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PATTERNS & PHENOTYPES

Embryonic and Larval Expression of Zebrafish
Voltage-Gated Sodium Channel «-Subunit

(Genes

Alicia E. Novak,' Alison D. Taylor,' Ricardo H. Pineda,' Erika L. Lasda,> Melissa A. Wright,*

and Angeles B. Ribera'**

Whereas it is known that voltage-gated calcium channels play important roles during development,
potential embryonic roles of voltage-gated sodium channels have received much less attention. Voltage-
gated sodium channels consist of pore-forming a-subunits (Na 1) and auxiliary B-subunits. Here, we report
the embryonic and larval expression patterns for all eight members of the gene family (scna) coding for
zebrafish Na,1 proteins. We find that each scna gene displays a distinct expression pattern that is
temporally and spatially dynamic during embryonic and larval stages. Overall, our findings indicate that
scna gene expression occurs sufficiently early during embryogenesis to play developmental roles for both
muscle and nervous tissues. Developmental Dynamics 235:1962-1973, 2006. o 2006 Wiley-Liss, Inc.
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INTRODUCTION

Vertebrate development relies upon
multiple forms of inter- and intracel-
lular communication. One form of in-
tracellular communication, electrical
excitability, involves the concerted
activity of several different types of
voltage-gated ion channels, such as
calcium, potassium, and sodium volt-
age-gated channels (Hille, 2001). Volt-
age-gated calcium channels play roles
in a diverse range of early develop-
mental processes, including mesoder-
mal patterning and neural induction
(Moreau et al., 1994; Drean et al.,
1995; Leclerc et al., 1995, 1997, 2000;
Palma et al., 2001; Wallingford et al.,

2001). At later stages, voltage-gated
calcium channels also regulate differ-
entiation of cardiac tissue and neuro-
nal migration (Moran, 1991; Komuro
and Rakic, 1992; Rottbauer et al., 2001).

Previous studies examining the roles
of ion channels during early embryonic
development have focused largely on
voltage-gated calcium channels (but see
Rutenberg et al., 2002). However, in ad-
dition to calcium channels, voltage-
gated sodium channels (Na, 1) initiate
electrical signals. Furthermore, at least
in mammals, sodium channel gene
(SCNA) gene expression has been de-
tected in embryonic and neonatal
stages (Table 1 and references therein).

The nine different mammalian
SCNA genes differ with respect to ex-
pression patterns as well as functional
properties (e.g., sensitivity to tetrodo-
toxin; Table 1). Studies on human dis-
eases, known as ion channelopathies,
have revealed the essential roles of
some mammalian SCNA genes. A mu-
tation in the human SCNIA gene re-
sults in a childhood disease known as
generalized epilepsy with febrile sei-
zures plus (GEFS+; Escayg et al,
2001). Furthermore, mutations in the
SCN1A and SCN2A have been found
in individuals with familial forms of
autism (Weiss et al., 2003). Despite
that these diseases affect children, the
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roles of SCNA genes and Na,1 pro-
teins during development have re-
ceived comparatively little attention.

One zebrafish mutant, macho (mao),
is touch-insensitive and behaviorally
blind due to a reduction of voltage-
gated sodium current in Rohon-Beard
(RB) sensory neurons and retinal gan-
glion cells (Granato et al., 1996;
Ribera and Niisslein-Volhard, 1998;
Neuhauss et al., 1999; Gnuigge et al.,
2001). Even though sodium current is
reduced in these neurons, the mao
gene does not show linkage to any ze-
brafish scna gene (Novak et al., 2006;
Geisler and Neuhauss, personal com-
munication). Of interest, in mao mu-
tants, both RB and retinal ganglion
cells differentiate abnormally, sug-
gesting developmental roles for so-
dium channels. For example, retinal
ganglion axons display incorrect map-
ping to the tectum (Granato et al.,
1996; Gniigge et al., 2001). Similarly,
RB cells are normally rapidly elimi-
nated by programmed cell death but
survive longer in mao mutants (Svo-
boda et al., 2001).

As a first step toward investigating
developmental roles of SCNA genes, we
determined their expression patterns in
a vertebrate system that facilitates em-
bryonic analyses (Westerfield, 1995;
Nisslein-Volhard and Dahm, 2002).
The zebrafish embryo develops exter-
nally, thus avoiding experimental
complications imposed by the intra-
uterine development of mammals.
Furthermore, large numbers of em-
bryos are produced by single pair
breedings. Development of the embryo
and larva occurs quickly, and, by 5
days postfertilization (dpf), the vast
majority of internal and external or-
gans and structures have reached ma-
turity. The embryo is relatively trans-
parent, allowing repeated observation
in the same specimen of internal
structures without dissection. Addi-
tional advantages include the vast ar-
ray of genetic, molecular, cellular, and
physiological studies that are possible
in this system as well as the ability to
perform large-scale mutagenesis
screens (e.g., mao) and to knock down
genes of interest using antisense mor-
pholinos (Westerfield, 1995; Niisslein-
Volhard and Dahm, 2002; Novak and
Ribera, 2005).

In zebrafish, the scna family con-
sists of four sets of duplicated genes:

scnlLaa & scnlLab, scndaa & scndab,
scnbLaa & scnbLab, and scn8aa &
scn8ab (Novak et al., 2006). Although
there are several multimember gene
families in zebrafish that contain du-
plicated sets of genes (e.g., hox genes;
Amores et al., 1998), the scna family is
unusual in that all of the duplicates
have been retained. Typically, when
duplicated genes are retained in a spe-
cies (1) new functions evolve, or (2) the
functions of the ancestral gene are
partitioned (Postlethwait et al., 2004).
Subfunction partitioning can occur at
temporal, spatial, or quantitative lev-
els (Postlethwait et al., 2004). Com-
parisons of the expression patterns of
the four sets of duplicated scna genes
might provide insights regarding why
all eight have been retained, unlike
other duplicated gene families (e.g.,
hox).

Prior work has indicated that
scn8aa is expressed embryonically in
the nervous system (Tsai et al., 2001).
However, the embryonic and larval
expression patterns of the other seven
scna genes have not yet been reported.
Furthermore, it is not known whether
muscle as well neural tissues express
scna genes during embryogenesis. The
latter is a question of evolutionary in-
terest because ancestral SCNA genes
are thought to have been expressed in
a restricted manner, each limited to
one type of excitable tissue (for re-
views, see Plummer and Meisler,
1999; Goldin, 2002).

Here, we report that all eight ze-
brafish scna genes are expressed dur-
ing embryonic and larval develop-
ment. Furthermore, each scna gene
displays a characteristic spatially and
developmentally regulated expression
pattern. Whereas some scna genes
display neural-specific expression, as
reported previously for scn8aa, others
display muscle-specific patterns be-
tween 10 and 120 hours postfertiliza-
tion (hpf). In addition, some scna
genes are expressed in both neural
and muscle tissues. Although one scna
gene, scn8ab, displays an expression
pattern that is entirely contained
within that of scn8aa, analysis of al-
ternative splicing revealed novel prop-
erties. Furthermore, only one gene,
scn8aa, is expressed in the same neu-
rons that show reduced sodium cur-
rents in the mao mutant. Overall, our
results indicate that scna genes are

expressed at the right time and place
to contribute to early electrical events
that regulate embryonic development
of vertebrate neural and muscle tis-
sue.

RESULTS AND DISCUSSION

Design of scna Isotype-
Specific In Situ
Hybridization Probes

Developmental expression patterns of
zebrafish scna genes were analyzed
using whole-mount in situ hybridiza-
tion in embryos ranging in age from 2
to 120 hpf. To develop scna isotype-
specific probes, we identified regions
that diverged significantly among the
eight zebrafish scna genes. SCNA
genes typically share high sequence
identity across their transmembrane
repeat regions. Furthermore, in ze-
brafish, members of a duplicated scna
gene pair display even higher nucleo-
tide and amino acid identity (Novak et
al., 2006). For example, the coding re-
gions of scn8aa and scn8ab are 88%
identical at the predicted amino acid
level. Thus, we were concerned that in
situ hybridization probes for one
member of a duplicated gene pair
(e.g., scn8aa) might cross-hybridize to
the other member of the pair (e.g.,
scn8ab).

Typically, the most divergent re-
gions of scna genes are the domains
that code for (1) the linkers between
membrane-spanning repeats (I, IT, III,
and IV), (2) the large carboxyl-termi-
nus, or (3) 3’-untranslated regions
(UTRs; Fig. 1). By focusing on these
regions, we were able to design in situ
hybridization probes that recognized
regions that differed as much as 80%
between scna genes (Table 1). Impor-
tantly, the probe sequences that had
the most divergent sequences were for
the duplicated genes that are overall
most similar to each other, scn8aa and
scn8ab (88% identity; Table 1; Novak
et al., 2006).

Zebrafish scniLa Duplicated
Genes Are Expressed
Exclusively in the Nervous
System

ScnlLaa and scnlLab sequences dis-

play 67% predicted amino acid iden-
tity. Among the four sets of zebrafish
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N-terminus |Repeat || I-ll linker | Repeat lIf I-11l linker |Repeat 11| 1lI-1V linker |Repeat IV | C-terminus LT
| MNayi.1La | Nay1.1Lb
| Naytdb | | Nay1.4a |
| Nay15Lb |

Fig. 1.

MNay1.6a
MNay1.6b

In situ hybridization probes recognize regions of scna genes coding for divergent regions. The general organization of a voltage-gated sodium

channel (Na, 1) protein is shown at the top. The sequence predicts four transmembrane repeat regions (I, II, lll, IV; dark gray) separated by cytoplasmic
linker regions (white). The amino and carboxyl termini are also thought to be cytoplasmic (white). For scniLaa, scnilLab, scn4aa, scn4ab, scn5Laa, and
scnblab, in situ hybridization probes recognize divergent sequences within regions coding for linkers or carboxyl termini of the respective Na,1
proteins. However, because of the greater similarity between scn8aa and scn8ab, highly divergent sequences are only found within the 3’-untranslated

regions (3’-UTRs; line).

TABLE 2. In Situ Hybridization Probe Design and Specificity®

Nucleotide identity (%)

Gene Length (bp) To duplicate To other Na,
scnlLaa 1,900 57 48-51
scnlLab 765 52 42-56
scndaa 812 59 50-57
scndab 910 51 39-47
scnbLaa 1,111 52 43-47
scnb5Lab 1,800 71 57-61
scn8aa 655 20 nd

scn8ab 450 20 nd

been identified).

?nd, not determined (3’ untranslated region sequences of other scna genes have not

scna duplicated gene pairs, they are
the least similar to each other. Previ-
ous phylogenetic analyses have indi-
cated that scnlLaa and scniLab are
evolutionarily related to the mamma-
lian SCNIA, SCN2A, SCN3A, and
SCNY9A genes (Novak et al., 2006; Ta-
ble 2). The four mammalian genes re-
side in a cluster on a single chromo-
some in both humans and mice
(Goldin, 2002). The expression pat-
terns of these four mammalian SCNA
genes differ substantially. For exam-
ple, SCN9A expression is restricted to
the peripheral nervous system, whereas
those of SCN1A, SCN2A, and SCN3A
occur both centrally as well as in the
periphery (Table 1, and references
therein). With respect to development,
SCNI1A gene expression is not de-
tected until postnatal stages. In con-
trast, SCN2A and SCN3A gene ex-
pression is found in the embryo (Table
1). SCN9A expression begins during
postnatal stages (Toledo-Aral et al.,
1997).

In zebrafish, at 24 hpf, RB and tri-
geminal ganglion neurons display
scnlLaa mRNA (Fig. 2A-D). At 48
hpf, expression is still present in the
trigeminal ganglion and to a lesser ex-
tent in RB cells (Fig. 2E-H). These
results indicate that scniLaa expres-
sion is restricted to the dorsal or sen-
sory nervous system.

In contrast, the scn1Lab transcripts
are detected in the ventral nervous
system. Expression is first detected at
24 hpf in ventral regions of the hind-
brain and spinal cord (Fig. 3A-E). In
the hindbrain, the expression pattern
suggests branchiomotor neurons (e.g.,
Higashijima et al., 2000; Cooper et al.,
2005). At 48 hpf, mRNA expression
becomes more diffuse in the brain
(Fig. 3F-J). Expression in the hind-
brain is no longer restricted to dis-
crete ventral compartments (Fig.
3F,G). Instead, expression is more
widespread, extending dorsally within
the hindbrain and rostrally (Fig.
3F,G). In spinal cord, the in situ hy-

bridization signal is detected by epif-
luorescent but not brightlight illumi-
nation (Fig. 3H-J). However, unlike
the situation in more rostral regions of
the nervous system, expression con-
tinues to display a ventral restriction.

The results indicate that transcripts
coding for scnlLaa and scnlLab are
both restricted to the nervous system.
However, the expression patterns for
the two genes are not overlapping.
scnlLaa mRNA localizes to dorsal, sen-
sory regions in contrast to the ventral
disposition of scnlLab transcripts. In
this regard, the scn1Lab expression re-
sembles that of mammalian SCNIA,
SCN2A, and SCN3A that are expressed
in the CNS. In contrast, scnlLaa is
reminiscent of the peripherally ex-
pressed SCN9A. These results raise the
possibility that, as the neural crest
evolved in vertebrates, duplication of
the common ancestor to SCNIA,
SCN2A, SCN3A, SCN9A, scnlLaa, and
scnlLab allowed partitioning of expres-
sion between the central and peripheral
nervous systems.

Scn4aa and Scn4ab Gene
Expression

Zebrafish scn4aa and scn4ab genes
are most similar to the mammalian
SCN4A gene (Novak et al., 2006). In
mammals, SCN4A is expressed al-
most exclusively in skeletal muscle
(Trimmer et al., 1989). Furthermore,
SCN4A expression occurs embryoni-
cally during maturation of neuromus-
cular transmission (Cooperman et al.,
1987; Trimmer et al., 1990).

Similar to the scnlILa duplicated
genes, scn4aa and scn4ab are ex-
pressed in nonoverlapping patterns.
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At 24 hpf, scn4aa mRNA is barely
present in the embryo (Fig. 4A). At 60
hpf, scn4aa transcripts localize to the
anterior mesoderm surrounding the
eye (Fig. 4B). In addition, expression
is detected in pharyngeal muscle and
pectoral fin (Fig. 4B-F).

In contrast, scn4ab transcripts are
detected much earlier. At 10 hpf, ex-
pression is detected in both anterior
and posterior mesoderm (Fig. 5A,B).
Transcripts are also detected as early
as the two-cell stage by in situ hybrid-
ization and reverse transcriptase-
polymerase chain reaction (RT-PCR;
not shown), indicating maternal ex-
pression. Consistent with this finding,
voltage-gated sodium currents have
been recorded from ascidian eggs
(Hice and Moody, 1988). At 24 hpf,
scn4dab expression is present in the
developing trunk somites (Fig. 5C,D).
At 60 hpf, scn4ab mRNA is still
present in the somites (Fig. 5E,F).

Thus, the scn4a gene duplicates are
expressed in mesodermal tissues.
However, the expression patterns dif-
fer substantially within the mesoderm
as well as developmentally. Scn4aa
mRNA is found in head and pharyn-
geal muscle. In contrast, scn4ab is ini-
tially a maternal transcript, then
found in presomitic mesoderm, and
later present in trunk somites.

Scnb5Laa and Sen5Lab Gene
Expression

Even though the primary sequences of
zebrafish scn5Laa and scn5Lab show
highest identity to mammalian SCN5A,
the zebrafish genes are phylogenetically
equally related to SCN5A, SCNI10A,
and SCN11A (Novak et al., 2006). In
mammals, SCN5A is primarily ex-
pressed in cardiac tissue (Rogart et al.,
1989; Gellens et al., 1992). Additionally,
it is expressed transiently during neo-
natal periods in skeletal muscle and up-
regulated after denervation (Kallen et
al., 1990; Trimmer et al., 1990; Gellens
et al., 1992). Of interest, neural expres-
sion of SCN5A has been detected, both
centrally in the limbic system as well as
peripherally in embryonic dorsal root
ganglion neurons during early embryo-
genesis (Hartmann et al, 1999;
Donahue et al., 2000; Renganathan et
al.,, 2002). Mammalian SCN10A and
SCN1IA transcripts are primarily ex-
pressed in the periphery in nociceptive

dorsal root ganglion neurons both em-
bryonically and during adult stages
(Akopian et al., 1996, 1999a,b; Felts et
al., 1997; Dib-Hajj et al., 1998).

At 24 hpf, scn6Laa mRNA is de-
tected in regions associated with the
developing heart tube (Fig. 6A, ar-
rows). At 48 hpf, transcripts are
present diffusely in dorsal regions of
the midbrain and hindbrain (Fig. 6C).
At 60 hpf, expression is present within
rostral regions of the nervous system
(Fig. 6D,E).

In contrast, scn5Lab expression is
detected transiently at 19 hpfin trunk
somites (Fig. 7A-D). By 30 hpf,
somitic expression disappears and
transcripts are now detected in ven-
tral spinal cord (Fig. 7TE-G). At 60 hpf,
low levels of expression are detected
in the developing lateral line, in re-
gions associated with rami of the an-
terior and posterior lateral line nerves
(Fig. 71, arrows; see Fig. 1 of Raible
and Kruse, 2000).

These data indicate that scnbLaa
and scnb5Lab transcripts are found
within both nervous and muscle tis-
sue. This finding contrasts with the
restricted neural and mesodermal ex-
pression patterns of the scniLa and
scn4a duplicates, respectively. Fur-
thermore, even though scn5Laa and
scnbLab transcripts localize to both
neurons and muscle, the expression
patterns are nonoverlapping. How-
ever, neither scn5Laa nor scn5Lab is
detected in neurons thought to be in-
volved in nociception, in contrast to
SCN10A and SCNI1IA. Surprisingly,
transcripts of neither scn5Laa nor
scnbLab are detected in the larval
heart by standard whole-mount in
situ hybridization methods.

RT-PCR Analysis of Scn5la
Gene Expression in Larval
Cardiac Tissue

Scnb5Laa and scn5Lab are evolutionar-
ily related to the mammalian SCN5A
gene that codes for the principal cardiac
sodium channel (Rogart et al., 1989;
Gellens et al., 1992). However, our in
situ hybridization studies did not detect
either scn5Laa or scn5Lab expression
in larval cardiac tissue (Fig. 6). It is
possible that the endogenous autofluo-
rescence of cardiac tissue and neighbor-
ing yolk (e.g., Fig. 4F) could interfere
with detected of the fluorescent Fast

Red reaction product. To avoid this
problem, we used an alternative ap-
proach and analyzed expression in RNA
isolated from cardiac tissue dissected
from larvae. RT-PCR analysis of 72 hpf
cardiac tissue RNA reveals expression
of both scn5Laa and scn5Lab (Fig. 8).

Scn8aa and scn8ab Gene
Expression

Among the scna duplicated gene pairs,
scn8aa and scn8ab share the highest
sequence identity (Novak et al., 2006).
Nonetheless, because both have been
retained in zebrafish, we expected
their expression patterns to be non-
overlapping, as we found for the three
other scna duplicated gene pairs (Figs.
2-T).

Phylogentically, scn8aa and scn8ab
are related to the mammalian gene
SCNS8A (Novak et al., 2006). SCN8A is
expressed broadly throughout the cen-
tral and peripheral nervous systems
during early embryogenesis (Schaller
et al., 1995; Krzemien et al., 2000;
Schaller and Caldwell, 2000). Previ-
ous work has shown that zebrafish
scn8aa mRNA expression begins early
(16 hpf) and occurs in many regions of
both the central and peripheral ner-
vous systems (Tsai et al., 2001). How-
ever, the probe used for the previous
studies recognized a portion of the se-
quence coding for the highly con-
served carboxyl-terminus in addi-
tion to the divergent 3’-UTR region.
At the time, scn8ab had not been iden-
tified and its existence probably not
suspected based upon mammalian
SCNA gene phylogeny (Plummer and
Meisler, 1999; Goldin, 2002). To avoid
cross-hybridization to scn8ab, we lim-
ited our probe to 3'-UTR sequence
(Fig. 1; Table 1), a region that is only
20% identical between scn8aa and
scn8ab. Nonetheless, our scn8aa in
situ hybridization results largely
agree with those of Tsai et al. (2001).
Expression begins early in RB cells
and the trigeminal ganglion (Fig. 9A—
D). One day later at 48 hpf, expression
becomes more widespread in both the
spinal cord and more rostral regions of
the central nervous system (Fig. 9E—
H). In contrast to scnlLa genes,
scn8aa transcripts are found in both
dorsal as well as ventral regions of the
nervous system. By 60 hpf, transcripts
are found in the retina, otic vesicle,



ZEBRAFISH SCNA GENES 1967
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Fig. 2. ScniLaais expressed in sensory neurons of the peripheral nervous system and Rohon-Beard
(RB) cells. A-D: At 24 hours postfertilization (hpf), scn7Laa mRNA is detected in the trigeminal ganglion
and RB cells. A: A low-magnification view reveals expression in an anterior domain caudal to the eye
and in RB cells throughout the spinal cord. B: At higher magnification, the anterior expression domain
is recognized as the developing trigeminal ganglion migrating rostrally toward the eye. C: The posterior
expression is found in RB cells of the spinal cord. D: The sense probe (s) does not reveal a signal under
the same conditions used for the antisense probe (as). E-H: At 48 hpf, in situ hybridization signals are
stronger in the trigeminal ganglion but weaker posteriorly in the spinal cord. E,F: At 48 hpf, the trigeminal
ganglia have migrated to their characteristic position just caudal to the eye and continue to express
scnilLaa. G: At 48 hpf, dorsal RB cells continue to express scnilaa transcripts. H: The sense probe
reveals no hybridization signal. as, antisense probe; n, notochord; RB, Rohon-Beard cell; s, sense
probe; tg, trigeminal ganglion; yse, yolk sac extension. In this and subsequent figures, whole-mount
photos are oriented with anterior to the left and dorsal up. Scale bars = 250 um in A (applies to AE),
100 wm in B (applies to B,F), 100 um in C (applies to C,D,G,H).

48 hpf

A

Fig. 3. ScniLab expression is restricted to the central nervous system. A-E: At 24 hours post-
fertilization (hpf), scniLab transcripts are detected in ventral regions of the hindbrain and spinal
cord. A: A low-magnification view reveals expression in the hindbrain and spinal cord. B: Scn1Lab
expression is detected in ventral regions of the hindbrain. C: Similarly, in the spinal cord, scniLab
expression is detected in ventral regions (asterisks). D: Epifluorescent illumination of the Fast Red
in situ hybridization signal reveals expression ventrally within the spinal cord (asterisks). E: Using
the same hybridization conditions as for antisense, the sense probe does not reveal a signal. F-J:
At 48 hpf, scn1lLab expression is found diffusely within rostral regions of the central nervous
system. F,G: Within the rostral central nervous system, scn1lLab expression is detected diffusely
within ventral regions. H,I: Within the spinal cord, scniLab expression appears weaker at 48 versus
24 hpf because it is only detected by epifluorescent (1, asterisks) and not brightfield (H) illumination.
J: The sense probe does not reveal a signal at 48 hpf, even using epifluorescent illumination. as,
antisense probe; n, notochord; s, sense probe; y, yolk sac; yse, yolk sac extension. Scale bars =
250 pm in A (applies to A,F), 100 pm in B (applies to B,G), 100 pm in C (applies to C-E,H-J).

and developing dorsal root ganglion
(Fig. 91-L).
Scn8ab mRNA was found in a sub-

set of cells that express the scn8aa. At
24 hpf, transcripts were present in the
trigeminal ganglia (Fig. 10A,B) and

4 hpf

scn4aa
as

60 hpf

Fig. 4. Scn4aa is expressed in mesodermal
tissues. A: At 24 hours postfertilization (hpf),
scn4aa mRNA is barely detected dorsal to the
yolk sac. B: At 72 hpf, transcripts are detected
in head muscle, pharyngeal muscle (asterisk),
and the pectoral fin (arrow). C: The sense probe
does not reveal a signal. D,E: At 72 hpf, pha-
ryngeal muscle expresses scn4aa mMRNA.
F: The sense probe does not reveal expression.
Scale bars = 250 pm in A (applies to A-C), 100
pm in D (applies to D-F).

RB cells (Fig. 10C-E). Thus, in con-
trast to the other scna duplicated
genes, scn8aa and scn8ab displayed
overlapping expression patterns, with
scn8ab present in a subset of cells that
express scn8aa. For example, fewer
RB cells expressed scn8ab versus
scn8aa. At 60 hpf, similar to scn8aa,
expression was detected within the
lateral line system, albeit at lower lev-
els (Fig. 11F,G). Unlike scn8aa, scn8ab
was not expressed in the retina. In the
spinal cord, as for scn8aa, scn8ab
transcripts were present in both dor-
sal and ventral regions (Fig. 11H-J).

The data indicate that scn8aa is ex-
pressed in cell types that show re-
duced voltage-gated sodium current



1968 NOVAK ET AL.

24 hpf

60 hpf

Fig. 5.

as

Fig. 6.

amplitudes in the mutant (Ribera and
Niisslein-Volhard, 1998; Gniigge et al.,
2001). These data raise the possibility
that the mao gene targets the scn8aa-
encoded channel Na_ 1.6a. In addition,
our data provide new information re-
garding expression of scn8ab. However,
the overlapping expression patterns of
scn8aa and scn8ab do not provide obvi-
ous insights regarding the basis for re-
tention of both genes in zebrafish.

Novel Properties of the
scn8ab Gene

In mammals, the SCN8A gene dis-
plays developmentally regulated splic-

Fig. 5. Scn4ab is expressed early in mesoderm
and later in somatic tissue. A,B: At 10 hours
postfertilization (hpf), scn4ab mRNA is detected
in mesodermal tissue (arrows) using antisense
but not sense probes. C,D: At 24 hpf, tran-
scripts are detected in the trunk somites; in the
dorsal somite, expression is most abundant in
ventral region. E,F: At 60 hpf, expression is
present in the somites and most abundantly in
ventral half. Scale bars= 250 pum in A (applies
to A,B), 100 pm in C (applies to C-F).

Fig. 6. In situ hybridization reveals neural ex-
pression of scn5Laa. A: At 24 hours postfertil-
ization (hpf), scn5Laa mRNA is detected in re-
gions associated with the developing heart tube
and pharynx (arrows). B: Under the same con-
ditions, the sense probe does not reveal a sig-
nal. C: At 48 hpf, scn5Laa expression shifts to
more anterior and dorsal regions of the embryo
(e.g., head muscle, arrowhead). D,E: At 60 hpf,
scnblaa expression appears in rostral regions
of the central nervous system as well as the
developing pectoral fin (arrow). Scale bars =
250 pm in A (for A-E). as, antisense probe; s,
sense probe.

Fig. 7. In situ hybridization reveals a temporally
dynamic scnb5Lab expression pattern. A-D: At
19 hours postfertilization (hpf), scn5Lab mRNA
is detected in the developing somites of the
trunk (asterisks in B,C). The in situ hybridization
signal can be observed using either brightfield
(B) or epifluorescent illumination (C). E: Under
the same conditions, the sense probe does not
reveal a signal. E-G: At 30 hpf, scn5Lab expres-
sion shifts from the peripheral somites to the
central nervous system and is detected in ven-
tral spinal cord (carats; E,F). G: The sense
probe does not reveal a signal at 48 hpf, even
using epifluorescent illumination. H-L: At 60
hpf, scn5Lab expression appears in the devel-
oping lateral line (I,L, arrows). In the trunk, ex-
pression is detected by epifluorescent (K) but
not brightfield (J) illumination. L: The sense
probe does not reveal a signal at 60 hpf, even
using epifluorescent illumination. as, antisense
probe; n, notochord; s, sense probe; yse, yolk
sac extension. Scale bars = 250 and 100 um in
A (applies to A & H and K, respectively), 100 pm
in B (applies to B-G,J-L).
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Fig. 8. a,b: Reverse transcriptase-polymerase
chain reaction (RT-PCR) reveals expression of
both scn5Laa (a) and scn5Lab (b) in heart tissue
of 72 hours postfertilization (hpf) embryos. The
negative control (—) consisted of RT-PCR using
an RT reaction from which the enzyme had
been omitted.

ing of exon 18 that codes for a region
in transmembrane repeat III (Fig. 1;
Plummer et al., 1997). Exon 18 has
two variants: 18A and 18N (Table 3).
The sequence of exon 18A predicts an
open reading frame. In contrast, the
sequence of exon 18N contains a stop
codon that would result in a nonfunc-
tional channel (Plummer et al., 1997).
Neonatally, expression of exon 18N
occurs as well as skipping of either
exon 18 variant (A18; Plummer et al.,
1997). The developmental and/or
physiological significance of this splic-
ing pattern has not yet been estab-
lished.

Because of the advantages of the
zebrafish model for examination of
embryonic development, we examined
splicing of the exon 18 in scn8aa and
scn8ab. Only one pattern of splicing is
detected for scn8aa at any stage of
development examined (Fig. 11). The
size of the PCR product (512 bp) sug-
gests that the transcripts contained
the 18A-like exon. Direct sequencing
of the PCR product confirmed this in-
terpretation and indicated 84% iden-
tity at the nucleotide level with mouse
exon 18A (Table 3).

In contrast, the scn8ab gene dis-
played developmentally regulated
splicing of exon 18 (Fig. 11). Between
1 and 3 dpf, three PCR products are
detected. The largest, 474 bp, corre-
sponds to the size expected for inclu-
sion of exon 18A. The two smaller
bands, 421 and 351 bp, corresponded
to inclusion of exon 18N and skipping

of exon 18, respectively. Direct se-
quencing of the PCR product con-
firmed this interpretation. Exons 18A
and 18N of scn8ab are 79 and 27%
identical to mouse exons 18A and 18N
at the nucleotide level (Table 3).

It is possible that exon 18N for
scn8aa might be present at other de-
velopmental stages not tested here.
However, examination of genomic se-
quences suggests that this is unlikely.
The zebrafish genomic databases
(http://www.ensembl.org/Danio_rerio/)
revealed exons 18A and 18N for scn8ab.
In contrast, exon 18A but not 18N was
detected for the scn8aa gene.

Thus, despite the minor differences
between scn8aa and scn8ab with re-
spect to primary sequences and ex-
pression patterns, the two genes differ
substantially with respect to splicing
of exon 18. Scn8ab but not scn8aa dis-
plays variants containing either exon
18N or no exon 18 (A18). Furthermore,
in both mammals and zebrafish, the
inclusion of exon 18N and exclusion of
exon 18 occurs during early develop-
mental stages (Fig. 11; Plummer et
al., 1997). In all species examined, the
sequence of exon 18N includes a STOP
codon, predicting a nonfunctional
channel. Similarly, skipping of exon
18 also introduces a premature STOP
codon, predicting a nonfunctional
channel (Plummer et al., 1997). The
experimental advantages of the ze-
brafish system (e.g., morpholino ap-
proaches) will allow examination of
the physiological significance of em-
bryonic expression of the exon 18 vari-
ants.

CONCLUDING REMARKS

Comparison of zebrafish and mamma-
lian SCNA expression patterns reveals
substantial similarity for orthologous
genes. The results suggest that scna ex-
pression may have been partitioned be-
tween duplicated genes in zebrafish.
For example, scnlLaa and scnlLab are
thought to have evolved from the same
ancestral gene as the mammalian
SCN1A, SCN2A, SCN3A, and SCN9A
genes (Novak et al., 2006). ScnlLab
was expressed in a manner resembling
the combined expression patterns of
SCN1A, SCN2A, and SCN3A. In con-
trast, scnlLaa and SCN9A displayed
similar expression patterns. Similarly,
scnbLaa and scnbLab are evolutionar-

ily equally related to SCN5A, SCNI0A,
and SCN1I1A. Of interest, even though
scn5Laa and scnb5Lab displayed differ-
ent expression patterns, both were ex-
pressed in tissues associated with the
SCN5A expression pattern. However,
neither is expressed in nociceptive-like
sensory neurons, as are SCN10A and
SCN11A. The latter result may indicate
that such neurons do not appear in ze-
brafish until later stages of develop-
ment or that processing of pain infor-
mation in zebrafish differs significantly
from that in mammals (see also, Lo-
preato et al., 2001).

Overall, the results indicate that scna
gene expression occurs sufficiently
early during zebrafish embryogenesis
for sodium channels to play develop-
mental roles, similar to calcium chan-
nels (Moran, 1991; Komuro and Rakic,
1992; Moreau et al., 1994; Drean et al.,
1995; Leclerc et al., 1995, 1997, 2000;
Palma et al., 2001; Rottbauer et al.
2001; Wallingford et al., 2001). The ex-
perimental strengths of the zebrafish
model allow systematic analysis of the
embryonic roles of each scna gene as
well as specific splice variants.

EXPERIMENTAL
PROCEDURES

Zebrafish

Fish were bred according to guidelines
outlined in The Zebrafish Book (Wester-
field, 1995). Embryos were raised at
28.5° and staged according to external
morphological features as described by
Kimmel et al. (1995).

Whole-Mount In Situ
Hybridization

Embryos and larvae, ranging in age
between 10 and 120 hpf, were fixed
in 4% paraformaldehyde in Fix
buffer (4.0% sucrose, 0.15 mM
CaCl,, 0.1 M PO,, pH 7.3; Wester-
field, 1995), then dehydrated
through a series of methanols, fol-
lowed by a >24 hr incubation in
100% methanol (—20°C). Digoxige-
nin-labeled hybridization probes
(Fig. 1) were synthesized by stan-
dard methods (Jowett, 1999). In situ
hybridization was carried out as de-
scribed by Schulte-Merker et al.
(1992) with minor modifications. De-
tection of the anti-digoxigenin Fab—
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A scn8aa B : as

Fig. 9. Scn8aa expression is restricted to the nervous system. A-E: At 19 hours postfertilization (hpf), scn8aa mRNA is detected in the developing
trigeminal ganglion and spinal cord. A,B: In anterior portions of the embryo, scn8aa mRNA is detected in the developing trigeminal ganglion (tg). C: In
the spinal cord, scn8aa transcripts are detected dorsally in Rohon-Beard (RB) cells as well as ventrally (asterisk). D: Under the same conditions, the
sense probe does not reveal a signal. E-H: At 24 hpf, scn8aa expression expands within the hindbrain. E,F: scn8aa transcripts are detected in ventral
hindbrain at 24 hpf (arrowheads) and the trigeminal ganglion. G: In the spinal cord, scn8aa expression occurs in RB cells and diffusely in ventral regions.
H: The sense probe does not reveal a signal at 24 hpf. I-L: At 60 hpf, scn8aa expression appears diffusely in both rostral and caudal regions of the
central nervous system. L,J: In rostral regions of the central nervous system, scn8aa expression is detected in the retina and diffusely in the brain. K: In
the spinal cord, expression is detected dorsally in isolated cells (dots) and more diffusely in ventral regions (asterisks). In addition, expression is
detected in the periphery, in dorsal root ganglia (arrows). L: The sense probe did not reveal a signal at 60 hpf. as, antisense probe; n, notochord; ot,
otic vesicle; ret, retina; s, sense probe; y, yolk sac; yse, yolk sac extension. Scale bars = 250 wm in A (applies to A,E,l), 100 um in B (applies to B,F,J),

100 pwm in C (applies to C,D,G,H,K,L).
B C RB RB as
as

¢

H RB RBE % aS

Fig. 10. Scn8ab transcripts are detected in a subset of the scn8aa expression domain. A-E: At 24 hours postfertilization (hpf), scn8ab mRNA is
detected in the developing trigeminal ganglion and some Rohon-Beard (RB) cells. A,B: In anterior portions of the embryo, scn8ab mRNA is detected
in developing trigeminal ganglion. C,D: In the spinal cord, scn8ab transcripts are detected in some but not all RB cells. E: Under the same conditions,
the sense probe does not reveal a signal. F-J: At 60 hpf, scn8ab expression expands to ventral spinal cord. F,G: In anterior regions, scn8ab transcripts
are detected in the lateral line system (arrow). H,I: In the spinal cord, scn8ab expression persists in some RB cells and is now present diffusely in ventral
regions (arrowheads). J: The sense probe does not reveal a signal at 60 hpf. as, antisense probe; n, notochord; s, sense probe; tg, trigeminal ganglion;
y, yolk sac; yse, yolk sac extension. Scale bars-250 pm in A (applies to A,F), 250 um in B (applies to B,H), 100 pum in C (applies to C-E,H-J).
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alkaline phosphatase conjugated an-
tibody was performed using the Fast
Red chromogen (Sigma) and en-
hanced by the addition of NaCl to the
staining solution (final 0.3 M; Chiu
et al., 1996; Novak and Ribera,
2003). The Fast Red reaction was al-
lowed to proceed for 5 to 24 hr, de-
pending on mRNA abundance and
probe efficacy. Embryos were
washed for 2 hr in PBST, and the
Fast Red reaction products were vi-
sualized with either bright field or
epifluorescent optics.

Processed embryos were mounted
laterally and viewed on an Eclipse
TE200 inverted Nikon Microscope
with a X20 or X40 objective and pho-
tographed by using a Princeton In-
struments digital camera. Images
were imported into Adobe PhotoShop
for final figure preparation.

Detection of Scn5la mRNAs
in Larval Cardiac Tissue

RT was performed using Superscript 11
reverse transcriptase enzyme (GIBCO-

BRL, Gaithersburg, MD). RNA was
isolated from 51 hearts isolated form
72 hpflarvae using the Trizol reagent.
Two rounds of PCR were performed
with the following primers (5'-3'):
scnbLaa, F1: GCCTCACAATGTCT-
CAACACC, R1: GACTGACGATCA-
GACTGTCGAC, R2: GGTTGCGCT-
CAGGGCTCGGTC; scnbLab, F1:
CTCTCTGGACCAAATACCTCG, F2:
GTACTGAGTGTTTCACCTTCC, R1:
CAGTCAAATCCATCAGGGCACT.
The first PCR round used primers F1
and R1, 4 pl of the RT product, and
the following cycling parameters: 30
rounds at 95°C X 60 sec, 57 X 30 sec,
72°C X 90 sec. The second nested PCR
used primers F1 and R2 (scn5Laa) or
F2 and R1 (scn5Lab) and 4 pl of the
first PCR with the flowing cycling pa-
rameters: 30 rounds at 95°C X 60 sec,
55 X 60 sec, 72°C X 90 sec. The neg-
ative control tested for amplification
of genomic DNA and consisted of us-
ing an “RT” reaction to which no re-
verse transcriptase had been added.
PCR products were visualized by gel

L 24 hpf 48 hpf 72 hpf
600 =
Sop = —— J— — - | GA(sCASEE)
. — = am1BA(scnBab)
400 =1 5N (scn8ab)
=\ B (scnBab)
300
bp a b a b a b
Fig. 11. Developmentally regulated splicing of exon 18 of scn8ab but not scn8aa. Reverse

transcriptase-polymerase chain reaction was used to analyze splicing of exon18 of both scn8aa
and scn8ab. RNA was extracted from 24, 48, and 72 hours postfertilization (hpf) embryos. At all
stages examined, scn8aa (lanes a) displayed only the 18A variant (512 bp). In contrast, scn8ab
(lanes b) expresses three different variants: 18A (474 bp), 18N (421 bp), and A18 (351 bp).

electrophoresis and gel images were
scanned and processed in Adobe Pho-
toShop.

Analysis of Scn8aa and
Scn8ab Splice Variants

RT-PCR was performed using RNA
extracted from whole embryos at 24,
48, and 72 hpf using the Trizol re-
agent. RT was performed using Super-
script II reverse transcriptase enzyme
(GIBCO-BRL) with 2 pg of total RNA
random hexamer primers (Invitro-
gen). A single round of PCR (35 cycles)
was performed using 1 pl of RT prod-
uct using forward (F) and reverse (R)
primers that recognized sequences in
Exons 17 (F) and 19 (R) that were
specific for either scn8aa or scn8ab
(scn8aa: F, 5'-TGAACAGAGGAAGAC-
TATTCG-3’, R, 5-TTGACGTTCTTC-
CAACGCACC-3'; scn8ab: F, 5'-GAA-
CAGAGGAAAACCATCCAG-3'; R, 5'-
ATGAGTGCAAAGCATTCGGTC-3").
Cycling parameters for the PCR were as
follows: 95°C X 60 sec, 51°C X 30 sec,
72°C X 120 sec. Negative controls con-
sisted of using RT reactions to which no
reverse transcriptase had been added.
PCR products were visualized by gel
electrophoresis and extracted and se-
quenced directly. Gel images were
scanned and processed in Adobe Photo-
Shop.
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TABLE 3. Exons 18A and 18N*
A. Exon 18A
SCN8A GTCTCTTTAGTCAGCCTTATAGCTAATGCCCTGGGCTACTCGGAACTAGGTGCCATAAAGTCCCTTAGGACCCTAAGAGCTT
scn8aa ——G———A-——— e —————— G- C——T————— GC----T--A--A--C-———-A-———-G--CC
scn8ab ——G-—-A-——— e ——————— G- A--CT-G--CC————————————— G--A--TT-G--G---C
SCNSA TGAGACCCTTAAGAGCCTTATCACGATTTGAAGGGATGAGG
scn8aa @ 0———————- C-C——— A-—G-———— T —
scn8ab -C--G---C-G——---T--G--C—-G-—--—-G--C——————
B. Exon 18N
SCNS8A GTTCCATTAAGTTTGTCTGGCTTAATTTAATGGGAGCTTCT GG
scn8ab TGC-G- ——— —CACAAGA--GCCT
SCNSA GAGCTGCAGAC TGT AAAGGGCGAGG
scn8ab ———=GG——--T-AGAGGGCCGGGAAGTG-G———-C———
“Dashes indicate identity with Mus musculus SCN8A. Spaces were introduced to enhance the alignment. The stop codons of both
mouse and zebrafish exon 18N exons are underlined.
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