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Invertebrate species possess one or two Na* channel genes, yet
there are 10 in mammals. When did this explosive growth come
about during vertebrate evolution? All mammalian Na* channel
genes reside on four chromosomes. It has been suggested that this
came about by multiple duplications of an ancestral chromosome
with a single Na* channel gene followed by tandem duplications
of Na* channel genes on some of these chromosomes. Because a
large-scale expansion of the vertebrate genome likely occurred
before the divergence of teleosts and tetrapods, we tested this
hypothesis by cloning Na+ channel genes in a teleost fish. Using an
approach designed to clone all of the Na* channel genes in a
genome, we found six Na* channel genes. Phylogenetic compar-
isons show that each teleost gene is orthologous to a Na* channel
gene or gene cluster on a different mammalian chromosome,
supporting the hypothesis that four Na* channel genes were
present in the ancestors of teleosts and tetrapods. Further dupli-
cations occurred independently in the teleost and tetrapod lin-
eages, with a greater number of duplications in tetrapods. This
pattern has implications for the evolution of function and special-
ization of Na* channel genes in vertebrates. Sodium channel genes
also are linked to homeobox (Hox) gene clusters in mammals. Using
our phylogeny of Na* channel genes to independently test be-
tween two models of Hox gene evolution, we support the hypoth-
esis that Hox gene clusters evolved as (AB) (CD) rather than
{DIA(BO)I}.

he evolution of voltage-dependent Na* channels in meta-

zoans permitted long-distance propagation of action poten-
tials (1). For many years this was still believed to be their main
function. Recently, it has been shown that Na* currents partic-
ipate in shaping and filtering synaptic inputs, back-propagation
of dendritic action potentials (which can have enormous conse-
quences for associative synaptic plasticity), and initiation and
maintenance of cellular oscillations and burst generation (2-5).
Sodium currents also have been implicated in various forms of
developmental and regulatory plasticity (6, 7). Last, they are the
locus of a number of mutations resulting in a variety of muscle,
cardiac, and neural diseases (8).

Sodium channel genes have been cloned and sequenced in a
number of phyla, and an interesting pattern has emerged:
whereas only a single or a few genes are reported in invertebrate
species (9, 10), 10 distinct Na* channel genes have been iden-
tified in mammals (8, 11, 12). In situ hybridization and channel-
specific antibodies (13-17) have revealed cell-specific expression
and subcellular localization of many of these mammalian Na™*
channels leading to a more complex picture of Na™ channel
function in the mammalian brain. When this proliferation of Na™
channel genes and the differential localization of their products
occurred during vertebrate evolution is unknown.

In humans, all 10 Na* channel genes reside on four chromo-
somes with clusters of three and five Na* channel genes respec-
tively on human chromosomes 3 and 2. Plummer and Meisler
(11) suggested that this pattern arose when an ancestral chro-
mosome with a single Na* channel gene underwent a series of
duplications during a hypothetical large-scale expansion of the
genome (18-20). Such a series of duplications would have
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resulted in four orthologous genes, each on a different chromo-
some. The clusters of Na™ channel genes on chromosomes 2 and
3 likely resulted from tandem duplications on those chromo-
somes that occurred later (11).

These hypotheses can only be tested by analyzing Na* channel
genes in pivotal nonmammalian species. However, little infor-
mation is available on Na* channel genes in nonmammalian
vertebrates. Toward this end, we systematically cloned as many
Na™ channels as possible in a single species of teleost fish, the
weakly electric fish Sternopygus macrurus. We selected a teleost
because the wide-scale chromosomal duplication events likely
occurred before the divergence of teleosts and tetrapods (18, 19).
We selected this species because there is good background
literature on sodium currents in electric fish (3, 21-23).

Methods

This study was carried out by using the National Institutes of
Health and University of Texas guidelines for animal care. All
procedures were reviewed by the University of Texas Institu-
tional Animal Care and Use Committee.

Tissue was excised under a dissecting microscope, immediately
placed in liquid nitrogen, and then stored at —80°C until nucleic
acid extraction. Genomic DNA was isolated from ~100 mg of
brain (24). Total RNA was extracted as described in Ausubel et
al. (24) “The single-step RNA isolation method.” Extracts were
analyzed by electrophoresis and spectrophotometry (OD2e0/
ODygp) to determine concentration and evaluate quality. The
following primers were used for PCR analysis: primer 1, TGCTS-
GTGTGYYTGATYTTCTGG; primer 2, TACATRATWTC-
CATCCARCCTTT; primer 3, AAAGGYTGGATGGAS-
ATYATGTA; primer 4, GTGAAGAAKGAKCCRAAGAT-
GATG; modified primer 1, TRYTSGTGTGYYTSATHTTC-
TGG; and modified primer 4, GTRAARAAKGAKCCR-
AAKRTGATG. Both strands were sequenced for all clones on
an Applied Biosystems 377A DNA sequencer or an 3700 DNA
analyzer by using Big Dye cycle sequencing chemistry according
to the manufacturer’s specifications (Applied Biosystems).

Sequences were aligned by using the predicted amino acid
sequences and then reverse-translated to the nucleotide se-
quences. Gaps were treated as missing characters. Maximum
likelihood phylogeny estimation was performed by using PAUP*
(version 4.0b3) with model settings corresponding to HKY +
gamma + estimated proportion of invariant sites (PINVAR)
with four discrete I categories (25-28). Initial model parameters
were estimated on a maximum parsimony tree and refined by
using successive approximations on subsequent maximum like-
lihood estimates. Heuristic searches were performed with five
random stepwise taxa additions. Branch support was estimated
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Fig. 1. Schematic representation of primer positions for RT-PCR of RNA and PCR of genomic DNA. (A) Schematic Na™ channel in the membrane with four
repeating domains (I-1V). Primers for RT-PCR were directed to the highly conserved regions of domains Il and IV spanning the inactivation loop (loop IlI-1V) that
links them (shown in red). The region of the gene used in phylogenetic analysis is shown in purple. The positions of the highly conserved intron/exon borders
are denoted as X and Y. (B) Depiction of primer sites and intron locations for Na* channels in the conserved pore region of domain Ill. Three semi-independent
primers sets were used to amplify ~380 bp of coding sequence and introns X and Y (primers 1 and 4); 255 bp of coding sequence and intron X (primers 1 and

2); and 125 bp of coding sequence and intron Y (primers 3 and 4).

from 100 bootstrap replicate samples by using the final model
parameters.

Alternative trees compatible with the two scenarios of ho-
meobox (Hox) gene evolution were found by conducting the
above analyses with the heuristic searches constrained to only
consider trees compatible with the respective hypotheses. We
tested for significant differences between the alternative phylo-
genetic hypotheses by using the Kashino-Hasegawa test.

Results

Cloning of Teleost Na* Channel Genes. We used two methods to
clone the initial fragments of Na* channel genes. First, reverse-
transcribed RNA isolated from four tissues—brain, muscle,
electric organ (which is developmentally derived from muscle),
and heart—was amplified with degenerate primers flanking the
highly conserved intracellular loop between domains IIT and I'V
(Fig. 14). This generated three different fragments whose
sequences were subsequently expanded with PCR to differing
extents. These were termed SterNal (amplified from the electric
organ and muscle), SterNa2 (amplified from heart), and SterNa3
(amplified from brain).

To ensure that all of the Na* channel genes in the genome
were represented, we amplified Na*t channel genes from
genomic DNA. We designed a set of degenerate primers based
on published sequences and sequences from the three Na*
channels that we had cloned. The initial primer set targeted a
highly conserved region of the pore in domain III (Fig. 1B).
These primers targeted a genome fragment known to contain
two introns (introns 19 and 20 in Nay1.4) in mammalian Na™
channel genes (29, 30). Introns at these positions are conserved
from jellyfish to mammals (31). Because we do not know the
intronic structure of the teleost Na* channel genes, we refer to
them as introns “X” and “Y.” We reasoned that because the
lengths of introns vary, the resulting PCR products would be
separable on a gel, which would facilitate identification of all
PCR fragments.

Lopreato et al.

Six bands were resolved during the initial genomic PCR
reaction that spanned introns X and Y, although only five of
them could be cloned (Fig. 24). They were all found to be sodium
channel genes upon sequencing. Three of the fragments were
identical to the genes that we had previously cloned with
RT-PCR (SterNal-3). The two new sodium channel genes were
named SterNa4 and SterNa5.

To ensure that we had not missed any genes because of the
limitations of PCR amplification length or primer bias, we then
used additional primer sets to amplify smaller fragments span-
ning only intron X (Fig. 2B) or intron Y (data not shown). The
banding pattern of the PCR products generated by amplifying
across introns X or Y separately met the pattern predicted by the
sequence of the five clones, except that an additional band was
present in the PCR across intron X (Fig. 2B). This sixth band,
which likely corresponded to the uncloneable “band 6” from the
PCR across X and Y, was also cloned and determined to be yet
another sodium channel gene (SterNa6).

By using primers to highly conserved sequences and cloning
across introns, we believe that we have identified all, or certainly
most, of the Na* channel genes in this species. The independent
recovery from genomic DNA of the three Na*™ channel genes
that we had initially cloned from RNA confirms the general
approach because we targeted different regions of the gene with
different primer sets.

Two technical problems that might have led us to miss genes
were excessive intron length and primer mismatches. The introns
of mammalian Na* channel genes may be a few kilobases in
length (29, 32), making this method problematic for the recovery
of mammalian genes. However, the average length of the introns
we encountered in the fish Na* channel genes was 270 bp and
the longest was 580 bp. Because we easily amplified fragments as
large as 1,325 bp that spanned both introns, it is unlikely that the
length of a single intron was limiting.

A post hoc analysis revealed a few mismatches in the sequence
of the initial degenerate primer sets used in the PCR-based
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genomic census and that we successfully cloned channels with up
to three mismatches (in a 23-mer). To reduce the possibility that
primer mismatches were introducing a bias prohibiting the
amplification of further channel types, we redesigned the primer
sets based on the sequence of all six cloned channels so that there
were no mismatches. When the PCR reactions were repeated
with the modified primers (see Methods), only bands correspond-
ing to the six cloned channels fragments were produced (data not
shown). Finally, we determined the expected number of mis-
matches among our primer sets and all known mammalian Na*
channel genes to estimate whether any genes would have been
unlikely to emerge in our census. We noted three or fewer total
mismatches with at least one primer set to all of the mammalian
Na™ channel genes except for the highly unusual Nay (33). Thus,
our primers would have likely detected orthologs of all but one
type of Na* channel.

The sequences of the six genomic fragments were used to
design specific primers for further tissue-specific RT-PCR re-
actions to extend the sequences of each gene, mainly in the 5’
direction, providing complete sequence from segment 1 (S1) in
domain II, to S1 in domain IV (Fig. 14, in purple). Due to the
evolutionary history of Na* channels, domains I and III and
domains IT and I'V are most closely related to each other (1, 34).
By focusing on domains II and III, we included sequence from
both domain types. Domains II and III alone were sufficient to
reconstruct the known topology for the mammalian Na* chan-
nels based on domains I-IV (11, 12).

Phylogenetic Analysis. The Sternopygus Na* channel sequences
were aligned with those of mammalian Na* channels and the few
other nonmammalian vertebrate Na* channels that have been
sequenced. A maximum likelihood phylogenetic analysis indi-
cates that each of the six Sternopygus Na* channels is ortholo-
gous to a mammalian Na* channel gene or gene cluster on each
of the four mammalian chromosomes (Fig. 3). These relation-
ships are also supported by amino acid analysis (data not shown).

SterNa6 and SterNal group with Na,1.4, which is located on
human chromosome 17. This Na* channel gene is exclusively
expressed in muscle in mammals (35). Similarly, SterNal and 6
are expressed in muscle and electric organ (data not shown) in
the electric fish. These genes also group with other teleost Na™

7590 | www.pnas.org/cgi/doi/10.1073/pnas.131171798

sponds to a distinct Na* channel gene. Neg-
ative controls without template (Neg.) were
included in the assay (the clean negative con-
trol lane is not shown in Left).

channel genes found in muscle or electric organ (36, 37). SterNa2
groups with a cluster of mammalian Na* channel genes, which
map to chromosome 3 and encode channels that are resistant to
the neurotoxin tetrodotoxin (TTX) (15, 32, 38). Based on its
sequence and its expression in the fish heart (data not shown),
SterNa2 is closest to Na,1.5, the mammalian cardiac Na*
channel. SterNa5 groups with Na,1.6, which is on human chro-
mosome 12 (39, 40), and a pufferfish brain Na* channel gene
(41). The electric fish Na* channel genes SterNa3 and SterNa4
group with five Na* channel genes that map to human chromo-
some 2, most of which are mainly expressed in the brain. A newt
brain Na* channel gene also clusters with this group (42). Thus,
each mammalian gene or gene cluster has a teleostean ortholog.

Our analysis of Na* channel genes supports the hypothesis of
Plummer and Meisler (11) that four chromosomes, each with a
single Na* channel gene, likely evolved from a series of dupli-
cations of an ancestral chromosome with a single Na* channel
gene. Our data show that these duplications occurred before the
divergence of teleosts and tetrapods. It further reinforces the
concept of the “tetraploidization” of the vertebrate genome (18,
19), although this formulation is not universally accepted (43).

Our analysis also supports the premise that further duplica-
tions occurred after these initial events. One interesting obser-
vation is that these duplications seem to have occurred inde-
pendently in fish and mammals. For example, SterNa3 and 4 are
orthologs of the cluster of five Na* channel genes on human
chromosome 2. Because they branch outside of the cluster of
mammalian genes, the most parsimonious interpretation is that
a single gene was present in a common ancestor of fish and
mammals, and that this gene independently duplicated once in
fish and four times in the tetrapod lineage. Similarly, two
orthologs of a single mammalian muscle Na* channel gene
(Nay1.4) were found in Sternopygus. In this case, gene duplication
occurred in fish but not in mammals.

Sodium Channels and Hox Genes. One of the pieces of evidence
supporting the concept of a large-scale chromosomal duplication
of the vertebrate genome comes from analyses of Hox genes (19,
20, 44). Whereas one cluster of up to 13 paralogous genes on a
single chromosome is observed in invertebrates and nonverte-
brate chordates, four clusters (labeled A-D) are found in
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Fig. 3. Phylogenetic analysis of vertebrate Na* channel nucleotide se-
quences based on an unrooted maximum likelihood tree. The analysis was
done without rooting because rooting with sequences of distantly related
animals, as invertebrates in this case, are not strongly supported and poten-
tially misleading due to long-branch attraction (25). The longest available
nucleotide sequences common to the pufferfishes, Fugu pardalis (Fugu p.)
(AB030482) and Fugu rubripes (Fugur.) (D37977), the electric eel, Electropho-
rus electricus (Eel) (M22252), the knife fish, S. macrurus, the Japanese newt,
Cynops pyrrhogaster (Newt) (AF123593), and rat were aligned by using
MEGALIGN software DNAstar, Madison, WI. The mammalian sequences are the
same as used by Plummer and Meisler (11), except for hNa,1.9 (AF109737) (53),
which was thought to be a novel channel and which is now believed to be an
ortholog of rNa,1.9 (53). The common segment corresponds to the available
SterNa5 sequence, which runs from just past 11SI to IVS1. This region contains
2,190 nucleotides or ~40% of the nucleotides in the coding sequence of the
E. electricus channel. From the preliminary alignment, nine blocks, totaling
1,545 nucleotides, were unambiguously aligned across the taxa being consid-
ered. The final alignment represents an estimated 55% of what might have
been included, had complete cDNAs been available for all 22 channels. The
aligned blocks correspond to the nucleotide positions from the E. electricus
channel 2146-2319, 2350-2529, 2572-2661, 2680-2775, 2788-2832, 3166—
3192,3259-3618, 3673-3858, and 3949-4335. Mammalian Na* channel genes
are in colored blocks; genes on the same chromosome are the same color.
Sternopygus Na* channel genes (GenBank accession nos. AF378139-
AF378144) are underlined with the color used for their mammalian orthologs.
To the right of the tree are boxes indicating the Hox gene cluster with which
each mammalian Na* channel gene s linked as well as the main tissue in which
these genes are expressed.

mammals, each on a different chromosome. Various scenarios
have been proposed for the expansion of Hox genes in the
chordate and basal vertebrate lineages (19, 44—46).

There are three possible unrooted trees by which four Hox
gene clusters may have evolved. One tree, supported by analysis
of Hox clusters and other linked genes in zebrafish, is that Hox
genes evolved in two sets of duplication events such that a
proto-Hox gene gave rise to two (proto-AB and proto-CD)
genes, each of which duplicated again (46). A different scenario
has been proposed based on an analysis of collagen genes, which
are also linked to Hox genes. This scenario proposes three

Lopreato et al.
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Fig. 4. Two unrooted trees for the four Hox gene clusters. Topology no. 1 is
proposed by Amores et al. (46) and is supported by our analysis of Na* channel
genes, topology no. 2 is proposed by Bailey et al. (45) and not supported.

duplication events in which the proto-Hox gene gave rise to the
Hox D cluster and a proto-ABC gene. The proto-ABC gene gave
rise to HoxA and a proto-BC gene, which eventually duplicated
again resulting in the B and C clusters (45).

Because the mammalian Na* channel genes are also linked to
the Hox gene clusters, we can independently test these two
hypotheses. Inspection of the phylogenetic tree of vertebrate
Na™ channel genes shows that the Na™ channel genes associated
with Hox A and B are most closely related, and those genes
associated with the C and D Hox genes are more closely related
(Fig. 4). When formally tested, the (AB) (CD) topology is
strongly supported whereas the other topology can be rejected
(Kishino-Hasegawa log-likelihood ratio test, P < 0.03) (Fig. 4).

Discussion

Na* Channel Gene Duplications Occurred Early in Vertebrate History.
Our data suggest that the common ancestor of teleost fish and
mammals had four Na* channel genes and that these underwent
further duplications independently in the teleost and tetrapod
lineages. From chromosome mapping studies, it is clear that the
second wave of Na* channel gene duplications in mammals are
tandem duplications. Whether the duplications in teleosts are
also tandem duplications on the same chromosome or whether
they are on different chromosomes and reflect an additional
large-scale genome-wide expansion of the teleost genome (46) is
not known. This difference could be resolved by mapping these
genes in zebrafish for which linkage maps exist.

It is likely that the duplications of the Na™ channel genes
occurred close to the emergence of the first vertebrates. Only two
presumptive Na* channel genes have been cloned in an ascidian
chordate (47), and one of these genes is highly unusual and not
in the same lineage as vertebrate Na* channel genes. Further-
more, ascidians and amphioxus have only one Hox cluster (19)
indirectly suggesting that they would only possess only one or a
few Na* channel genes.

Significance of Na* Channel Gene Evolution for Function. Our finding
of the independent duplications of Na* channel genes in fish and
mammals raises the question of whether genes that have inde-
pendently diverged in these two lineages evolve similar or
different functions. For example, in mammals Na,1.1, 1.2, and
1.3 arose as duplications of a founder gene. Na,1.1 and Na,1.3
channels are localized in the somata of many kinds of neurons
whereas Na,1.2 is mainly found in axons of unmyelinated
neurons (13, 14, 16). Presumably the ancestral gene was ex-
pressed generally in neurons and the current distribution oc-
curred as a refinement of this pattern. Teleosts have two
orthologs of these genes (SterNa3 and 4), which presumably
arose from the same ancestral gene that gave rise to these three
genes in mammals. It will be intriguing to know whether the
teleostean orthologs of these genes have evolved comparable
subcellular distributions as in mammals.

On the other hand, the mammalian gene Na,1.6 occurs in a
number of subcellular loci, including nodes of Ranvier of
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myelinated axons (17). Fish have an ortholog of that gene,
SterNa5. We predict that this Na™ channel is localized to nodes
of Ranvier in fish as well, which would suggest this is an ancient
function of the Na,1.6 precursor gene.

The cluster of three TTX-resistant genes on human chromo-
some 3 includes Na,1.5, mainly expressed in heart, Na,1.8, and
Na, 1.9, mainly expressed in small diameter dorsal root ganglion
nociceptors. The genes in this cluster likely evolved from an
ancestral gene (32). Although it is always possible that we have
missed a gene in our census, we have only uncovered a single
ortholog of this cluster in teleosts: it is most similar to Na,1.5 and
it is expressed in the heart. This expression pattern lends
credence to the idea that the cardiac gene Na,1.5 is possibly the
ancestral gene of this cluster in tetrapods. One implication of our
data is that the specialized small-diameter dorsal root nocicep-
tive pathway with its specialized Na™ channels may be a tetrapod
innovation. Indeed, cartilaginous fish have uniform diameter
dorsal root ganglion neurons and little physiological indications
of nociceptive fibers (48). However, TTX-resistant Na* currents
have been observed in small diameter dorsal root ganglion
neurons in frogs (49-51), suggesting that one or both of these
TTX-resistant genes, and a specialized nociceptive pathway, may
have appeared early in the tetrapod lineage. Cloning of Na*
channel genes in frogs will address this question.

Hox Gene Evolution. Because Na™ channel genes are linked to Hox
gene clusters, we used a Na* channel gene phylogeny to test
theories of Hox gene evolution and were able to support one
theory (46). The relationship of Hox gene clusters at the base of
the vertebrate tree is still cloudy. Hox gene evolution early in the
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vertebrate lineage is best inferred from lampreys. However,
establishing relationships among short conserved Hox genes in
lampreys is proving difficult (P. Holland, personal communica-
tion). Our results suggest that a phylogeny of lamprey Na*
channels, which have longer stretches of conserved regions,
could shed light on Hox gene evolution in basal vertebrates.

Conclusions

Many ion channel genes have been cloned in mammals, and
hypotheses on their evolution have been advanced (11, 34, 52).
These hypotheses can only be tested when all of the ion channels
in a family are cloned in pivotal nonmammalian vertebrates, as
we did with Na* channel genes in teleosts. We believe that this
type of analysis is critical to an understanding of the evolution
of the vertebrate brain.

We support the hypothesis that Na* channel genes evolved in
vertebrates initially by chromosomal duplications followed by a
later set of tandem duplications, and we show here that these
later duplications occurred independently in teleosts and mam-
mals. Similar analyses of Na* channel genes in key vertebrates
will allow us to better visualize how this gene family evolved early
in vertebrate evolution (i.e., lamprey, elasmobranchs) and at the
base of the mammalian lineage (i.e., lungfish, frogs).
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