome [35],
Lennox–Gastaut syndrome [31], and Rasmussen
encephalitis [61]. Combined, the latter account for eight
cases or 2.3%. There are also rare reports of SCN1A

defects in patients suffering from other neurological dis-
orders, such as familial autism in three cases [36], famil-
ial hemiplegic migraine in three cases [37,38,62], and
Panayiotopoulos syndrome in one case [63].

11. Data representation

It is uncertain whether the numbers and specifications
of the published SCN1A variants are a good representa-
tion of naturally occurring genetic changes. Many of the
mutations were identified after it had been discovered
that SCN1A abnormality can lead to SMEI. This of
course creates bias and one cannot say whether the
mutation and phenotype percentages calculated in this
review approach reality. As discussed above, the exten-
sive genomic analysis required to grasp the full scope
of possible SCN1A mutations poses a considerable chal-
lenge at this time. Advances in sequencing technology

and more information on SCN1A gene regulation may
adjust the here-quoted mutation percentages, in particu-
lar with respect to intronic changes. Something similar
may become necessary with respect to SCN1A-associ-
ated phenotypes. Patients with SMEI, GEFS+, or simi-
lar presentations are now genetically scrutinized for
SCN1A alterations. This, again, may produce a skewing
of the data, distracting from SCN1A associations with
other neurological disorders, autism and migraine being
only the first two examples. Also not taken into account
is how genetic changes in SCN1Amay predispose prena-
tal or infantile lethality; not an unlikely scenario consid-
ering the severe phenotype of Scn1a knockout mice [64].

12. Genotype–phenotype correlation

Throughout the writing of this article, I made several
attempts to identify patterns in the pool of SCN1A

mutations. There is no scarcity of data with a total of
some 330+ genetic alterations, but a truthful correlation
between the reported phenotypes and genotypes is
exceedingly difficult to establish. One of the challenges

Table 6

Statistics (Phenotype Data)

N

SMEI & derivatives

SMEI (severe myoclonic epilepsy in infancy, Dravet’s syndrome) 257 (71.6%)

SMEB (SMEI-borderland) 17 (4.7%)

SMEB-M (SMEB without myoclonus) 3 (0.8%)

SMEB-SW (SMEB without generalized spike-wave) 11 (3.1%)

SMEB-O (SMEB lacking more than one typical SMEI characteristic) 10 (2.8%)

ICEGTC (intractable childhood epilepsy with generalized tonic–clonic seizures) 9 (2.5%)

aSMEI (atypical SMEI) 2 (0.6%)

Subtotal 309 (86.1%)

GEFS+ & derivatives

GEFS+ (generalized epilepsy with febrile seizures, plus) 21 (5.8%)

FS (febrile seizures) 3 (0.8%)

Subtotal 24 (6.7%)

Other epileptic disorders

CGE (cryptogenic generalized epilepsy) 7 (1.9%)

CFE (cryptogenic focal epilepsy) 4 (1.1%)

MAE (myoclonic astatic epilepsy, Doose syndrome) 3 (0.8%)

SIGEI (severe idiopathic generalized epilepsy of infancy) 2 (0.6%)

RE (Rasmussen’s encephalitis) 1 (0.3%)

IS (infantile spasms, West syndrome) 1 (0.3%)

LGS (Lennox–Gastaut syndrome) 1 (0.3%)

Subtotal 19 (5.3%)

Non-epileptic disorders

FA (familial autism) 3 (0.8%)

FHM (familial hemiplegic migraine) 3 (0.8%)

PS (Panayiotopoulos syndrome) 1 (0.3%)

Subtotal 7 (1.9%)

Percentages were based on N = 359, which is the total patient number.

Some variants are listed with more than one phenotype owing to differing diagnoses between publications.
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to reconcile is the seeming paradox of SMEI-associated
mutations producing loss-of-function at one time
[44,65], but gain-of-function at another [66]. Several
researchers have tried to address this issue [67], and
the consensus from these studies is that coding altera-
tions presumed to severely interfere with the protein’s
function, be it by truncation or rearrangement of func-
tionally important regions, exhibit a high likelihood of
clinically severe syndromes. Albeit, structurally signifi-
cant changes are not always predictive of severe epi-
lepsy. Several cases exist where one mutation causes
controllable seizures in one generation that regress to
pharmacoresistance in the next. The relationship
between the clinical picture and the position of the
mutation within the protein is similarly complex. Bio-
chemically comparable changes in adjacent residues
can produce markedly different effects. Of course, intri-
cate structural information may readily explain the
diverging clinical outcomes. In theory, mutations of
adjacent hydrophobic residues may well differentially
affect the channel’s functionality, depending on the three
dimensional placement of the residue within the protein.
A residue lining the pore or stretching its charged side-
arm toward the selectivity filter, for example, has likely
larger impact on the channel’s performance than its
neighboring residue, which is a third a-helix turn
averted. More informative analyses will be possible once
the Nav1.1 crystal structure becomes available.

13. Summary

The purpose of this review was to provide a compila-
tion of all SCN1A mutations currently found. Having
done so, it is understood that the listings and calcula-
tions will be updated in the future. To provide a contin-
ued platform that is in keeping with the latest data, a
web site has been set up where all information can be
accessed and downloaded (http://web.scn1a.info). At
this time, I deliberately refrain from scoring mutational
weights or correlating the biochemical impact of the
amino acid alteration with the phenotype. Without
structural information on Nav1.1 that is significantly
more detailed, I feel that such analyses are premature.

Acknowledgements

I am greatly indebted to Isaac Sanchez, B.S., (UC
Davis, CA) whose efforts in data panning made this
compilation possible. Furthermore, I extend my grati-
tude to Dr. Michael Rogawski, M.D., Ph.D. (UC Davis,
CA) who provided me with the means necessary for this
work. I am also very thankful to my friend Professor
Emeritus Allen M. Granda, Ph.D. (University of Dela-
ware, Newark) for proof-reading this article.

Appendix A. Supplementary data

Supplementary data associated with this article can
be found, in the online version, at doi:10.1016/
j.braindev.2008.07.011.

References

[1] Roden DM, George Jr AL, Bennett PB. Recent advances in

understanding the molecular mechanisms of the long QT

syndrome. J Cardiovasc Electrophysiol 1995;6:1023–31.

[2] Brugada J, Brugada R, Brugada P. Channelopathies: a new

category of diseases causing sudden death. Herz 2007;32:185–91.

[3] Ebers GC, George AL, Barchi RL, Ting-Passador SS, Kallen RG,

Lathrop GM, et al. Paramyotonia congenita and hyperkalemic

periodic paralysis are linked to the adult muscle sodium channel

gene. Ann Neurol 1991;30:810–6.

[4] Ostman JA, Nassar MA, Wood JN, Baker MD. GTP up-

regulated persistent Na+ current and enhanced nociceptor

excitability require NaV1.9. J. Physiol. 2008;586:1077–87.

[5] McEwen DP, Meadows LS, Chen C, Thyagarajan V, Isom LL.

Sodium channel beta1 subunit-mediated modulation of Nav1.2

currents and cell surface density is dependent on interactions with

contactin and ankyrin. J Biol Chem 2004;279:16044–9.

[6] Isom LL. The role of sodium channels in cell adhesion. Front

Biosci 2002;7:12–23.

[7] Patton DE, Isom LL, Catterall WA, Goldin AL. The adult rat

brain beta 1 subunit modifies activation and inactivation gating of

multiple sodium channel alpha subunits. J Biol Chem

1994;269:17649–55.

[8] Isom LL, Ragsdale DS, De Jongh KS, Westenbroek RE, Reber

BF, Scheuer T, et al. Structure and function of the beta 2 subunit

of brain sodium channels, a transmembrane glycoprotein with a

CAM motif. Cell 1995;83:433–42.

[9] Hartshorne RP, Catterall WA. Purification of the saxitoxin

receptor of the sodium channel from rat brain. Proc Natl Acad Sci

USA 1981;78:4620–4.

[10] Hartshorne RP, Catterall WA. The sodium channel from rat

brain. Purification and subunit composition. J Biol Chem

1984;259:1667–75.

[11] Trimmer JS, Rhodes KJ. Localization of voltage-gated ion

channels in mammalian brain. Annu Rev Physiol

2004;66:477–519.

[12] Klugbauer N, Lacinova L, Flockerzi V, Hofmann F. Structure

and functional expression of a new member of the tetrodotoxin-

sensitive voltage-activated sodium channel family from human

neuroendocrine cells. EMBO J 1995;14:1084–90.

[13] Toledo-Aral JJ, Moss BL, He ZJ, Koszowski AG, Whisenand T,

Levinson SR, et al. Identification of PN1, a predominant voltage-

dependent sodium channel expressed principally in peripheral

neurons. Proc Natl Acad Sci USA 1997;94:1527–32.

[14] Escayg A, MacDonald BT, Meisler MH, Baulac S, Huberfeld G,

An-Gourfinkel I, et al. Mutations of SCN1A, encoding a

neuronal sodium channel, in two families with GEFS+2. Nat

Genet 2000;24:343–5.

[15] Heron SE, Crossland KM, Andermann E, Phillips HA, Hall AJ,

Bleasel A, et al. Sodium-channel defects in benign familial

neonatal–infantile seizures. Lancet 2002;360:851–2.

[16] Martin MS, Tang B, Papale LA, Yu FH, Catterall WA, Escayg A.

The voltage-gated sodium channel Scn8a is a genetic modifier of

severe myoclonic epilepsy of infancy. Hum Mol Genet

2007;16:2892–9.

[17] Holland KD, Kearney JA, Glauser TA, Buck G, Keddache M,

Blankston JR, et al. Mutation of sodium channel SCN3A in a

C. Lossin / Brain & Development 31 (2009) 114–130 127

http://scn1a.info
http://dx.doi.org/10.1016/j.braindev.2008.07.011
http://dx.doi.org/10.1016/j.braindev.2008.07.011


patient with cryptogenic pediatric partial epilepsy. Neurosci Lett

2008;433:65–70.

[18] Meadows LS, Malhotra J, Loukas A, Thyagarajan V, Kazen-

Gillespie KA, Koopman MC, et al. Functional and biochemical

analysis of a sodium channel beta1 subunit mutation responsible

for generalized epilepsy with febrile seizures plus type 1. J

Neurosci 2002;22:10699–709.

[19] Gorter JA, van Vliet EA, Lopes da Silva FH, Isom LL, Aronica

E. Sodium channel beta1-subunit expression is increased in

reactive astrocytes in a rat model for mesial temporal lobe

epilepsy. Eur J Neurosci 2002;16:360–4.

[20] Chen C, Bharucha V, Chen Y, Westenbroek RE, Brown A,

Malhotra JD, et al. Reduced sodium channel density, altered

voltage dependence of inactivation, and increased susceptibility to

seizures in mice lacking sodium channel beta 2-subunits. Proc

Natl Acad Sci USA 2002;99:17072–7.

[21] Spampanato J, Kearney JA, de Haan G, McEwen DP, Escayg A,

Aradi I, et al. A novel epilepsy mutation in the sodium channel

SCN1A identifies a cytoplasmic domain for beta subunit inter-

action. J Neurosci 2004;24:10022–34.

[22] Isom LL. Beta subunits: players in neuronal hyperexcitability? in:

Novartis Found Symp. 2002;241:124–138; discussion 138–143, p.

226–132.

[23] Wallace RH, Wang DW, Singh R, Scheffer IE, George Jr AL,

Phillips HA, et al. Febrile seizures and generalized epilepsy

associated with a mutation in the Na+-channel beta1 subunit

gene SCN1B. Nat Genet 1998;19:366–70.

[24] Scheffer IE, Berkovic SF. Generalized epilepsy with febrile

seizures plus. A genetic disorder with heterogeneous clinical

phenotypes. Brain 1997;120:479–90.

[25] Ito M, Nagafuji H, Okazawa H, Yamakawa K, Sugawara T,

Mazaki-Miyazaki E, et al. Autosomal dominant epilepsy with

febrile seizures plus with missense mutations of the (Na+)-

channel alpha 1 subunit gene, SCN1A. Epilepsy Res

2002;48:15–23.

[26] Claes L, Del-Favero J, 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 J Hum

Genet 2001;68:1327–32.

[27] Dravet C, Bureau M, Oguni H, Fukuyama Y, Cokar O. Severe

myoclonic epilepsy in infancy. In: Roger J, Bureau M, Dravet C,

Genton P, Tassinari CA, Wolf P, editors. Epileptic syndromes in

infancy, childhood and adolescence. London: John Libbey; 2002.

p. 81–103.

[28] Dravet C, Bureau M, Oguni H, Fukuyama Y, Cokar O. Severe

myoclonic epilepsy in infancy: Dravet syndrome. Adv Neurol

2005;95:71–102.

[29] Oguni H, Hayashi K, Awaya Y, Fukuyama Y, Osawa M. Severe

myoclonic epilepsy in infants – a review based on the Tokyo

Women’s Medical University series of 84 cases. Brain Dev

2001;23:736–48.

[30] Fukuma G, Oguni H, Shirasaka Y, Watanabe K, Miyajima T,

Yasumoto S, 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).

Epidepsia 2004;45:140.

[31] Harkin LA, McMahon JM, Iona X, Dibbens L, Pelekanos JT,

Zuberi SM, et al. The spectrum of SCN1A-related infantile

epileptic encephalopathies. Brain 2007;130:843–52.

[32] Watanabe M, Fujiwara T, Yagi K, Seino M, Higashi T.

Intractable childhood epilepsy with generalized tonic–clonic

seizures. J Jpn Epil Soc 1989;7:96–105 (in Japanese).

[33] Fujiwara T, Sugawara T, Mazaki-Miyazaki E, Takahashi Y,

Fukushima K, Watanabe M, 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.

[34] Rudolf G, Depienne C, Chassagnon S, Sabourdy C, Valenti MP,

Flori E, et al. A new variant in the sodium channel alpha 1

subunit gene SCN1A identified in an adult onset ‘‘cryptogenic”

generalized epilepsy. Epilepsia 2007:48.

[35] Wallace RH, Hodgson BL, Grinton BE, Gardiner RM, Robinson

R, Rodriguez-Casero V, et al. Sodium channel alpha1-subunit

mutations in severe myoclonic epilepsy of infancy and infantile

spasms. Neurology 2003;61:765–9.

[36] Weiss LA, Escayg A, Kearney JA, Trudeau M, MacDonald BT,

Mori M, et al. Sodium channels SCN1A, SCN2A and SCN3A in

familial autism. Mol Psychiatry 2003;8:186–94.

[37] Gargus JJ, Tournay A. Novel mutation confirms seizure locus

SCN1A is also familial hemiplegic migraine locus FHM3. Pediatr

Neurol 2007;37:407–10.

[38] Dichgans M, Freilinger T, Eckstein G, Babini E, Lorenz-

Depiereux B, Biskup S, et al. Mutation in the neuronal voltage-

gated sodium channel SCN1A in familial hemiplegic migraine.

Lancet 2005;366:371–7.

[39] Malo MS, Blanchard BJ, Andresen JM, Srivastava K, Chen XN,

Li X, et al. Localization of a putative human brain sodium

channel gene (SCN1A) to chromosome band 2q24. Cytogenet

Cell Genet 1994;67:178–86.

[40] Lossin C, Wang DW, Rhodes TH, Vanoye CG, George Jr AL.

Molecular basis of an inherited epilepsy. Neuron 2002;34:877–84.

[41] Copley RR. Evolutionary convergence of alternative splicing in

ion channels. Trends Genet 2004;20:171–6.

[42] Plummer NW, McBurney MW, Meisler MH. Alternative splicing

of the sodium channel SCN8A predicts a truncated two-domain

protein in fetal brain and non-neuronal cells. J Biol Chem

1997;272(Suppl. 1):24008–15.

[43] Hirose S. A new paradigm of channelopathy in epilepsy

syndromes: intracellular trafficking abnormality of channel mol-

ecules. Epilepsy Res 2006;70:S206–17.

[44] Lossin C, Rhodes TH, Desai RR, Vanoye CG, Wang D, Carniciu

S, et al. Epilepsy-associated dysfunction in the voltage-gated

neuronal sodium channel SCN1A. J Neurosci 2003;23:

11289–95.

[45] Mancardi MM, Striano P, Gennaro E, Madia F, Paravidino R,

Scapolan S, et al. Familial occurrence of febrile seizures and

epilepsy in severe myoclonic epilepsy of infancy (SMEI) patients

with SCN1A mutations. Epilepsia 2006;47:1629–35.

[46] Madia F, Striano P, Gennaro E, Malacarne M, Paravidino R,

Biancheri R, et al. Cryptic chromosome deletions involving

SCN1A in severe myoclonic epilepsy of infancy. Neurology

2006;67:1230–5.

[47] Nabbout R, Gennaro E, Dalla Bernardina B, Dulac O, Madia F,

Bertini E, et al. Spectrum of SCN1A mutations in severe

myoclonic epilepsy of infancy. Neurology 2003;60:1961–7.

[48] Mulley JC, Nelson P, Guerrero S, Dibbens L, Iona X, McMahon

JM, et al. A new molecular mechanism for severe myoclonic

epilepsy of infancy: exonic deletions in SCN1A. Neurology

2006;67:1094–5.

[49] Moller RS, Schneider LM, Hansen CP, Bugge M, Ullmann R,

Tommerup N, et al. Balanced translocation in a patient with

severe myoclonic epilepsy of infancy disrupts the sodium channel

gene SCN1A. Epilepsia 2008;49:1091–4.

[50] Wang JW, Kurahashi H, Ishii A, Kojima T, Ohfu M, Inoue T,

et al. Microchromosomal deletions involving SCN1A and adja-

cent genes in severe myoclonic epilepsy in infancy. Epilepsia 2008,

[Epub ahead of print].

[51] Suls A, Claeys KG, Goossens D, Harding B, Van Luijk R,

Scheers S, et al. Microdeletions involving the SCN1A gene may be

common in SCN1A-mutation-negative SMEI patients. Hum

Mutat 2006;27:914–20.

[52] Marini C, Mei D, Temudo T, Ferrari AR, Buti D, Dravet C, et al.

Idiopathic epilepsies with seizures precipitated by fever and

SCN1A abnormalities. Epilepsia 2007;48:1678–85.

128 C. Lossin / Brain & Development 31 (2009) 114–130



[53] Tadic A, Baskaya O, Victor A, Lieb K, Hoppner W, Dahmen N.

Association analysis of SCN9A gene variants with borderline

personality disorder. J Psychiatr Res 2008, [Epub ahead of print].

[54] Baulac S, Gourfinkel-An I, Picard F, Rosenberg-Bourgin M,

Prud’homme JF, Baulac M, et al. A second locus for familial

generalized epilepsy with febrile seizures plus maps to chromo-

some 2q21–q33. Am J Hum Genet 1999;65:1078–85.

[55] Moulard B, Guipponi M, Chaigne D, Mouthon D, Buresi C,

Malafosse A. Identification of a new locus for generalized epilepsy

with febrile seizures plus (GEFS+) on chromosome 2q24–q33.

Am J Hum Genet 1999;65:1396–400.

[56] Peiffer A, Thompson J, Charlier C, Otterud B, Varvil T, Pappas

C, et al. A locus for febrile seizures (FEB3) maps to chromosome

2q23–24. Ann Neurol 1999;46:671–8.

[57] Baulac S, Huberfeld G, Gourfinkel-An I, Mitropoulou G,

Beranger A, Prud’homme JF, et al. First genetic evidence of

GABA(A) receptor dysfunction in epilepsy: a mutation in the

gamma2-subunit gene. Nat Genet 2001;28:46–8.

[58] Wallace RH, Marini C, Petrou S, Harkin LA, Bowser DN,

Panchal RG, et al. Mutant GABA(A) receptor gamma2-subunit

in childhood absence epilepsy and febrile seizures. Nat Genet

2001;28:49–52.

[59] Hirose S, Mohney RP, Okada M, Kaneko S, Mitsudome A. The

genetics of febrile seizures and related epilepsy syndromes. Brain

Dev 2003;25:304–12.

[60] Ebach K, Joos H, Doose H, Stephani U, Kurlemann G, Fiedler B,

et al. SCN1A mutation analysis in myoclonic astatic epilepsy and

severe idiopathic generalized epilepsy of infancy with generalized

tonic–clonic seizures. Neuropediatrics 2005;36:210–3.

[61] Ohmori I, Ouchida M, Kobayashi K, Jitsumori Y, Inoue T,

Shimizu K, et al. Rasmussen encephalitis associated with SCN 1

A mutation. Epilepsia 2008;49:521–6.

[62] Vanmolkot KR, Babini E, de Vries B, Stam AH, Freilinger T,

Terwindt GM, et al. The p.L1649Q mutation in the SCN1A

epilepsy gene is associated with familial hemiplegic migraine:

genetic and functional studies. Mutation in novel brief #957.

Online, Hum Mutat 2007; 28: 522.

[63] Grosso S, Orrico A, Galli L, Di Bartolo R, Sorrentino V, Balestri

P. SCN1A mutation associated with atypical Panayiotopoulos

syndrome. Neurology 2007;69:609–11.

[64] Yu FH, Mantegazza M, Westenbroek RE, Robbins CA, Kalume

F, Burton KA, et al. Reduced sodium current in GABAergic

interneurons in a mouse model of severe myoclonic epilepsy in

infancy. Nat Neurosci 2006;9:1142–9.

[65] Ohmori I, Kahlig KM, Rhodes TH, Wang DW, George Jr AL.

Nonfunctional SCN1A is common in severe myoclonic epilepsy of

infancy. Epilepsia 2006;47:1636–42.

[66] Rhodes TH, Lossin C, Vanoye CG, Wang DW, George Jr AL.

Noninactivating voltage-gated sodium channels in severe myo-

clonic epilepsy of infancy. Proc Natl Acad Sci USA

2004;101:11147–52.

[67] Kanai K, Hirose S, Oguni H, Fukuma G, Shirasaka Y, Miyajima

T, et al. Effect of localization of missense mutations in SCN1A on

epilepsy phenotype severity. Neurology 2004;63:329–34.

[68] Claes L, Ceulemans B, Audenaert D, Smets K, Lofgren A, Del-

Favero J, et al. De novo SCN1A mutations are a major cause of

severe myoclonic epilepsy of infancy. Hum Mutat

2003;21:615–21.

[69] Ceulemans BP, Claes LR, Lagae LG. Clinical correlations of

mutations in the SCN1A gene: from febrile seizures to severe

myoclonic epilepsy in infancy. Pediatr Neurol 2004;30:236–43.

[70] Zucca C, Redaelli F, Epifanio R, Zanotta N, Romeo A, Lodi M,

et al. Cryptogenic epileptic syndromes related to SCN1A: twelve

novel mutations identified. Arch Neurol 2008;65:489–94.

[71] Mantegazza M, Gambardella A, Rusconi R, Schiavon E, Annesi

F, Cassulini RR, et al. Identification of an Nav1.1 sodium channel

(SCN1A) loss-of-function mutation associated with familial

simple febrile seizures. Proc Natl Acad Sci USA

2005;102:18177–82.

[72] Wallace RH, Scheffer IE, Barnett S, Richards M, Dibbens L,

Desai RR, et al. Neuronal sodium-channel alpha1-subunit muta-

tions in generalized epilepsy with febrile seizures plus. Am J Hum

Genet 2001;68:859–65.

[73] Oguni H, Hayashi K, Osawa M, Awaya Y, Fukuyama Y,

Fukuma G, et al. Severe myoclonic epilepsy in infancy: clinical

analysis and relation to SCN1A mutations in a Japanese cohort.

Adv Neurol 2005;95:103–17.

[74] Morimoto M, Mazaki E, Nishimura A, Chiyonobu T, Sawai Y,

Murakami A, et al. SCN1A mutation mosaicism in a family with

severe myoclonic epilepsy in infancy. Epilepsia 2006;47:1732–6.

[75] Berkovic SF, Harkin L, McMahon JM, Pelekanos JT, Zuberi SM,

Wirrell EC, et al. De-novo mutations of the sodium channel gene

SCN1A in alleged vaccine encephalopathy: a retrospective study.

Lancet Neurol 2006;5:488–92.

[76] Ohmori I, Ouchida M, Ohtsuka Y, Oka E, Shimizu K. Significant

correlation of the SCN1A mutations and severe myoclonic

epilepsy in infancy. Biochem Biophys Res Commun

2002;295:17–23.

[77] Sugawara T, Mazaki-Miyazaki E, Fukushima K, Shimomura J,

Fujiwara T, Hamano S, et al. Frequent mutations of SCN1A in

severe myoclonic epilepsy in infancy. Neurology 2002;58:1122–4.

[78] Annesi G, Gambardella A, Carrideo S, Incorpora G, Labate A,

Pasqua AA, et al. Two novel SCN1A missense mutations in

generalized epilepsy with febrile seizures plus. Epilepsia

2003;44:1257–8.

[79] Buoni S, Orrico A, Galli L, Zannolli R, Burroni L, Hayek J, et al.

SCN1A (2528delG) novel truncating mutation with benign

outcome of severe myoclonic epilepsy of infancy. Neurology

2006;66:606–7.

[80] Barela AJ, Waddy SP, Lickfett JG, Hunter J, Anido A, Helmers

SL, et al. An epilepsy mutation in the sodium channel SCN1A

that decreases channel excitability. J Neurosci 2006;26:2714–23.

[81] Ohmori I, Ohtsuka Y, Ouchida M, Ogino T, Maniwa S, Shimizu

K, et al. Is phenotype difference in severe myoclonic epilepsy in

infancy related to SCN1A mutations? Brain Dev 2003;25:

488–93.

[82] Sugawara T, Tsurubuchi Y, Fujiwara T, Mazaki-Miyazaki E,

Nagata K, Montal M, et al. Nav1.1 channels with mutations of

severe myoclonic epilepsy in infancy display attenuated currents.

Epilepsy Res 2003;54:201–7.

[83] Escayg A, Heils A, MacDonald BT, Haug K, Sander T, Meisler

MH. A novel SCN1A mutation associated with generalized

epilepsy with febrile seizures plus and prevalence of variants in

patients with epilepsy. Am J Hum Genet 2001;68:866–73.

[84] Kearney JA, Wiste AK, Stephani U, Trudeau MM, Siegel A,

RamachandranNair R, et al. Recurrent de novo mutations of

SCN1A in severe myoclonic epilepsy of infancy. Pediatr Neurol

2006;34:116–20.

[85] Abou-Khalil B, Ge Q, Desai R, Ryther R, Bazyk A, Bailey R,

et al. Partial and generalized epilepsy with febrile seizures plus and

a novel SCN1A mutation. Neurology 2001;57:2265–72.

[86] Sugawara T, Mazaki-Miyazaki E, Ito M, Nagafuji H, Fukuma G,

Mitsudome A, et al. Nav1.1 mutations cause febrile seizures

associated with afebrile partial seizures. Neurology 2001;57:703–5.

[87] Kimura K, Sugawara T, Mazaki-Miyazaki E, Hoshino K,

Nomura Y, Tateno A, et al. A missense mutation in SCN1A in

brothers with severe myoclonic epilepsy in infancy (SMEI)

inherited from a father with febrile seizures. Brain Dev

2005;27:424–30.

[88] Pineda-Trujillo N, Carrizosa J, Cornejo W, Arias W, Franco C,

Cabrera D, et al. A novel SCN1A mutation associated with severe

GEFS+ in a largeSouthAmericanpedigree. Seizure 2005;14:123–8.

[89] Gennaro E, Veggiotti P, Malacarne M, Madia F, Cecconi M,

Cardinali S, et al. Familial severe myoclonic epilepsy of infancy:

C. Lossin / Brain & Development 31 (2009) 114–130 129



truncation of Nav1.1 and genetic heterogeneity. Epileptic Disord

2003;5:21–5.

[90] Nagao Y, Mazaki-Miyazaki E, Okamura N, Takagi M, Igarashi

T, Yamakawa K. A family of generalized epilepsy with febrile

seizures plus type 2-a new missense mutation of SCN1A found in

the pedigree of several patients with complex febrile seizures.

Epilepsy Res 2005;63:151–6.

[91] Depienne C, Arzimanoglou A, Trouillard O, Fedirko E, Baulac S,

Saint-Martin C, et al. Parental mosaicism can cause recurrent

transmission of SCN1A mutations associated with severe myo-

clonic epilepsy of infancy. Hum Mutat 2006;27:389.

[92] Ceulemans B, Boel M, Claes L, Dom L, Willekens H, Thiry P,

et al. Severe myoclonic epilepsy in infancy: toward an optimal

treatment. J Child Neurol 2004;19:516–21.

130 C. Lossin / Brain & Development 31 (2009) 114–130


