
Abstract Voltage-gated sodium channels (VGSCs) are
responsible for the initial inwards current during the de-
polarisation phase of action potential in excitable cells.
Therefore, VGSCs are crucial for cardiac and nerve func-
tion, since the action potential of nerves and muscle can-
not occur without them. Their importance in generation
and transmission of signals has been known for more than
40 years but the more recent introduction of new electro-
physiological methods and application of molecular biol-
ogy techniques has led to an explosion of research on
many different ion channels, including VGSCs. Their ex-
traordinary biological importance makes them logical and
obvious targets for toxins produced by animals and plants
for attack or defence. The action of these and similar sub-
stances modulating the function of the VGSCs is interest-
ing with respect to their possible use in medicine or use as
tools in the study of these molecules. This review sum-
marises recent progress in this research field and, in par-
ticular, considers what is known about the relationship of
the structure to function, including a current understand-
ing of the pharmacological modulation of VGSCs.
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Abbreviations αI–III rat brain α-subunit isoforms I–III ·
ATX sea anemone toxin · BTX batrachotoxin · CTX
ciguatoxin · DI-DIV domains 1–4 · DDT 1,1,1-trichloro-
2,2-bis-(p-chlorophenyl)ethane · GTX grayanotoxin ·
HH1 human heart Na+ channel isoform-1 · NMR nuclear
magnetic resonance · PbTX brevetoxin · PKA, PKC
protein kinase A, C · RH1 rat heart Na+ channel 
isoform-1 · S1–S6 transmembrane segments 1–6 · 

SkM1 (µ1) skeletal muscle Na+ channel isoform-1 ·
SkM2 skeletal muscle Na+ channel isoform-2 · STX
saxitoxin · TTX tetrodotoxin · UTR untranslated region ·
VGSC voltage-gated sodium channel

Introduction

Ion channels are crucial components for the activity of
living cells. They are integral membrane proteins and al-
low particular ions to pass through them from one side of
the membrane to the other. The plasma membrane acts as
a barrier separating the cell contents from the outside, so
that the ionic concentration inside the cell can be main-
tained at levels considerably different from those in extra-
cellular fluids. This difference in ion concentration results
in electrical potential difference between the cytoplasm
and the external medium resulting in an electrochemical
gradient across the plasma membrane for each ion spe-
cies. Cells make use of these electrochemical gradients in
their signalling and control process.

An important role in this process belongs to ion chan-
nels. Up to present there is a large number of different ion
channels identified and this number is increasing con-
stantly. This diversity leads to problems in their classifi-
cation and nomenclature. If described in terms of their
ionic selectivity and their gating properties, it is possible
to define three major groups of ion channels. Channels
belonging to the first group are activated by a change in
membrane potential and they are described as voltage-
gated or voltage-dependent channels. The sodium chan-
nels which are being reviewed in this article are belonging
to this group. Another group includes channels which are
extracellularly-gated by GABA, acetylcholine, ATP or gly-
cine. A third group includes all channels which are acti-
vated by intracellular ligands such as calcium ions, ATP,
cAMP or cGMP. In addition, there are some channels
which cannot be placed in any of this groups.

Among many known voltage-gated channels, sodium
channels have been of special importance in the history of
physiology. Elucidation of their fundamental properties in
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the squid axon by Hodgkin and Huxley (1952) launched
modern channel theory. More recently, sodium channels
were the first voltage-gated ion channels to be cloned
(Noda et al. 1984). This approach using modern molecu-
lar biology techniques together with the patch-clamp tech-
nique led to better understanding of structure and function
of these critical signalling proteins.

In heart, nerve and muscle cells the action potential is
initiated by activation of the fast sodium channels. The
activation of sodium channels, which are located in the
membrane, results in increased permeability for sodium
ions followed by an inward movement of sodium ions
through these channels. After a period of between 0.5 and
several hundreds of milliseconds, the conductivity for so-
dium ions decreases rapidly due to the inactivation of the
channels. Nevertheless, this short yet abundant influx of
sodium ions creates a cascade of events resulting in con-
traction and/or conduction of electrical impulses. As a
consequence of an inward sodium current, other voltage-
gated channels like potassium and calcium channels are
being activated and contributing to the course of the ac-
tion potential. Calcium channels are responsible for the
plateau phase of the action potential and inflowing cal-
cium ions cause the release of relatively large amounts of
calcium from the intracellular storage which implements
the contraction. Apart from the activated and the inactivat-
ed state, sodium channels can be in the resting state. Both
resting and inactivated states are non-conducting, but
channels that have been inactivated by prolonged depolar-
isation are refractory until the cell becomes repolarised.
The repolarisation converts the channel from the inacti-
vated into the resting state. In other words, the voltage-
gated sodium channels (VGSCs) undergo cyclic changes
in the form of three functionally distinct states starting
with the resting state over the activated to the inactivated
state.

This article reviews the current understanding of the
function, structure and pharmacological modulation of
VGSCs. In the past decade the development of molecular
biology techniques enabled a much more accurate investi-
gation of these aspects and resulted in a large increase of
available information. Particular topics like activation, in-
activation or pharmacology of the VGSCs are reviewed
more in detail elsewhere (Catterall 1992; Fozzard and
Hanck 1996; Marban et al. 1998).

Molecular organisation

Primary structure and general topology of the VGSC

Early biochemical studies utilising radio-labelled toxins
as probes for sodium channels, identified a 260–280 kDa
glycoprotein (referred to as α-subunit) as the major com-
ponent of sodium channels from eel electroplax (Agnew
et al. 1980), rat brain (Noda et al. 1986a) and chicken
heart (Lombet and Lazdunski 1984). Later on, cloning
and sequencing of other sodium channels enabled the pre-
diction of topological arrangements within the α-subunit

(Fig.1A and B). In addition to the coding sequence, the
sodium channel mRNA contains a relatively short 5′-UTR
and a longer 3′-UTR followed by a poly(A)+ tail.

Apart from the α-subunit, some sodium channels con-
tain one or two smaller subunits called β1 and β2. It has
been shown that the sodium channel from rat brain is a
heterotrimeric protein containing subunits α, β1 and β2,
whereas heart and skeletal muscle contain just α- and β1-
subunits (Roberts and Barchi 1987; Satin et al. 1992a). 
It seems that these tissue-specific patterns are consistent
within sodium channels of various species. Exceptions are
eel electroplax (Grant 1991; Krafte et al. 1994) and chicken
heart (Catterall 1988), containing only α-subunits.

Thanks to a rapid development of molecular biology
techniques a large number of sodium channel α-subunits
have been cloned and sequenced (Akopian et al. 1996;
Chen et al. 1997; Dib-Hajj et al. 1998; Gellens et al. 1992;
Kallen et al. 1990; Kayano et al. 1988; Noda et al. 1986b;
Rogart et al. 1989; Schaller et al. 1995; Toledo Aral et al.
1997; Trimmer et al. 1989). Table 1 summarises known
VGSC α-subunits. Considered in the light of structural
models, each isoform represents a kind of naturally occur-
ring mutation, providing clues about which part of the pri-
mary structure carries a particular function. To study a
functional diversity, most of cloned VGSCs have been ex-
pressed in heterologous systems. However, the expression
of some cloned VGSCs failed (chicken heart, eel electro-
plax).

Although the structure of the inactivation gates of the
potassium channel (Antz et al. 1997) as well as the one of
VGSC (Rohl et al. 1999) have been resolved by NMR
lately, this indirect approach remains a major tool for the
prediction of the structure of these large molecules. Since
it is unlikely that the three-dimensional structure of the
whole protein will be completely resolved by x-ray crys-
tallography or NMR in the near future (because of the size
and hydrophobic nature of the protein) we are obliged to
deduce the secondary structure and some features of ter-
tiary structure from the primary amino acid sequence.

The α-subunit

The α-subunit is the major subunit of the channel. When
expressed in a heterologous system, it possesses all of the
channel’s major properties including voltage-dependent
gating and selectivity for sodium. Cloning of the α-sub-
unit of the eel electric organ gave the initial insight into
the primary structure of a voltage-gated ion channel. Us-
ing oligonucleotides encoding short segments of the elec-
tric eel electroplax sodium channel and antibodies di-
rected against it, a cDNA encoding the entire polypeptide
was successfully isolated (Noda et al. 1986a). The de-
duced amino acid sequence revealed a structure which is
common to all known VGSCs (Fig.1A). It is a large pro-
tein with four internally homologous domains (DI-DIV),
each containing multiple potential α-helical transmem-
brane segments (S1–S6) of 19–27 residues. These trans-
membrane segments are connected by non-conserved, hy-
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Fig.1A–C Topology of the
voltage-gated sodium channel
(VGSC). A The α-subunit of
the VGSC consists of four ho-
mologous domains (DI–DIV),
each containing six transmem-
brane segments S1–S6. Single
segments and domains are con-
nected by intracellular and ex-
tracellular loops. The isoleu-
cine, phenylalanine and me-
thionine (IFM) motif has a cru-
cial role in the VGSC inacti-
vation. B Transmembrane ar-
rangement of DI–DIV domains
of the α-subunit around the
channel pore. C Binding sites
(1–5) of the VGSC ligands
(LA: putative local anaesthetic
binding site, TTX tetrodotoxin)

Table 1 Cloned voltage-gated sodium channel (VGSC) α-subunits

VGSC Tissue expression Genbank/EMBL. Reference
α-subunit Accession No

αI Rat brain X03638 Noda et al. (1986a) 
αII Rat brain X03639 Noda et al. (1986a) 
αIII Rat brain Y00766 Kayano et al. (1988)
Na6 Rat brain, neurons and glia L39018 Schaller et al. (1995)
PN1 Peripheral neurons U79568 Toledo Aral et al. (1997)
µ1 (SkM1) Rat skeletal muscle M26643 Trimmer et al. (1989)
SNS/PN3 Sensory neurons X92184 Akopian et al. (1996)
NaNG Dog nodose ganglion neurons U60590 Chen et al. (1997)
NaN Peripheral sensory neurons within dorsal root AF059030 Dib-Hajj et al. (1998)

ganglia and trigeminal ganglia
SCL-11 Broadly expressed atypical Y09164 Wood JN, unpublished data,

direct submission
HH1 Human heart M77235 Gellens et al. (1992)
RH1 Rat heart M27902 Rogart et al. (1989)
SkM2a Rat denervated and immature skeletal muscle Kallen et al. (1990)

asequences of RHI and SkM2 differ only in a negligible number of nucleotides, none of them resulting in amino acid change (probably
cloning artefacts)



drophilic intervening sequences. The fourth transmem-
brane segment (S4) of each domain is highly positively
charged, with a number of conserved arginines or lysines
located in each third position. That part of the channel is
believed to be a voltage sensor. The amino- and carboxy-
termini are on the intracellular side as strongly suggested
by antibody binding study with the eel electroplax (Naka-
yma et al. 1993). The interdomain connecting loops have
been localised to the cytoplasmic surface. As shown in
Fig.1A, the connecting loops between DI and DII and be-
tween DII and DIII are long, whereas the loop between
DIII and DIV is much shorter.

The α-subunit is glycosylated and phosphorylated. The
importance of these channel modifications is discussed in
a separate chapter. In general, the similarity in amino acid
sequence of the α-subunit is greatest in the homologous
domains from transmembrane segment S1 through S6,
while the intracellular connecting loops as well as the
amino- and carboxy-termini are not highly conserved. An
exception is the highly conserved interdomain IDIII-IV.

The β-subunits

In addition to the major α-subunit, most VGSCs have one
or two small auxiliary β-subunits. The deduced primary
structure of the rat brain sodium channel β1-subunit indi-
cates that it is a 23 kDa protein containing a small cyto-
plasmic domain, a single putative transmembrane seg-
ment and a large extracellular domain with four potential
N-linked glycosylation sites (Isom et al. 1992). Northern
blot analysis revealed that human β1-mRNA is abun-
dantly expressed in skeletal muscle, heart and brain and is
encoded by a single gene (Makita et al. 1994).

The sodium channel β2-subunit contains also a single
transmembrane segment, a small intracellular carboxyl
terminal domain and a large glycosylated extracellular
amino-terminal domain (Catterall 1995). The β1-subunit
is bound non-covalently whereas the β2 is bound cova-
lently to the α-subunit to form a heterotrimer.

Various biochemical methods have been used to study
the role of the β1- and β2-subunits in the functional prop-
erties of sodium channels. It has been found that the 
β2-subunit can be removed from purified rat brain sodium
channels without any apparent effect, whereas removal of
β1-subunits causes loss of all functional properties (Mess-
ner et al. 1986). The loss of activity can be partially pre-
vented by intramolecular cross-linking with the α-subunit,
suggesting that the interaction with the β1-subunit may
serve, at least in part, to stabilise the structure of the 
α-subunit.

The β1-subunits have multiple effects on sodium chan-
nel function: increased peak current, accelerated activa-
tion and inactivation as well as altered voltage-depen-
dence of inactivation. Although α-subunits alone are suf-
ficient to encode functional channels, β1-subunits appear
to modulate the kinetics of inactivation. Recombinant
brain and skeletal muscle sodium channel α-subunits ex-
pressed in Xenopus oocytes, exhibit anomalously slow in-

activation as compared to sodium currents present in na-
tive tissue or with those expressed in oocytes injected
with unfractionated rat brain poly(A)+ RNA (Trimmer et
al. 1989; Zhou et al. 1991). It has been shown that co-ex-
pression of the human β1-subunit with the recombinant
human skeletal muscle α-subunit in Xenopus oocytes re-
sults in sodium currents that inactivate rapidly (Makita et
al. 1994). In contrast, the human β1-subunit apparently
has no effect on the function of the human heart sodium
channel α-subunit.

Interestingly, both subunits contain immunoglobulin-
like motifs, similar to those found in many cell-adhesion
molecules (Isom et al. 1995). Because nearly all of the im-
munoglobulin-like motifs identified so far interact with
extracellular protein ligands (Williams and Barclay 1988),
it is suggested that β1- and β2-subunits probably have
similar function (Isom and Catterall 1996) and may act
like neural cell-adhesion molecules.

Molecular determinants of the channel gating

Most of the data dealing with functional aspects of gating
are obtained from mutagenesis experiments. Currently very
little is known about the activation and structure involved
in this process. More is known about the voltage sensing.
The inactivation is by far the best studied gating process.

The outer vestibule and selectivity filter

The model of the outer mouth of the pore predicts two dis-
tinct structures: a selectivity filter and a so-called toxin
binding site 1. Valuable tool in the investigation of the
shape and structure of the outer vestibule have been the
guanidinium toxins TTX and STX. Combination of the
chrystallographical determination of their structures and
the various mutation experiments improved considerably
the understanding of the channel’s permeation path. Al-
though structures determining the selectivity of the so-
dium channel and isoform diversity concerning the toxin
binding are functionally and topologically inseparable, we
discuss the later topic in details in the chapter dealing with
the binding site 1. Here we focus only on the structures in-
volved in the channel selectivity.

By examining permeation of a series of small cationic
ions and molecules, Hille was first to estimate the cross-
sectional size of the sodium channel (Hille 1971). Using
molecular modelling, it was possible to confirm these re-
sults (Fozzard and Lipkind 1996). Looking from the ex-
tracellular side into the pore, a wide mouth of 1.2 nm is
followed by a narrowing of the channel of 0.3–0.5 nm
(Fozzard and Lipkind 1996). This narrowing corresponds
to a putative ion selectivity filter (Fig.1B and C). One set
of four amino acid residues situated in this region, namely
aspartic acid, glycine, lysine and alanine (so-called DEKA
locus) forms the narrowest part of the pore acting as the
selectivity filter. Together with more extracellularly situ-
ated residues glutamic acid, glutamic acid, methionine
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and aspartic acid, they are probably involved in channel
conductance, selectivity and toxin binding (Backx et al.
1992; Chen et al. 1992; Heinemann et al. 1992b; Noda et
al. 1989; Terlau et al. 1991). All of the above mentioned
amino acids from both sets are equivalently positioned in
the four repeats and forming a three-dimensional cluster
which is situated within the segment defined as SS2 (Ter-
lau et al. 1991) or P loop or P segment (Lipkind and Foz-
zard 1994).

Succeeding results indicate that the lysine residue in
DIII of the sodium channel plays a central role in discrim-
ination between monovalent ions Na+ and K+ and exclu-
sion of divalent Ca2+ ions (Favre et al. 1996). The exact
mechanism of discrimination between different cations
remained unclear.

The idea of a transmembrane ion path lined by an in-
folding of the extracellular loops between segments S5
and S6 of each domain existed already for years (Guy and
Conti 1990). Based on experimental studies of channel
block by toxins and available data on point mutations,
Lipkind and Fozzard proposed a model of the outer vest-
ibule (Lipkind and Fozzard 1994). Shortly, the model pro-
poses the existence of a binding pocket for TTX and STX
composed of antiparallel β-hairpins which are situated in
extracellular connecting loops between S5 and S6 of all
four domains. One section of each loop, a highly con-
served P segment (SS2), has been implicated as part of the
external mouth of the pore and the selectivity filter. Some
aspects of this model were revised recently (Penzotti et al.
1998).

The voltage sensors and activation

Gating, a change between the non-conducting and con-
ducting state of a channel, is a response to voltage alter-
ation. This action takes place in all excitable cells. For 
example, in a heart cell membrane potential changes are
controlled by pacemaker cells. Voltage-gated channels
which sit in the cell membrane, respond to such voltage
shifts by conformational changes. Already with the cloning
of the first sodium channel (Noda et al. 1984) a possible
voltage sensor was identified. The general criterion for a
voltage sensor are charged residues located within an
electric field. This feature was recognised by Noda and
colleagues in a putative α-helical transmembrane segment
of the cloned sodium channel. The S4 segment (Fig.1A)
in each of the four domains of the α-subunit contained an
arginine or lysine, both of which are positively charged, at
every third position. In the rat brain sodium channel there
are five such residues in the S4 segments of the first and
second domain (DI and DII), six in S4 of DIII and eight in
S4 of DIV. This number is more or less constant in differ-
ent types of sodium channels. Since S4 are transmem-
brane segments, they are therefore lying within the elec-
tric field and as such good candidates for voltage sensing
role. This hypothesis was also supported by the fact that
similar patterns are found in other voltage-gated channels.
Site-directed mutagenesis experiments (Stühmer et al.

1989) confirmed, at least partially, this attribute of S4.
Similar results were obtained by site-directed mutations in
S4 of voltage-gated potassium channel (Papazian et al.
1991; Terlau et al. 1997). Several arginine and lysine
residues from S4 of domains DI and DII were replaced by
neutral or negatively charged residues. This produced a
reduction in steepness of the relation between channel
opening and the membrane potential when S4 of DI was
mutated, but much less when changing S4 of DII. The ef-
fect of S4 positive charge mutations was also studied in
correlation to fast inactivation kinetics (Chen et al. 1996).
It can be concluded that all S4 segments are involved in
both activation and inactivation, however, individual S4
segments have different roles in both processes (Kühn and
Greeff 1999).

The exact understanding of the conformational changes
associated with activation is troublesome because of lim-
ited data and the difficulty in determining allosteric versus
direct involvement of different residues.

The inner vestibule and inactivation gate

After the activation of the sodium channel, the permeabil-
ity for sodium rises rapidly and then decays during the de-
polarisation step. The inactivation of VGSCs is respon-
sible for this decay of sodium current. Compared to the
resting state of the channel, which is also a non-conduct-
ing state of the channel, inactivation is a process by which
the sodium channel becomes unavailable for reopening
until after membrane repolarisation.

Presently, we know about at least two modes of sodium
channel inactivation: a slow inactivation which develops
over seconds to minutes and a fast inactivation with a time
scale of milliseconds. Relatively little is known about the
slow inactivation. In contrast, the mechanism involved in
fast inactivation has been studied intensively.

For quite a long time it has been known that a cyto-
plasmic loop of the channel might be involved in channel
inactivation, according to the “ball and chain” model
(Armstrong and Benzanilla 1977). The intracellular loop
between domains DIII and DIV is suspected to be this in-
activation gate (Noda et al. 1986a). This loop is depicted
by the red line in Fig.1A–C. Already the fact that this
large connecting loop is extremely well conserved be-
tween different sodium channels, emphasises its physio-
logical importance. The first clear experimental evidence
of the role of the DIII-IV linker region as an inactiva-
tion gate was delivered through the experiments of Stüh-
mer and colleagues (1989). They have constructed a num-
ber of mutant clones and two of them, which have a cut
and addition or a cut, respectively, between repeats III and
IV (DIII and DIV), were characterised by a dramatic de-
crease in the rate of inactivation. Just a few months later
these results were confirmed by another group which used
the inhibition of inactivation by antibodies directed against
this region (Vassilev et al. 1989). After identification of
this intracellular region as inactivation gate, a cluster of
hydrophobic amino acids was found to play a crucial role.
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This cluster, containing isoleucine 1488, phenylalanine
1489 and methionine 1490 (IFM) has been identified as a
fragment required for sodium channel inactivation (West
et al. 1992). More recently it has been shown that small
peptides containing this IFM sequence are sufficient to re-
store fast inactivation of sodium channels with mutations
in IDIII-IV connecting loop, leading to the hypothesis that
the IFM motif binds within the pore of the sodium chan-
nel and blocks it during the inactivation (Eaholtz et al.
1998). This hypothesis implies the presence of amino acid
residues in the intracellular mouth of the pore of the so-
dium channel that are involved in conformational changes
which couple activation to inactivation and bind the IFM
motif to result in an inactivated state. This part of the
channel is described as inactivation linker or inactivation
receptor or docking site of the inactivation gate. Using
scanning mutagenesis it has been found that several res-
idues located in a short connecting segment between S4
and S5 of the domains DIII (Smith and Goldin 1997) and
DIV (McPhee et al. 1998; Tang et al. 1996), situated on
the inner vestibule of the channel, play a critical role in
gate closure and binding. It has been suggested that the
IFM motif of the inactivation gate interacts with F1651
and/or L1660 (in the rat brain αII sodium channel) in 
the S4-S5DIV loop during inactivation of closed chan-
nels. In addition, the S6 transmembrane segment of do-
main DIV have been shown to be important for inactiva-
tion (McPhee et al. 1994) but the peptide containing the
IFM motif from the inactivation gate could still restore in-
activation in channels carrying mutations in this region
(F1764A and V1774A) (McPhee et al. 1995). The authors
concluded that these residues do not directly interact with
the inactivation gate meaning that they do not function as
a docking site for the IFM motif. First demonstration of
direct interaction consistent with a docking site model has
been demonstrated by mutation experiments within the
short connecting loop between segments S4 and S5 (S4-
S5) of the domain DIII (Smith and Goldin 1997). The re-
sults showed that a highly conserved alanine at position
1329 belonging to S4-S5 of the domain DIII is an impor-
tant residue for normal inactivation (Smith and Goldin
1997). More detailed investigation of the S4-5 from the
domain DIV using the scanning mutagenesis suggested
that F1651, L1660 and N1662 play a crucial role in the in-
activation process (McPhee et al. 1998). The residues
F1651 and/or L1660 are supposed to interact with IFM
motif from the inactivation gate.

Recently, the first high-resolution data for VGSC were
published. Rohl et al. (1999) cloned and expressed the
part of the putative inactivation gate and resolved the
structure by NMR. They were able to show that the inac-
tivation gate is an α-helical structure capped by an N-ter-
minal turn. These data represent the first high-resolution
data for voltage-gated sodium channels. 

At the same time, the molecular mechanism of sodium
channel slow inactivation remains mainly unresolved.
This physiologically important but poorly understood
process is common to all sodium channels. Slow inactiva-
tion is thought to play an important role in membrane ex-

citability and firing properties (Sawczuk et al. 1995).
Slow inactivation participates in different physiological
and pathophysiological events. This process may play
only a minor role in normal cardiac function, while play-
ing a more prominent and physiologically important role
in brain and muscle (Sawczuk et al. 1995). Several hered-
itary diseases which might involve defects in slow inacti-
vation are known, such as periodic paralysis (Cummins
and Sigworth 1996; Ruff 1994).

It is known that the slow inactivation of cardiac sodium
channels is very limited compared to slow inactivation in
nerve and skeletal muscle and this represents an important
physiological difference between cardiac sodium chan-
nels and other sodium channel subtypes (Richmond et al.
1998). Similarly as in the case of fast inactivation, slow
inactivation of the skeletal muscle isoform (SkM1) but
not cardiac isoform (HH1) is modulated by the β1-subunit
(Vilin et al. 1999). The mechanism of this modulation is
still not known. It seems that P-loops might be structural
determinants of this process through the interaction with
the β1-subunit.

It is believed that slow and fast inactivation are inde-
pendent events. This is supported by the fact that cyto-
plasmic application of proteolytic enzymes abolishes fast
inactivation without disrupting slow inactivation (Valenzuela
and Bennett 1994). It is not known if there is a slow inac-
tivation gate as in the case of the fast inactivation. How-
ever, the IFM motif which plays an important role in fast
inactivation produces also a slow use-dependent inactiva-
tion when applied to the cytoplasmic side (Eaholtz et al.
1999). It has been proposed that fast block represents bind-
ing of the inactivation gate to the inactivation gate receptor
in the short S4-S5 connecting loop of the DIV, while slow
block represents binding of the IFM peptide deeper in the
pore. At the same time, there is a relationship between the
outer mouth of the pore and the slow inactivation process.
Mutation of a external pore-lining residue had an effect on
slow inactivation (Balser et al. 1996). Mutation of a single
arginine residue in the transmembrane segment S6 of the
DI (S6DI) also altered drastically slow inactivation of the
channel (Wang and Wang 1997). For these reasons the
“C-type” inactivation of the Shaker K channels has been
proposed to apply for VGSCs as well. Another point mu-
tation in the transmembrane segment S2 of the domain
DIV altered both activation and inactivation of the sodium
channel (Fleig et al. 1994). The slow inactivation was also
impaired by mutations localised on the cytoplasmic side
of the channel (Cummins and Sigworth 1996).

Slow and fast inactivation also differ in that the kinet-
ics and steady-state levels of slow inactivation are influ-
enced by the concentration of extracellular alkali and or-
ganic cations (Townsend and Horn 1997). The decay ki-
netics are faster for the organic cations than for the alkali
metal cations. In contrast to the fast inactivation which is
rather insensitive to changes of [Na+]o (Oxford and Yeh
1985; Tang et al. 1996), raising extracellular cation con-
centration inhibits slow inactivation. These findings, to-
gether with mutation experiments within the outer chan-
nel pore indicate that the conformational change during
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slow inactivation might depend on the occupancy of the
putative “Na+ binding site” at the outer mouth of the chan-
nel. Using chimeras between human heart and rat skeletal
muscle it could be demonstrated that all four domains can
modulate the sodium channel slow inactivation, but the
domains DIII and DIV are shown to be less important
than DI or DII (O’Reilly et al. 1999). Future experiments
of this kind may allow identification of structures in-
volved in slow activation as well as structures mediating
interaction between fast and slow inactivation.

Role of post-translational modifications of VGSCs

Gating properties of VGSCs can be modulated by glyco-
sylation, phosphorylation, fatty acylation and sulphation.
Here we concentrate on glycosylation and phosphoryla-
tion which contribute mostly to the final structure of the
channel in vivo. Fatty acylation and sulphation are de-
scribed elsewhere (Schmidt and Catterall 1987).

Glycosylation of VGSCs

All of the VGSC subunits are post-translationally modi-
fied by glycosylation. Fifteen to 30% of the mass of Na+

α-subunits and approximately 25% of the mass of β1 and
β2-subunits are carbohydrates (Catterall 1988). The carbo-
hydrate moieties include chains containing large amounts
of sialic acid (James and Agnew 1987), an unusual post-
translational modification of vertebrate proteins. The func-
tion of these carbohydrates has not yet been well exam-
ined. However, the α1-subunit of the Ca2+ channel lacks
extensive glycosylation (Catterall et al. 1988; Henning et
al. 1996), which suggests that the critical functions of the
channel can be fulfilled without direct participation of car-
bohydrates. It is known that glycosylation is an essential
process in the maintenance of the normal steady state of
biosynthesis and degradation of sodium channels (Waech-
ter et al. 1983). It is also considered to be important for
the functional expression of voltage-activated channels in
embryonic neurons during early stages of cell growth in
culture. The channels become less dependent of glycosy-
lation in mature neurons. The hydrophilic extracellular
loops are the consensus sites for N-linked glycosylation
lying between S5 and S6 of domain DI and DIII (Fig.1A).
There are 14 potential sites for N-linked glycosylation in
the regions of HH1 (Gellens et al. 1992). β1-subunit con-
tains four potential sites for N-linked glycosylation in the
extracellular domain which is not required for function of
the β1-subunit (McCormick et al. 1998). Experiments on
whole-cell patch-clamped rat neocortical neurons show
that the Na+-current decreased progressively in the pres-
ence of an inhibitor of protein N-glycosylation (Zona et
al. 1990). Moreover, recent experiments with transiently
expressed cardiac and skeletal muscle channels have shown
that glycosylation differentially regulates Na+ channel func-
tion in these two isoforms (Zhang et al. 1999). Glyco-
sylation can influence the toxin binding as shown for 

STX binding in the neuroblastoma cells (Waechter et al.
1983).

Phosphorylation of VGSCs

Phosphorylation consensus sequences are found on the
IDI-II and IDIII-IV linkers and on both intracellular ter-
mini (Fig.1A). Although still controversial, the role of the
phosphorylation in the channel function has been studied
by many research groups and is very complex. Generally,
channel phosphorylation results from a complex balance
between activities of protein kinases, different kinase iso-
forms, and phosphatases. Since different cells express dif-
ferent protein kinases and phosphatases the phosphoryla-
tion of the same sodium channel may vary between dif-
ferent cells. Even variations within the same cell may oc-
cur if conditions change.

It has been shown that cytosolic segments such as the
interdomain loop between domains DI and DII (IDI-II) or
domains DIII and DIV (IDIII-IV) represent potential tar-
gets for protein phosphorylation (Chen et al. 1995; Dascal
and Lotan 1991; Sigel and Baur 1988) by cAMP-depen-
dent protein kinase (PKA) or protein kinase C (PKC). The
loop between domains DI and DII contains four serines
which are phosphorylated in vitro and in vivo by PKA
(Murphy et al. 1993). The serine residue occurring in the
highly conserved IDIII-IV (S1506) is required for the PKA
effect on the rat brain isoform αII (Li et al. 1993; West et
al. 1991), while it is not necessary for the cardiac isoform
(Frohnwieser et al. 1995). Phosphorylation of this site is
required for slowing of Na+ channel inactivation and re-
duction of the peak current by PKC.

PKA has been shown to modulate VGSC individually
in different isoforms: PKA-mediated phosphorylation has
been shown biochemically for neuronal (Costa et al. 1982;
Murphy et al. 1993), skeletal muscle (Ukomadu et al. 1992)
and cardiac (Cohen and Levitt 1993) isoforms of VGSCs.
The cardiac channel has eight candidate consensus PKA
phosphorylation sites in the loop between domains DI and
DII, all of which are distinct from the neuronal channel. 
In vitro studies of the expressed cardiac sodium channel
demonstrate cAMP-dependent phosphorylation on only two
of these serines (Murphy et al. 1996).

The functional consequences of PKA activation have
also been studied for different heterologously expressed
isoforms (Frohnwieser et al. 1997; Gershon et al. 1992;
Schreibmayer et al. 1994). The activity of the neuronal
isoform (αII) becomes attenuated upon PKA stimulation
due to forskolin or isoproterenol stimulation (Gershon et
al. 1992; Li et al. 1993; Smith and Goldin 1996). In con-
trast to the attenuation in neuronal isoforms, the cardiac
isoform RH1 is stimulated by PKA (Schreibmayer et al.
1994) and skeletal muscle channel (SkM1) currents re-
main unchanged (Frohnwieser et al. 1997). In other words,
PKA and PKC have similar effects in αII: so-called con-
vergent modulation as described by Li et al. (1993) while
cardiac sodium channels are modulated oppositely by
PKA and PKC: so-called divergent modulation. 

459



Many Ca2+ and K+ channels are also regulated by path-
ways involving protein phosphorylation, suggesting that
long-term modulation of ion channel function by phos-
phorylation is a wide-spread regulatory mechanism. It is
also very probable that different phosphorylation patterns
account for, at least partially, functional differences be-
tween channel isoforms.

Pharmacology of the VGSCs: binding sites and ligands

A large number of biological toxins exert their toxic ef-
fects by modifying the properties of sodium channels.
These include the water-soluble heterocyclic guanidines:
TTX and STX, the lipid-soluble polycyclic compounds:
veratridine, aconitine and BTX and the low-molecular
weight polypeptide venoms isolated from scorpion ven-
oms and sea anemone as well as many others. 

According to their binding properties, Catterall (1980)
defined five groups of toxins (Fig. 1C and Table 2).
Briefly, site 1 binds TTX, STX and µ-conotoxin which
block ion conductance. Site 2 binds BTX, veratridine and
aconitine, resulting in persistent activation of the sodium
channel. Site 3 binds the scorpion α-toxins and sea
anemone toxins which slow or block inactivation. Agents
which bind on this site also enhance the persistent activa-
tion of the sodium channel caused by toxins acting at the
receptor site 2. Receptor site 4 binds scorpion β-toxins
that shift the voltage-dependence of activation to more
negative membrane potentials without modifying the
sodium channel inactivation. Finally, receptor site 5 binds
brevetoxin and CTX, agents that cause repetitive neuronal
firing, shift the voltage dependence and block sodium chan-
nel inactivation. Except substances with defined binding

sites, changes of extracellular divalent ion concentration,
pH and ionic strength influence the channel gating. No di-
rect chemical modifications of activation are known
(Hille 1992). More recently, another distinct binding site 6
was proposed in addition to the classically defined five
sites: the insecticide binding site.

As defined by Hille (1992) and summarised in Table 2,
there are several major classes of VGSC modifiers: those
removing inactivation, others slowing inactivation, toxins
shifting activation and agents affecting voltage depen-
dence of gating. Some of lipid-soluble toxins, like aconi-
tine or veratridine exert combined effects by shifting acti-
vation and slowing inactivation. Another set of pharmaco-
logical agents, typified by DPI 201-106, has been used to
slow or remove inactivation of cardiac sodium channels
(Scholtysik et al. 1985). These agents prolong the action
potential duration and increase cardiac contractility, mak-
ing them potentially useful for inotropic and antiarrhyth-
mic therapy in patients with depressed cardiac contractil-
ity (Hille 1992). Below we review the most important
sodium channel modifiers which have greatly improved
our understanding of the VGSC function and structure.

TTX, STX and conotoxins (binding site 1)

The first two naturally occurring toxins are probably the
best investigated sodium channel modifiers. Tetrodotoxin
(TTX) is a potent poison (LD50 0.1 mg/kg) found in
ovaries and liver with lesser amounts in intestines and
skin of the puffer (fugu) fish and its relatives from the
family Tetraodontidae. The fish do not synthesise TTX,
but instead concentrate it from ingested bacteria. Restau-
rants in Japan and Korea serve the fugu fish as delicacy
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Table 2 Toxin binding sites
associated with the VGSC Binding Site Neurotoxin Physiological effect

1 Tetrodotoxin (TTX) Ion channel block ⇒ Inhibition of ion transport
Saxitoxin (STX)
µ-Conotoxins

2 Veratridine Persistent activation
Batrachotoxin (BTX)
Aconitine
Grayanotoxin (GTX)

3 North African scorpion Slow inactivation; enhancement of persistent activation
α-toxin
Sea-anemone toxins
(ATX)
δ-Atracotoxins

4 American scorpion Transient repetitive activity and block ⇒ shift
β-toxins voltage-dependent activation to more negative potentials

5 Brevetoxins (PbTx) Repetitive activity; persistent activation ⇒ shift 
Ciguatoxins (CTX) voltage-dependent activation to more negative potentials

6? Pyrethroids Repetitive activity and/or block; Slowing of activation, 
DDT inactivation and deactivation

Unidentified DPI 201-106 Prolongation of action potential
sites Local anaesthetics Ion channel block



after removing poisonous organs. Nevertheless, many fa-
talities are reported every year ranging from Papua New
Guinea, over Japan to Thailand and Vietnam. The total
number of deaths per year is estimated to be 120 (Klaas-
sen 1996). Furthermore, there is an interesting ethnophar-
macological link between TTX poisoning and Voodoo
folklore in Haiti. TTX has been found to be the major ac-
tive pharmacological ingredient responsible for the intro-
duction of zombie state catalepsy (Benedek and Rivier
1989). It has been isolated from a powder used in voodoo
rituals, which has been prepared from various animals
(fish, frog) and plants by special extraction methods.

STX, like TTX, is a blocker of sodium channel activa-
tion known also as paralytic shellfish poison (PSP). It is a
toxin found in certain molluscs, arthropods, echinoderms
and some other marine animals that have ingested toxic
protists mostly of the order Dinoflagellata, unicellular or-
ganisms in the marine plankton. In addition, STX is a pro-
duct of certain freshwater cyanobacteria. In this way fil-
ter-feeding shell, fish or clams become poisonous them-
selves and can cause paralytic shellfish poisoning through
the food chain in both domestic animals and humans.

TTX and STX are perhaps the most specific VGSC
toxins. In most cases binding is rapidly reversible (sec-
onds and minutes) and of high affinity. Their equilibrium
dissociation constant Kd is 1–10 nM for skeletal muscle or
nerve isoforms and for less sensitive cardiac VGSC a few
micromolar. The two guanidinium toxins and their struc-
tural analogues were valuable tools in the investigation of
the shape and structure of the outer vestibule as well as for
modelling of TTX and STX binding site (Lipkind and
Fozzard 1994). Binding studies with tritiated STX sug-
gested that also the β1-subunit participates in forming the
TTX/STX binding site (Messner and Catterall 1986). In
combination with site-directed mutation experiments it
was possible to make a quite refined picture of this part of
the channel. For better understanding the amino acid se-
quence of this region from three VGSC isoforms is shown
in the Fig.2. A single point mutation of glutamic acid 387
in SS2 segment (or P segment; see also the chapter about
the outer vestibule and the selectivity filter) of DI from rat
brain II isoform (AC X03639) to glutamine (E387Q) re-
sults in complete loss of TTX and STX block (Noda et al.
1989). Subsequently, systematic mutations of mainly
charged residues in SS2 segments of all four repeats were
performed (Terlau et al. 1991). Different mutations af-
fected TTX and STX sensitivity to different grades, how-
ever neutralisation of any of the six conserved residues of
glutamic acid or aspartic acid reduced the sensitivity by at
least three orders of magnitude. TTX interacted primarily
with the residues in the segments of the first and second
repeat. Concerning STX, neutralisation of aspartic acid at
position 1717 of the repeat IV (D1717N9) abolished the
block by this toxin, while just partially reducing the block
by TTX.

It was generally accepted that TTX and STX bind to
the same site on the channel. This idea was based upon
different facts like that two toxins completely block cur-
rent, competitively block each other in binding assays, are

of similar size, possess similar functional groups and mu-
tations in the outer vestibule seem to have qualitatively
similar effects on the affinity of both toxins (Noda et al.
1989; Terlau et al. 1991) All these similarities led Lipkind
and Fozzard (1994) to propose a molecular model of the
TTX and STX binding pocket composed of antiparallel 
β-hairpins formed from peptide segments of the four S5-
S6 extracellular loops of the VGSC. On the other side,
some more recent experimental results suggested that
there might be some differences in this respect (Kirsch et
al. 1994). To elucidate those disagreements in the specific
interactions between the channel vestibule and the two
toxins, a quantitative comparison of the effects of the mu-
tations at eight important vestibule sites was performed
(Penzotti et al. 1998). For this study the skeletal muscle
VGSC isoform (µ1 or SkM1) expressed in X. laevis oo-
cytes was used. Results showed that the most dramatic
differences between TTX and STX block were introduced
by the mutation of a tyrosine residue at the position 401
(Fig.2). The effects of the mutation were more pronounced
through aspartic acid than through cysteine substitution.
At the same time, mutations in that position affected STX
blocking efficacy much less than that of TTX. For the
STX block, two outer ring residues glutamic acid 758 and
aspartic acid 1532 were more important. All three men-
tioned residues (Y401, E758 and D1532) are situated
closer to the extracellular part of the outer mouth of the
pore. More intracellularly located charged residues from
the inner selectivity region (DEKA locus) interact simi-
larly with STX and TTX, supporting the idea that the two
toxins block the pore by the same mechanism in spite of
differences in interaction with amino acid residues situ-
ated around the pore.

In addition to the TTX/STX binding properties, VGSCs
from different tissues have distinct properties concerning
the sensitivity to TTX itself. The cardiac muscle sodium
channels are less sensitive than those of brain and skeletal
muscle: they require micromolar (TTX-resistant or TTX-R)
instead of nanomolar (TTX-sensitive or TTX-S) concen-
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Fig.2 The positions of amino acid residues (one-letter code) that
have been identified as major determinants for tetrodotoxin/saxi-
toxin (TTX/STX) and cation (Cd2+, Zn2+) sensitivity differences
among VGSC isoforms are underlined and numbered as in Terlau
et al. 1991. SS2DI is a segment belonging to the connecting loop
between S5 and S6 of the domain DI and contributing together
with corresponding segments from other repeats to the TTX/STX
binding site and selectivity filter (RH1 rat heart Na+ channel iso-
form-1, αII rat brain Na+ channel isoform 2, SkM1 skeletal muscle
Na+ channel isoform-1)



tration of TTX to be blocked. The first hypothesis that ex-
plains high/low-affinity TTX and STX binding in the
VGSCs has focused on electrostatic attractions between
the positively charged guanidinium groups and negatively
charged acidic groups in their binding site on the channel
(Hille 1992). Cardiac and brain isoforms have only two
residues in the P segment which are different (Fig.2). A
first one is cysteine at position 374 in the cardiac isoform
(RH1) in place of phenylalanine 385 in brain (αII) or ty-
rosine 401 in skeletal muscle (SkM1). The second differ-
ence concerns an arginine residue in position 377 (in
RH1) in place of an asparagine (position 388 in α II or po-
sition 404 in µ1). To prove the later hypothesis, mutations
N388R in brain (Terlau et al. 1991) and R377N in the
heart isoform (Satin et al. 1992b) were performed. These
experiments ruled out the simple electrostatic attraction
hypothesis, since these mutations showed a minimal ef-
fect on toxin binding, which was also shown by Heine-
mann and colleagues (1992a). In addition they showed
that the mutation F385C not only diminishes sensitivity to
the guanidinium toxins but also increases sensitivity to
Zn2+ and Cd2+, thus conferring properties of heart sodium
channel on brain sodium channel.

A second characteristic that distinguishes cardiac from
brain and skeletal muscle VGSCs and is practically insep-
arable from the sensitivity for toxins is the increased sen-
sitivity of TTX-R channels to blockage by divalent
cations such as Cd2+ and Zn2+ (Frelin et al. 1986). These
cations also competitively inhibit TTX and STX binding,
which suggests that they share a common binding site on
sodium channels. These divalent ions co-ordinate well
with cysteines and histidines, suggesting that a cysteine
residue might account for the possession of TTX-S or
TTX-R properties. As previously mentioned cysteine at
position 374 in the cardiac isoform could be a residue
which accounts for these affinity differences. After RH1
(AC M27902) mutation of the respective cysteine residue
to tyrosine (C374Y), the TTX sensitivity increased dra-
matically (730-fold) and in the same time the sensitivity
for divalent ions (Cd2+) decreased (28-fold) (Satin et al.
1992b). This means that the RH1 mutant channel showed
nerve-like sensitivity to TTX and cation block and that the
mutated Cys residue was critical for differences between
isoforms. This was also shown by mutation experiments
of the corresponding residues in the skeletal muscle iso-
form (Y401C) which also reduced TTX block and in-
creased Cd2+ block (Backx et al. 1992). Some later exper-
iments confirmed these results (Penzotti et al. 1998). Fi-
nally, chimeric study with rat skeletal muscle (TTX-S)
and heart isoform (TTX-R) clones, confirmed previous
mutation experiments and showed that the TTX sensitiv-
ity could be switched between the two isoform by ex-
change of a respective tyrosine 401 in µ1 and cysteine
374 in SkM2 (Chen et al. 1992). It can be said that the re-
spective residue is an important, but not exclusive, con-
tributor to the difference in guanidinium toxin affinity be-
tween skeletal and cardiac isoforms.

Conotoxins are biologically active peptides from the
venom of the cone snails from the Conus family. Each

Conus venom contains remarkably diverse peptides which
are 10–30 amino acids in length. For example small pep-
tides from the Conus geographus venom target potassium,
calcium and sodium channels, acetylcholine receptors and
NMDA receptors (Olivera et al. 1991). A small 22-amino-
acid-long peptide designated µ-conotoxin GIII targets
VGSCs and causes the block. µ-Conotoxin is a very inter-
esting molecule for scientists working with VGSCs since
the structure of this peptide has been determined at very
high resolution and can be used therefore as a molecular
probe for testing of various models of the VGSC structure
(McIntosh et al. 1999). Based on mutagenesis studies of
the µ-conotoxin, it has been suggested that the positively
charged group of arginine 13 is directly involved in the
binding to the sodium channels (Dudley et al. 1995; Li et
al. 1997).

There are several similarities between the conotoxins
and guanidinium toxins TTX and STX. They block
VGSCs, a guanidinium group is required for binding and
studies have shown competitive inhibition between STX
and µ-conotoxin GIIIA and GIIIB suggesting that binding
sites for TTX/STX and conotoxin overlap (Moczydlowski
et al. 1986; Ohizumi et al. 1986; Yanagawa et al. 1986).
There is also an analogy between the effect of these toxins
on VGSCs and differences in sensitivity of various chan-
nel isoforms. The skeletal muscle and eel electroplax iso-
forms exhibit high affinity to the µ-conotoxins, whereas
brain and heart isoforms are resistant to the block
(Stephan et al. 1994).

In spite of these similarities and in contrast to the re-
sults obtained with mutation experiments within TTX/
STX binding domain, where the substitution of a single
glutamate can abolish TTX and STX sensitivity in the rat
brain (αII) isoform (Noda et al. 1989), no single amino
acid residue has been found that has an overriding influ-
ence on either the potency nor specificity of µ-conotoxin.
The mutation in rat SkM1, E403Q (corresponding to the
mentioned E387 of αII) prevented current block by TTX
and STX, but reduced µ-conotoxin sensitivity by only
about 4-fold (Stephan et al. 1994). The Y401C mutation,
which reduces the TTX sensitivity of SkM1, diminishes
the effect of µ-conotoxin somewhat, but considerable sen-
sitivity is retained (French and Dudley 1999). The muta-
tion which resulted in the largest reduction in µ-conotoxin
affinity was the substitution of glutamate at position 758
for glutamine (E758Q) in the outer vestibule region. This
mutation decreased the µ-conotoxin binding affinity by
48-fold and caused at the same time the reduction of TTX
binding by a factor of 375 (Dudley et al. 1995). These find-
ings supported the hypothesis about overlapping µ-cono-
toxin and guanidinium toxin binding sites, but still did not
deliver an explanation for the difference in the µ-cono-
toxin binding affinity for different sodium channels. In the
situation where molecular clones of isoforms with differ-
ent affinities for the ligand are available, principally two
strategies can be applied: chimera studies and mutagene-
sis. Chimera studies using µ-conotoxin sensitive rat SkM1
and µ-conotoxin-resistant rat SkM2 channels, demonstrat-
ed that µ-conotoxin interacts with all of the four domains
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apparently without a dominant interaction with any of
them (Chen et al. 1992). However, more recent results
showed that DI and especially DII play a more important
role in forming the µ-conotoxin receptor than other do-
mains (Chahine et al. 1998). Mutation strategy has been
used to dissect the complex interactions between the re-
ceptor and ligand already in the case of TTX or STX
(Noda et al. 1989; Satin et al. 1992b; Stühmer et al. 1989;
Terlau et al. 1991). Efforts to define the µ-conotoxin bind-
ing region by cysteine mutagenesis method resulted in
identification of seven pore-lining residues that signifi-
cantly influence binding to SkM1 channels: D400, Y401,
W402, E758, W1239, D1241 and W1531. Yet, these
residues do not contribute equally to the toxin binding.
Charged residues at positions 758 and 1241 seem to be the
most important (Li et al. 1997).

The difficulty in determining the exact binding site of
the µ-conotoxin might be due to the fact that this toxin is
a much larger molecule than TTX or STX and therefore
interacting with the larger binding domain on a more
complex way. The large contact area of µ-conotoxin in-
creases the likelihood that isoform differences are deter-
mined by steric hindrances as well as specific attractions.

Because of their highly selectivity and potency, cono-
peptides are interesting because of their potential as drugs.
With the discovery of a TTX-R neuronal type of the chan-
nel (Akopian et al. 1996) and conopeptides which can dis-
criminate among TTX-S VGSC subtypes (Shon et al.
1998), additional possibilities for therapeutic intervention
are opened.

Veratridine, aconitine and BTX (binding site 2)

A variety of different neurotoxins modifies the sodium
channel gating by keeping the channel open for longer. In
contrast to TTX or STX molecules which can affect the
channel only from the outside, a group of lipid-soluble
compounds can access the sodium channel binding site
embedded in the plasma membrane. This group of com-
pounds includes alkaloids like veratridine, BTX, aconitine
and GTX. They bind to the binding site 2 of the VGSC
(Fig.1C, Table 2). All these toxins exist in nature: BTX is
secreted by the skin of Colombian arrow poison frogs of
the genus Phyllobates and the other three toxins are of
plant origin. Veratridine is isolated from veratrum alka-
loids mixture from plants of the family Liliaceae. Aconi-
tine is an alkaloid produced by the plant Aconitum napel-
lus. GTX is found in rhododendrons and other plants of
the heather family.

These compounds exert their neurotoxic action on nerve
and muscle membranes by persistent activation of VGSC
at the resting membrane potential (Lazdunski and Renaud
1982). This hyperexcitability is explained by two effects:
first, a shift of the voltage dependence of activation of
VGSC towards more negative effects and second, a block
of the fast inactivation of these channels. Because these
molecules cause sodium channels to open more easily and
to stay open longer than normal, they can be called ago-

nists or activators of sodium channels. BTX can be con-
sidered as a full agonist since all aspects of VGCS func-
tion are altered upon exposure to BTX: beside the two
previously mentioned effects, BTX impairs single channel
conductance and ion selectivity as well.

These toxins bind preferentially to an open state of
VGSC (Hille and Barnes 1988; Lazdunski and Renaud
1982) and so are their binding and action enhanced by all
treatments that promote or prolong opening of VGSC, in-
cluding modification with scorpion toxins, DPI 201-106
or repetitive depolarisation. Especially BTX binding to
the site 2 is allosterically modulated by other neurotoxins.
The α-polypeptide toxins from scorpion and sea anemone
(Catterall et al. 1981), the α-cyano pyrethroid insecticides
(Lombet et al. 1988) and brevetoxin (Trainer et al. 1993)
enhance BTX binding. In contrast, local anaesthetics
(Postma and Catterall 1984) and anticonvulsants diphenyl-
hydantoin and carbamazepine (Willow and Catterall 1982)
act as competitive antagonists of BTX binding. Electro-
physiological experiments have provided indirect evi-
dence for competitive interactions between BTX and cer-
tain local anaesthetics (Postma and Catterall 1984) mean-
ing that the neurotoxin receptor site 2 is involved in the
action of local anaesthetics. It could be shown that local
anaesthetics have little effect on sites 1 and 3 (Catterall
1981; Henderson et al. 1973) which is an interesting result
considering the fact that binding sites 2 and 3 are alloster-
ically coupled. The effect of veratridine, aconitine and
BTX is both concentration- and frequency-dependent and
is inhibited by TTX (Zilberter et al. 1994). This and the
fact that binding of the radio-labelled BTX is inhibited by
TTX (Brown 1986) imply the functional coupling of bind-
ing sites 1 and 2. However, this result is partially in con-
tradiction to the finding that BTX does not influence the
binding of ligands to the site 1 (Catterall et al. 1979).

In heart muscle, veratridine, BTX and GTX all produce
a concentration-dependent reversible positive inotropic
effect (Honerjäger 1982). This effect is not reported for
aconitine. The positive inotropic effect is the consequence
of the activation of VGSC and prolongation of their open-
ing time. This results in increased intracellular sodium
concentration which reduces the driving force for the
Na+/Ca2+ exchanger. Higher intracellular Ca2+ concentra-
tion means stronger force of contraction. In this way an
increased concentration of intracellular Na+ results in pos-
itive inotropy. There are also evidence that beside the al-
teration of gating kinetics, BTX increases the relative per-
meability of the VGSC toward larger ions, including Ca2+

ions (Khodorov and Revenko 1979). This direct effect
might contribute to the positive inotropic action of BTX.

More recently, several attempts to characterise the
binding site for these toxins have been made. Trainer et al.
(1996) identified, using photoaffinity labelling and pep-
tide mapping with sequence-specific antibodies, the trans-
membrane segment S6 of the domain DI (S6DI) as an im-
portant constituent of BTX receptor site. This finding was
supported by point mutation experiments in this region
which showed that a substitution of a single residue yields
a BTX insensitive channel (Wang and Wang 1998). The
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critical residue in the S6DI was asparagine 434, which in
addition plays a critical role in the slow inactivation
process (Wang and Wang 1997). Most recently, another
S6 segment in the domain DIV was identified as a part of
the BTX receptor so that together with the S6DI they are
probably situated adjacent to the local anaesthetic recep-
tor. Moreover, mutation experiments of the local anaes-
thetic receptor site in transmembrane segment S6DIV
supported this hypothesis and indicated that binding sites
for BTX and local anaesthetics in this region are not iden-
tical but overlapping (Linford et al. 1998).

Comparable to the binding of TTX and STX to the
binding site 1, veratridine and BTX bind to the same pu-
tative binding site 2 although their binding domains are
not completely identical. This is also suggested by the fact
that Phyllobates frogs which produce BTX have BTX-re-
sistant VGSC but these channels are sensitive to veratri-
dine (Warnick et al. 1975).

One approach to examine the binding properties of ve-
ratridine arose from the fact that this toxin influences the
gating of the VGSCs by slowing their inactivation. As
mentioned before the inactivation process is mediated by
an inactivation gate formed by the intracellular loop con-
necting domains DIII and DIV (West et al. 1992). The
IFM motif present in inactivation gate is crucial for this
process (Eaholtz et al. 1994). The peptide containing IFM
motif and two positive charges (in form of the KIFMK
peptide) are sufficient to mimic the inactivation gate and
can produce the open channel block (Eaholtz et al. 1999).
The investigation of the influence of this peptide on the
binding of the veratridine revealed that the peptide and
veratridine compete for the binding on the channel (Ghat-
pande and Sikdar 1997). This does not mean necessarily
that veratridine shares a common receptor with the KIFMK
peptide although this possibility is suggested.

Sea anemone toxins, scorpion α-toxins 
and funnel-web spider toxins (binding site 3)

The binding site 3 is the site of action for polypeptide
scorpion α-toxins and sea anemone toxins (ATX) which
were isolated and identified some 20 years ago (Norton
1991). They were first isolated as cardiac stimulants and
neurotoxins. The mechanism of their action is the binding
to the VGSCs of excitable tissues and selective inhibition
of their inactivation, principally by inhibiting transitions
of the channel from the open to the inactivated state.

Pharmacological properties of sea anemone toxins are
excellently reviewed by Norton (1991). Shortly, they are
polypeptides of 3–300 kDa isolated from sea anemone
tentacles. The toxins isolated from genera Anthopleura
(anthopleurin: Ap-A or Ap-B) and Anemonia (ATX I, II
or V), are relatively large proteins classified as type-I sea
anemone toxins (Norton 1991). To exert their action on
sodium channels, they have to be applied from the extra-
cellular side. As discussed previously, according to the
current understanding of VGSC structure, domains which
are known to affect inactivation are primarily located in-

tracellularly. The fact that sea anemone toxins modify the
inactivation although they act from the extracellular side,
makes them interesting for use as probes in studies of
VGSCs.

Scorpion α-toxins are produced by north African gen-
era Androctonus, Buthus and Leiurus. Scorpion α-toxin V
isolated from the venom of Leiurus quinquestriatus
(LqTx) binds to neurotoxin receptor site 3 on the sodium
channel in a voltage dependent manner and slows or block
sodium channel inactivation (Meves et al. 1986). Scor-
pion α-toxins also allosterically enhance persistent activa-
tion by neurotoxins that bind to the site 2 such as BTX
(Sharkey et al. 1987; Thomsen et al. 1995). The structure
of several toxins from the venom of the respective scor-
pion has been resolved by NMR (Buisine et al. 1997;
Martins et al. 1995).

Although little is known about the structure of the ex-
tracellular part of the sodium channel outside of the im-
mediate region of the pore vestibule, several regions have
been proposed to participate in sea anemone and scorpion
α-toxin binding. Studies involving binding of scorpion
toxin derivatives by photoaffinity labelling of the extra-
cellular loop S5-S6DI (Tejedor and Catterall 1988) and
protection against such binding by site-specific antibodies
directed against S5-S6DI (Thomsen and Catterall 1989)
have implicated involvement of the domain DI. In addi-
tion, it seems that parts of DIV also play a role in the toxin
binding as shown with chimeric studies (Benzinger et al.
1997) and binding of the site-directed antipeptide antibod-
ies against S5-S6 loop in domain DIV (Thomsen and Cat-
terall 1989). The effort to characterise the residues which
constitute the binding site 3 has been made more recently
using site directed mutagenesis (Rogers et al. 1996). It has
been shown that mutation of the glutamic acid 1613 of the
rat brain sodium channel from the transmembrane seg-
ment S3DIV reduces the binding of the sea anemone toxin
ATX-II by 80-fold. This mutation did not have any effect
on STX binding. Beside E1613, seven additional residues
from the short extracellular loop connecting S3 and S4 of
the domain DIV (S3-S4DIV) had significant effects on
ATX-II an scorpion α-toxin binding. These experiments
singled out E1613 and S3-S4DIV as critical determinants
for the binding of respective toxins. According to this
model these parts of the channel are also involved in the
coupling of channel activation to fast inactivation. Analo-
gous mutation experiments were also performed with rat
cardiac channel isoform (RH1). The D1612 which is cor-
responding to E1613 in rat brain sodium channel, was
identified as a crucial residue for interaction with Ap-B
toxin (Benzinger et al. 1998).

A relatively new class of toxins interacting with neuro-
toxin receptor site 3 have been isolated from Australian
funnel-web spiders from the family Atracinae. δ-Atraco-
toxin-Ar1 and δ-atracotoxin-Hv1 are peptide neurotoxins
consisting of a single chain of 42 amino acids (Little et al.
1998b). These toxins show no significant sequence ho-
mology to any other known neurotoxins. After determina-
tion of their structure by NMR (Fletcher et al. 1997; Pel-
laghy et al. 1997) it could be seen that the folding of these
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peptides is completely different to the previously deter-
mined structures of scorpion α-toxin or Ap-B, despite
similar actions on sodium current inactivation. These tox-
ins slow sodium current inactivation and shift voltage de-
pendence of activation in a similar manner to scorpion 
α-toxins (Little et al. 1998a). The demonstration that 
δ-Atracotoxins bind to the site 3, has been delivered through
equilibrium competition assays with scorpion α-toxin, BTX
and STX (Little et al. 1998b). δ-Atracotoxin and scorpion
α-toxins appear to bind to partially overlapping sites on
the sodium channel within the area described as site 3.
They display also positive allosteric interactions with neu-
rotoxin binding site 3, which is comparable with allosteric
coupling of sites 2 and 3 as shown already for some other
toxins (Sharkey et al. 1987)

Scorpion β-toxins (binding site 4)

Scorpion toxins isolated from the venom of North and
South American scorpions from the genus Centuroides
bind to neurotoxin receptor site 4 (Fig.1C, Table 2) and
are classified as scorpion β-toxins. The scorpion α- and 
β-toxins do not share the common neurotoxin binding
site, since binding of one type does not interfere with the
binding of the other (Wheeler et al. 1983). A scorpion
toxin with high affinity to VGSCs was isolated as well
from the venom of Brazilian scorpion Tityus serrulatus
and named Tityus γ toxin (TiTxγ) (Lazdunski et al. 1986).
The three dimensional structure of several scorpion β-tox-
ins has been resolved recently by NMR (Jablonsky et al.
1999; Pintar et al. 1999).

In contrast to the results with scorpion α-toxins, the
venom from American scorpions have no effect on inacti-
vation but shift the voltage dependence of activation to
more negative membrane potentials (Cahalan 1975; Cou-
raud et al. 1982; Meves et al. 1982). As a result of this ef-
fect, sodium currents are created at membrane potentials
as low as –70 mV at which the sodium channel is nor-
mally in the resting (closed) state. More recently it was
proposed that “voltage sensor trapping” presents the fun-
damental mechanism of action of these polypeptide toxins
(Cestele et al. 1998). This mechanism suggests the bind-
ing of scorpion β-toxin to the extracellular end of the
S4DII segment or to the residues in the S3-S4DII loop
during the translocation of positive charges of the voltage
sensor region (S4) at the transition from a resting to an
open state of the channel. By binding to the extracellular
end of the S4DII segment, the toxin can stabilise and trap
it in the outward (activated) position and thereby enhance
channel activation in response to subsequent depolarising
pulses. The mutation G845 N in the S3-S4DII may abol-
ish the effect of scorpion β-toxin on the voltage-depen-
dence of activation by preventing binding of the toxin to
the extracellular end of the activated conformation of the
S4DII segment, because it introduces unfavourable steric
or polar/non-polar interactions.

In recent years scorpion toxins gained on importance
mostly because of the fact that some of them show high

selectivity to insect sodium channels (Gordon et al. 1996),
meaning that they are not toxic for warm blooded animals.
This and the fact that they are biodegradable make them
potential biopesticides of the future (Gurevitz et al. 1998).
Previously described scorpion α- and β-toxins are mainly
active against both insects and mammals, whereas so-called
excitatory and depressant scorpion toxins show absolute
selectivity to sodium channels. This topic is reviewed
much more in details elsewhere (Gurevitz et al. 1998).

Brevetoxins and CTX (binding site 5)

Brevetoxins (PbTx) and CTX are lipid-soluble polyether
marine toxins. PbTX is produced by the marine dinofla-
gellate Ptychodiscus brevis, an organism linked to red tide
outbreaks, and the accompanying toxicity of marine ani-
mals as well as neurotoxic shellfish poisoning in humans.
CTX originate from the marine dinoflagellate Gambier-
discus toxicus and poisoning in humans occurs by the
consumption of ciguatoxic reef fish (Swift and Swift
1993). A total of eight toxins (PbTx-1 to -8) have been
isolated and purified from Ptychodiscus brevis (Wu and
Narahashi 1988).

Both toxins bind to a unique site on the channel protein
α-subunit known as the binding site 5 (Poli et al. 1986)
and modify both, the activation and inactivation processes
of VGSCs (Dechraoui et al. 1999; Gawley et al. 1995)
Electrophysiological experiments have shown that the
two groups of marine toxins depolarise excitable mem-
branes by both causing a shift in VGSC activation to-
wards more negative potentials and by inhibiting normal
inactivation (Baden 1989; Wu and Narahashi 1988).

PbTxs are complex polyether neurotoxins containing a
so-called ring A that is essential for their activity (Baden
et al. 1994). The one of brevetoxins, a sodium channel ac-
tivator PbTx-3, acts through a prolongation of open times
as well as an increased frequency in channel openings of
the cardiac VGSC (Schreibmayer and Jeglitsch 1992). In
addition PbTx-3 induces a shift in activation to more neg-
ative membrane potentials (Jeglitsch et al. 1998). As con-
sequence, channel openings are observed even at the rest-
ing membrane potential (Gawley et al. 1995). Besides, an
inhibition of Na+ channel inactivation at different mem-
brane potentials has been perceived in cardiomyocytes
and rat nodose neurons (Schreibmayer and Jeglitsch
1992) but not in neuroblastoma cells (Sheridan and Adler
1989). The above mentioned experiments reveal that
PbTx-3 is a gating modifier with unique properties. In
contrast to other gating modifiers which bind to site 2 or
site 3 and act primarily via stabilisation of already open
channels or reactivation of inactivated channels (Schreib-
mayer and Jeglitsch 1992), PbTx-3 stabilises pre-open
states as well as a whole set of different open states. Volt-
age-clamp experiments showed several striking character-
istics of VGSCs modified by PbTx2 or PbTx-3 including
activation of the channel at membrane potentials of –160
to –80 mV with extremely slow kinetics as well as ab-
sence of fast inactivation (Huang and Wu 1985).
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The receptor site is located on the α-subunit of the
sodium channel. During the binding the toxin backbone
resides in the vicinity of the S5-S6 extracellular loop of
domain DIV of the protein (Catterall et al. 1992; Gawley
et al. 1995). Allosteric interactions include the enhanced
binding of BTX and veratridine in presence of brevetoxin
(Catterall and Gainer 1985; Lombet et al. 1987; Wada et
al. 1992). There was no effect of BTX on brevetoxin bind-
ing which can be explained by the fact that BTX binds to
open channels with much higher affinity than to closed
channels (Wu and Narahashi 1988). There was no interac-
tion of brevetoxin with toxins of binding site 1 or 3 (Cat-
terall and Gainer 1985; Lombet et al. 1987; Trainer et al.
1996; Wada et al. 1992). Both CTX and brevetoxins en-
hance pyrethroid-induced sodium influx into neuroblas-
toma cells, rat muscle cells or synaptosomes (Bidard et al.
1984; Lombet et al. 1987).

The membrane depolarisation or spontaneous action
potentials in neuroblastoma cells or frog nodes of Ranvier
caused by CTX could be explained as a result of VGSC
opening at the resting potential and a failure of inactiva-
tion of open channels (Benoit et al. 1986; Huang and Wu
1985). The increase of neuronal excitability by CTX-1 is
suggested to be a consequence of an increased transition
rate of the inactivated to the resting state of TTX-R so-
dium channels during depolarisation (Strachan et al. 1999).
In contrast to other neurotoxins such as veratridine, scor-
pion α-toxin, and brevetoxins (Baden et al. 1994), CTX-1
had no effect on activation or inactivation kinetics of
TTX-sensitive and TTX-resistant sodium channel currents
(Strachan et al. 1999).

Potential relevance for neurodegenerative diseases
should be examined since it has been shown that the acti-
vation of VGSC caused by these marine toxins leads to a
modification of neurotransmitter release (Meunier et al.
1997; Molgo et al. 1990).

Insecticides (binding site 6)

Pyrethroid insecticides are potent excitatory neurotoxins
that disrupt normal nerve function by actions on VGSCs
and cause hyperexcitation and paralysis in animals. Pyre-
throids are especially interesting because they exhibit a
high degree of selective toxicity between mammals and
invertebrates. This is due to several features of pyre-
throids like temperature-dependent potency, distinct sen-
sitivity of vertebrate/mammalian VGSC or different enzy-
matic detoxification rate (Narahashi et al. 1998; Song and
Narahashi 1996).

Pyrethroids constitute a large group of neurotoxic in-
secticides, which were originally developed as synthetic
analogues of the natural pyrethrins present in the flower
heads of certain Chrysanthemum species. Biological ef-
fects of pyrethroids include effects on other ion channels:
calcium (Narahashi 1986), chloride channel of the gamma-
aminobutyric acid (GABA)A receptor-ionophore sites (Sa-
leh et al. 1993) and receptors like nicotinic acetylcholine re-
ceptor (Abbassy et al. 1983; Eriksson and Nordberg 1990)

but the main target are VGSCs. The effect of pyrethroids
and dichlorodiphenyltrichlorethane (DDT) on VGSCs in
excitable membranes is a prolongation of the sodium cur-
rent which results in the development of a depolarising af-
ter-potential. These effects are responsible for the induc-
tion of repetitive activity which is the most characteristic
effect of pyrethroid poisoning in the nervous system. The
modification of VGSC gating by pyrethroids has been stud-
ied in voltage clamp experiments in crayfish (Lund and Na-
rahashi 1981a; Narahashi 1986) squid axon membranes
(Lund and Narahashi 1981b), myelinated nerve fibres of
frogs (Vijverberg et al. 1982) and mouse neuroblastoma
cells (Ruigt et al. 1987). Electrophysiological studies using
Xenopus laevis oocytes with brain α-subunit (αIIa) indicat-
ed that pyrethroid insecticides such as permethrin and cy-
permethrin prolong sodium currents, increase the amplitude
of sodium current, and induce repetitive bursts of action po-
tentials or use-dependent nerve block (Ruigt et al. 1987;
Smith et al. 1998; Trainer et al. 1993). Co-expression of the
rat brain β-subunit increased the affinity of sodium channel
binding site for pyrethroid insecticides (Smith et al. 1998).

In expressed rat brain sodium channel α-subunit (αIIa),
cypermethrin induced a slowly decaying tail-current fol-
lowing a depolarisation pulse. In addition, a sustained
non-inactivating component of the sodium current, so-
called „late current“, was induced after expression of the
αIIaβ1-subunit (Smith et al. 1998). The tail current devel-
oped in parallel with the activation of the sodium current
and reached its maximum at the peak of the sodium cur-
rent (Ruigt et al. 1987). It is suggested that the tail current
results from stabilisation of the activation gate and is al-
ways proportional to the number of sodium channels
which are open at the end of the depolarisation (Ruigt et
al. 1987). In contrast, the induction of the “late current”
implies that the pyrethroid insecticides interact with the
closing of the inactivation gate (Smith et al. 1998). The
generation of the tail current was also been described in
rat dorsal root ganglion neurons, mouse neuroblastoma
cells and squid giant axon (De Weille et al. 1990; Ruigt et
al. 1987; Song et al. 1996). The incorporation of an 
α-cyano group as in type-II pyrethroids, enhances the effect
of pyrethroids on the tail current compared to pyrethroids
devoid of an α-cyano group (type-I pyrethroids like
tetramethrin) (Ruigt et al. 1987). Moreover, time of expo-
sure, membrane potential and temperature are important
parameters for pyrethroid-induced tail-currents (Ruigt et
al. 1987). The pyrethroid insecticide tetramethrin was more
potent in modifying TTX-R sodium channel currents than
TTX-S sodium channels (Narahashi et al. 1998). Despite
of pyrethroid effects on activation and inactivation pro-
cesses of VGSCs, there is evidence that pyrethroids and
DDT preferentially interact with open sodium channels
(De Weille et al. 1990; Vijverberg et al. 1982). Modifica-
tion of VGSCs is enhanced by depolarisation suggesting a
rapid and high affinity binding to the activated state of the
channel (Narahashi 1992).

As previously described in the chapter about phospho-
rylation of VGSCs, the brain sodium channel is phospho-
rylated by protein kinases during the depolarisation but
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the exact meaning of phosphorylation is still not well un-
derstood (Costa et al. 1982; Costa and Catterall 1984).
Yet, it has been shown that pyrethroids, e.g. 1R-delta-
methrin and DDT inhibit phosphorylation of the α-sub-
unit (Ishikawa et al. 1989).

Allosteric interactions between pyrethroids and several
toxins such as alkaloid activators (site 2), scorpion α-tox-
ins (site 3), veratridine (site 2), and brevetoxin/conotoxin
(site 5) have been described (Bloomquist and Soderlund
1988; Linford et al. 1998; Lombet et al. 1988; Trainer et
al. 1993; Trainer et al. 1997). For example, there is an al-
losteric coupling among the receptor sites for BTX (site 2)
(Brown et al. 1988; Eells et al. 1993) and pyrethroids in
purified sodium channels of the brain. The enhancement
of BTX-binding was shown to be voltage-dependent and
concentration dependent (Eells et al. 1993). Although al-
losterically modulated by other neurotoxins, pyrethroids
act at a new neurotoxin receptor site on the VGSCs (Lom-
bet et al. 1988).

It is possible that allosteric modulation may provide a
new approach to increase selective activity of insecticides
on target organisms by simultaneous application of alloster-
ically interacting drugs (Gordon 1997). Considering increas-
ing knock down resistance operated by increased metabo-
lism and/or alteration of the target site, a comparative study
of neurotoxin receptor sites on mammalian and insecticide
sodium channels may offer new targets and approaches to
the development of highly selective insecticides. In addi-
tion, possible combinations of two different compounds
may be able to increase insecticide activity without appar-
ent increase in mammalian toxicity (Zlotkin 1999).

DPI 201-106: a synthetic VGSC modifier

Many naturally occurring compounds, like veratridine,
aconitine, BTX, GTX and CTX, prolong the open state 
of sodium channels, mainly by causing activation of chan-
nel opening. Other toxins isolated from African scor-
pions (scorpion α-toxins) or sea anemone toxins prolong
the open state of the channel through the inhibition of 
the inactivation. The first synthetic compound to prolong
the opening of the VGSC was 4-[3-(4-diphenylmethyl-1-
piperazinyl)-2-hydroxypropoxy]-1H-indole-2-carbonitrile
(DPI 201-106). DPI 201-106 was shown to produce a
cAMP-independent positive inotropic response (Scholty-
sik et al. 1985). This effect could be abolished by a highly
selective VGSC blocker, TTX (Buggisch et al. 1985),
meaning that the positive inotropic effect of DPI 201-106
is directly coupled to an increased influx of Na+ through
sodium channels and that DPI-modified Na+ channels
must be expected to be exclusively responsible for the
prolongation of the action potential. This property of DPI
201-106 is also very useful in determining the clinical rel-
evance of selective modulation of the VGSCs. Compara-
ble prolongation of the action potential duration can be
achieved after application of ATX II toxin. However, the
important difference in terms of selectivity for VGSCs is
that ATX causes the prolongation of the action potential

also by inhibiting outward K+ currents and not only through
VGSC activation (Isenberg and Ravens 1984). Another
positive property of this compound is its vasodilatatory
effect associated with negative chronotropy (Hof and Hof
1985) which suggested that DPI 201-106 might have an
Ca2+ channel antagonistic effect. The blocking effect on
Ca2+ channels was subsequently proven by both voltage
clamp experiments using isolated cardiocytes and radioli-
gand binding studies (Holck and Osterrieder 1988; Siegl
et al. 1988). The same effect has been proven for vascular
preparations (Hof and Hof 1985).

Further studies demonstrated that DPI 201-106 in-
creases the mean open time of VGSCs by inhibiting chan-
nel inactivation, thus allowing Na+ influx to continue dur-
ing the action potential in rat, guinea-pig and human car-
diac muscles (Hoey et al. 1993, 1994; Holck and Osterrie-
der 1988; Kohlhardt et al. 1986).

The compound piperazinyl-indole DPI 201-106 is a
racemic mixture. S-DPI (DPI 205-430) tends to act as a
VGSC agonist, whereas R-DPI (205-429) tends to act as a
sodium channel antagonist. The binding site for both enan-
tiomers remained unknown. Although modification by DPI
201-106 can be achieved after treating the external side of
the membrane (Kohlhardt et al. 1986), the drug does not
necessarily find a target in the outer part of the sodium
channel. Due to its lipophilic properties, DPI 201-106 may
be able to pass through the lipid phase so that in analogy
to local anaesthetics the molecule could gain access to its
site of action either laterally during membrane permea-
tion, or after reaching the cytoplasmic side, from the inner
channel mouth. Because of its hydrophobicity, DPI 201-
106 is most likely to interact with hydrophobic pockets
i.e. sodium channel domains formed predominantly by apo-
lar residues such as alanine, valine, leucine or isoleucine.

Although DPI 201-106 showed promising properties
as a positive inotropic agent in vivo, both proarrhythmic
(Novosel et al. 1993) as well as antiarrhythmic effects
were reported. The most pronounced antiarrhythmic ef-
fect was prolongation of the Q-T interval of the electro-
cardiogram (Kostis et al. 1987; Rüegg and Nüesch 1987).
Prolongation of the Q-T interval may increase incidence
of torsade de pointes, a type of malignant arrhythmia which
is intermediate between tachycardia and ventricular fibril-
lation (Fontaine 1992). The subsequently developed posi-
tive inotropic compound with much lower antiarrhyth-
mic effect was the DPI congener 4-[3′-(1′′ -benzhydryla-
zetidine-3′′ -oxy)-2′-hydroxypropoxy]-1H-indole-2-carbo-
nitrile (BDF 9148) (Baumgart et al. 1994; Hoey et al.
1993; Ravens et al. 1995). They are similar in structure,
except that BDF 9148 contains an azetidine-oxy where
DPI 201-106 has a piperazinyl moiety. Also some other
purine-based analogues of DPI 201-106 were synthesised
and shown to be much more potent (Estep et al. 1995).

The exact mechanism of action potential prolongation
as well as structures involved in DPI 201-106 binding to
VGSC remained unknown. The fact that bovine heart car-
diocytes are completely resistant to DPI 201-106 and its
purine derivative SDZ 211-939 might help to elucidate the
mechanism of their action (Scholtysik and Schaad 1992).

467



Local anaesthetic binding site

Local anaesthetics (LA) such as lidocaine and procaine
produce their effect by blocking the sodium channels
(Butterworth and Strichartz 1990). Beside sodium chan-
nels, LA have been shown to affect several ion channels
like potassium (Kinoshita et al. 1999) and calcium (Xiong
et al. 1999) or neurotransmitter receptors (Ye et al. 1999).
They are all relatively small lipid-soluble molecules, usu-
ally with amine groups that become positively charged
under acidic conditions. More recently, useful information
as to how local anaesthetics work came from experiments
with QX-314, a quarternary analogue of lidocaine that is
positively charged at all times and hence is not lipid solu-
ble. In cardiac VGSCs the blocking action of QX-314 is
present when the drug is applied from either side of the
membrane but inhibition of the brain sodium channel oc-
curs only when the drug is applied from intracellular side
(Qu et al. 1995). Differences in the action of permanently
charged local anaesthetics like QX-314 have been shown
for heart and brain sodium channels, and for dorsal root
ganglion neurons (Bräu and Elliott 1998).

In vitro studies on a wide variety of cells using whole-
cell voltage clamp recordings or expression of α-subunit
of the VGSC in Xenopus laevis oocytes or mammalian
cells have demonstrated an inhibition of VGSCs in a use
(-state)-dependent action (Arlock 1988). The action of lo-
cal anaesthetics was increased at more depolarised hold-
ing potentials, whereas at more hyperpolarised potentials
the block was diminished (Arlock 1988; Li et al. 1999)
suggesting a more pronounced inhibition of sodium cur-
rents due to an increase in the proportion of high-affinity-
inactivated channels.

Many attempts to characterise the binding site of LA
have been reported. Several studies revealed an inter-
action of veratridine (Deffois et al. 1996) and BTX (Lin-
ford et al. 1998; Postma and Catterall 1984) binding with
LA in a concentration-dependent manner suggesting an
allosteric interaction of these two binding sites. Apart
from the binding site 2, there are no significant effects of
LA binding on neurotoxin binding at other receptor sites
reported. For example, binding of the local anaesthetic
PD85,639 did not compete for the anticonvulsant drugs
phenytoin and carbamazepine binding in sodium channels
of synaptosomes and synaptosomal membranes (Thomsen
et al. 1993). Recently published results show that a hydro-
phobic binding site exists that is different from site 2 but
allosterically coupled to binding site 2 (Ratnakumari and
Hemmings 1997). Several studies showed a preferential
interaction with the inactivated state of the sodium chan-
nel (Li et al. 1999; Ratnakumari and Hemmings 1997). In
contrast to those findings are recently published data that
indicate that the LA lidocaine does not compete with fast
inactivation (Vedantham and Cannon 1999). These exper-
iments give evidence that the blocking effect of local
anaesthetics does not result from a slower recovery from
fast inactivation, and does not involve an accumulation of
fast-inactivated channels as described in the other studies
mentioned before (Vedantham and Cannon 1999). This

represents a new model which focus on activation pro-
cesses as more relevant for local anaesthetic action.

To define the location of the local anaesthetic receptor
site more precisely, site directed mutations have been used
(Li et al. 1999; Linford et al. 1998; Qu et al. 1995; Rags-
dale et al. 1994; Ragsdale et al. 1996; Wang et al. 1998).
Most prominent changes were attained by mutations of
the cytosolic side of S6DIV. Mutation F1764A and Y1771A
from rat brain type IIa (αII) abolished the block of the
channel by local anaesthetics (Ragsdale et al. 1994; Rags-
dale et al. 1996). In experiments conducted with the slow-
inactivating isoform III (αIII) from the rat brain which is
primarily expressed during embryogenesis, residues phenyl-
alanine 1710 and tyrosine 1717 from DIVS6 were defined
as residues responsible for local anaesthetic binding (Li et
al. 1999). These residues were proposed to face toward
the channel pore during binding of LA. This is implying
that the local anaesthetic receptor site is located in the
pore of the channel. According to this model the local
anaesthetic binding site should be physically close to the
selectivity filter of the VGSCs and to the binding site of
the inactivation gate. In addition, mutation of the threo-
nine 1755 in rat heart into valine as in IIa isoform have been
identified as a residue which controls the passage through
the pore to the receptor responsible for the action of QX-
314 when applied at the extracellular site. Mutation of the
analogous amino acid in rat brain type IIa (I1760A) pro-
duced a cardiac phenotype of the channel (Ragsdale et al.
1994), leading to a higher sensitivity to external block by
a quaternary derivative of lidocaine. Furthermore, pheny-
lalanine 1762 of the cardiac isoform was identified as a
critical residue for QX-314 binding, independently of
whether applied intra- or extracellularly (Qu et al. 1995),
supporting a model with a single binding site for QX-314.
Similar findings have been reported for skeletal muscle
(Wang et al. 1998).

Nevertheless, it has to be mentioned that site-directed
mutations of amino acids on the other three S6 in domains
DI-DIII – which could interact with other transmembrane
segments – have not been studied until now. Since these
four domains of the channel are thought to be arranged
around the channel pore, it is likely that the other S6 seg-
ments may also contribute to the local anaesthetic recep-
tor. Residues in the pore loops that form the selectivity 
filter are also good candidates for future experiments
which should define determinants of the local anaesthetic
action.

Therapeutic use of VGSC modulators 
and future aspects for drugs with VGSC specificity

VGSC modulators in neurology: 
animal models and mechanisms of action

VGSCs are responsible for the initiation and propagation
of action potentials in both nerve and muscle cells (Hille
1992; Ragsdale et al. 1996). Their functional properties
influence the threshold for action potential generation and
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the frequency of neuronal firing. Therefore, neuromodula-
tion of sodium channel function is likely to have an im-
portant influence on generation of the high frequency ac-
tion potentials that are an essential element of epilepsy.
Sodium channels are potential molecular targets of a num-
ber of antiepileptic agents. Despite of diverse chemical
structures, their pharmacological profiles share several
common characteristics (Ragsdale and Avoli 1998). Anti-
epileptic and neuroprotective drugs have different sites of
action such as potentiation of GABAergic mechanisms,
blockade of ion channels (sodium, calcium and potassium)
and blockade of glutamate/AMPA receptors (Loescher
1998; Meldrum 1996a). A number of clinically important
antiepileptic drugs exert their therapeutic effects princi-
pally by blocking brain VGSCs at clinically relevant con-
centrations. VGSCs have become widely accepted as the
primary target of antiepileptic drugs such as phenytoin,
carbamazepine and lamotrigine. In addition, these drugs
may offer significant potential for treatment of neuronal
damage caused by ischemia and neurodegenerative dis-
eases. Antiepileptic drugs such as phenytoin and carba-
mazepine, which are effective against grand mal and par-
tial seizures, are potent blockers of neuronal sodium chan-
nels at therapeutically relevant concentrations (Ragsdale
et al. 1991).

Functional sodium channels of the nervous system are
located in axonal cell membranes, cell bodies and den-
drites of neurons of the mammalian brain. Type-II (αII)
channels predominate in cortex, hippocampus and cere-
bellum, whereas type-I (αI) channels are more abundant
in the spinal cord than type IIa. Type-IIa (αIIa) channels
are found in greater densities in axons and dendrites while
type-I channels are found in greater densities in cell bod-
ies and dendrites. Sodium channel type I is expressed pre-
dominantly at late postnatal states whereas type-II chan-
nel is expressed throughout the developmental stages
(Beckh et al 1989). Type-III (αIII) channels occur in sig-
nificant amounts in the immature brain and is expressed
predominantly at foetal and late postnatal states (Beckh et
al. 1989). Type-IV (αIV) channels are highly represented
in cortex, hippocampus and brain stem [for review see
(Ragsdale and Avoli 1998)]. In situ mRNA hybridization
experiments indicate that type-IV channels are expressed
in neurons and glia of the brain and peripheral nerves
(Taylor and Narasimhan 1997). About 80% of the sodium
channels of the neocortex are type IIa and 14% type I.

Sodium channel blocking antiepileptic drugs are effec-
tive in different animal models that are used for identi-
fication and development of new anticonvulsants. It has
been shown that sodium channel blockers are effective in
MES (maximal electroshock seizure test) which is thought
to be predictive for anticonvulsant efficacy against gener-
alised tonic-clonic seizures (Benes et al. 1999; Loescher
1998). In addition antiepileptic drugs that inhibit sodium
current of VGSCs are effective in the kindling model which
predicts clinical effect against partial seizures whereas
chemically induced clonic seizures in rodents (PTZ, strych-
nine or excitatory amino acids) cannot be suppressed by
sodium channel blocking drugs (Loescher 1998; Ragsdale

and Avoli 1998). In addition, they are effective in partial
and generalised tonic-clonic seizures in humans (Rags-
dale and Avoli 1998). It is well documented that these
drugs inhibit sustained repetitive firing of action poten-
tials in current clamp recordings of cultured neurons. More-
over, an attenuation of ionic currents through VGSCs has
been shown at therapeutically relevant concentrations for
phenytoin, carbamazepine, lamotrigine, topiramate, felba-
mate and riluzole that will be described in detail below.
Sodium channel blocking effects have also found for anti-
depressants, neuroleptics and anti-hyperalgesic drugs (Tre-
zise et al. 1998).

Phenytoin-like anticonvulsant drugs reduce the sever-
ity of seizures and raise the threshold for after-discharges
in the kindling model. Furthermore, antiepileptics like
phenytoin have little or no activity against generalised ab-
sence and myoclonic seizures in rodents.

There is evidence for over-expression of sodium chan-
nels in neuronal membranes in a mutant mice strain (El
mice) that shows stimulus-sensitive limbic seizures (Sashi-
hara et al. 1994). Kindled seizures in rodents and complex
partial seizures in man seem to share common character-
istics such as changes contributing to the occurrence of
seizures including changes in ion channels and in the
function of excitatory and inhibitory transmitter systems.

First generation anticonvulsant drugs such as pheny-
toin, carbamazepine and valproate have been demonstrat-
ed to suppress the abnormal neuronal excitability associ-
ated with seizures by means of complex voltage- and fre-
quency-dependent inhibition of ionic currents through
VGSCs which is concentration-dependent (Burack et al.
1995; Chao and Alzheimer 1995; Kuo et al. 1997; Taylor
and Narasimhan 1997; Tomaselli et al. 1989). Carbamaze-
pine and phenytoin act as competitive inhibitors of so-
dium channel activation by the full agonist BTX and ver-
atridine (binding site 2) indicating that both drugs act as
allosteric inhibitors of neurotoxin-activated sodium chan-
nels (Willow et al. 1984; Worley and Baraban 1987).

New drugs (second generation drugs) such as lamotrig-
ine, topiramate, felbamate and oxcarbamazepine share the
same mechanisms (Cheung et al. 1992; Coulter 1997; Kuo
and Lu 1997; MacDonald and Greenfield 1997; Ragsdale
and Avoli 1998; Taglialatela et al. 1996; Taverna et al.
1999; Van den Berg et al. 1993; Xie et al. 1995; Xie and
Hagan 1998; Zona et al. 1997). These anticonvulsant drugs
also exert effects on receptors other than sodium channels,
and therefore these drugs are no selective sodium channel
blockers. The neuroprotective and anticonvulsant agent
riluzole was reported to reduce inward sodium currents
(EC50 51 µM) in primary cultures of rat cortical neurons
(Zona et al. 1998) and in oocytes expressing α-subunit of
brain VGSC (Hebert et al. 1994). It is important that ther-
apeutic concentrations of the above mentioned antiepilep-
tic drugs did exert sodium blocking effect in whole cell
electrophysiological experiments (Chao and Alzheimer
1995; Francis and Burnham 1992; Zona et al. 1998). Di-
rect support for VGSC blocking effects due to phenytoin-
like anticonvulsants derives from experiments with rat
hippocampal slices in vitro. Low concentrations of TTX
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cause anticonvulsant effects that are similar to those of
phenytoin or carbamazepine.

Gabapentin, which is known to potentiate GABAergic
inhibitory action, has been shown to decrease sustained
firing of sodium-dependent action potentials but the data
are inconsistent (Rock et al. 1993; Taylor et al. 1998).

A common effect of these sodium channel blockers is
a shift of the steady-state inactivation curve of the sodium
current towards more negative values (Kuo 1998; Rags-
dale et al. 1991; Zona et al. 1997, 1998). In addition,
antiepileptic drugs like lamotrigine are also effective as
neuroprotective agents in rodent models of stroke or focal
ischemia. This effect correlates with the suppression of
glutamate release which is probably due to the action on
sodium channels (Baumgold 1987).

A retardation of the recovery from inactivation of
VGSC has been reported for phenytoin-like anticonvul-
sants (e.g. propofol) suggesting an interaction with the in-
activated state of the channel which has also been de-
scribed for local anaesthetics (Ragsdale et al. 1996; Rat-
nakumari and Hemmings 1997; Van den Berg et al. 1993;
Zimanyi et al. 1989). Prolonged depolarizations are effec-
tive in increasing drug binding and block of VGSCs,
which is consistent with the idea that these drugs bind
preferentially to inactivated VGSCs (Quandt 1988). Based
on the mutagenesis experiments done by Ragsdale et al.
(1996), local anaesthetics and phenytoin may share a com-
mon or overlapping receptor site because both substances
cause similar effects on binding and block of the channel
due to mutations of the local anaesthetic binding site.
Toxin probes have been used as selective high-affinity
probes of sodium channel function and they compete with
the action of sodium channel blockers such as phenytoin.
VGSC blockers inhibit the binding of BTX (site 2) in brain
synaptosomes (Benes et al. 1999) and mouse spinal cord
neurons suggesting a modulation of neurotoxin binding to
receptor site 2 (Cheung et al. 1992). In addition, the vera-
tridine evoked amino acid release has been shown to be
inhibited by action of the antiepileptic lamotrigine in vitro
in rat hippocampal slices and in whole cell voltage clamp
recordings (Cheung et al. 1992; Xie and Hagan 1998).

It is currently not known if sodium channel blockers
exert their action on fast inactivation (Kuo and Lu 1997)
or slow inactivation (Trezise et al. 1998). The actions of
sodium channel blockers are more pronounced at more
depolarised potentials implicating that the inactivated
state of the channel has a much higher affinity for the drug
than the resting state, as postulated in “modulated recep-
tor hypothesis” (Hille 1992). Chao and Alzheimer (1995)
have demonstrated that phenytoin inhibited non-activat-
ing (persistent) sodium current which enhances neuronal
excitability near firing threshold in isolated rat neurons
from neocortex and neostriatum. Persistent sodium cur-
rent may influence the behaviour of neurons during sit-
uations of abnormal excitability which occurs in epi-
lepsy. The persistent sodium current may be an important
component of the sodium current involved in seizures.
Such persistent currents appear to account for the pace-
maker potentials associated with repetitive firing. Segal

and Douglas (1997) demonstrated an effect of phenytoin
on the late sodium channel openings in hippocampal neu-
rons in vitro. These effects were demonstrated at the con-
centration where fast (peak) sodium current of resting
neurons remains intact (Ragsdale et al. 1991). Because
non-activating sodium currents occur at more negative
potentials than fast sodium currents, their inhibition may
prevent membrane depolarisation before a neuron starts to
fire (Taverna et al. 1999). Similar results were reported by
Zona et al. (1997) and Taverna et al. (1999). This might
present a novel mechanism which contribute to the anti-
convulsant profile of phenytoin (Chao and Alzheimer 1995)
which has also been demonstrated for valproate (Taverna
et al. 1998).

Minimal effects were seen in a variety of neurons which
show a normal pattern of sodium channel activity (Xie
and Hagan 1998). Microelectrode recordings of mouse
spinal cord neurons indicate that phenytoin inhibited high
frequency repetitive firing of action potentials evoked by
prolonged depolarising current pulses, whereas sponta-
neous neuronal activity was not affected (McLean and
Macdonald 1983). The inhibitory action of sodium chan-
nel blockers is strongly dependent on the membrane po-
tential as well as on the opening frequency of the channels
(Kuo and Lu 1997; Xie and Hagan 1998). The use-depen-
dent block of brain αIIa VGSCs by TTX has been studied
in Xenopus oocytes. TTX-binding affinity has been shown
to increased due to repetitive stimulation (Boccaccio et al.
1999, Conti et al. 1996). Concentration-response relation-
ships with phenytoin supported the hypothesis that the
voltage dependence of tonic block resulted from higher
affinity of the VGSC blockers for inactivated states and
not for resting channels (Kuo 1998; Ragsdale et al. 1991).
Experiments on rat hippocampal neurons in vitro indicate
that phenytoin binds tightly to fast inactivated states of
VGSCs (Kuo and Bean 1994). Phenytoin binding to rest-
ing channels is about 100 times weaker. Kuo (1998) has
suggested that the anticonvulsant receptor may not exist
in the resting state of the sodium channels. Thus, there
may be correlative conformational changes of the receptor
during the gating process (Kuo et al. 1997; Kuo 1998) that
may be controlled by the membrane potential. Binding
rates of anticonvulsants to the open state of the receptor
are too slow to be involved in the blocking activity of these
sodium channel blockers (Kuo et al. 1997).

As already mentioned, there is apparent dissimilarity 
in the chemical structure of phenytoin, carbamazepine and
lamotrigine. Therefore, it is interesting that these anticon-
vulsants seem to bind to a common receptor in VGSCs.
The only common structural motive shared by these drugs
are two phenyl groups separated by one to two C-C or C-N
single bounds, and it has been suggested that the common
receptor for antiepileptic drugs in the inactivated state of
the channel also contains two phenyl groups, which are
probably part of the side chain groups of some aromatic
amino acids constituting the channel (Kuo 1998). In this
respect it is interesting that mutations of the aromatic
amino acid (phenylalanine) disrupt the binding to inacti-
vated states of the channel. These findings support the hy-
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pothesis that part of the receptor of the VGSCs is formed
by amino acid residues phenylalanine or tyrosine (posi-
tion 1764 and 1771) in domain DIV transmembrane seg-
ment S6 of the α-subunit (Ragsdale et al. 1996).

Cellular excitability from CA1 neurons of the hippo-
campal focus in kindled rats has been demonstrated to be
persistently increased. The amplitude of the sodium cur-
rent amplitude was increased by about 20% as shown in
whole cell voltage-clamp experiments (Vreugdenhil et al.
1998a). These findings are interesting considering that the
kindling model involves many processes important for the
pathogenesis of epilepsy (Loescher 1998). Whole-cell volt-
age clamp measurements in dentate granule cells isolated
from resected hippocampus of patients with therapy resis-
tant temporal lobe epilepsy indicate a large current den-
sity and the presence of a component showing a slow re-
covery from inactivation (Reckziegel et al. 1998). Exper-
iments on CA1 hippocampal neurons and neurons that be-
long to the temporal lobe neocortex of patients with phar-
macoresistant temporal lobe epilepsy using whole-cell
voltage clamp conditions, did not indicate a changed mod-
ulation of the sodium current by valproate (Vreugdenhil et
al. 1998b). Valproate-induced modulation of sodium cur-
rent inactivation was not affected by kindling epileptoge-
nesis in rats (Vreugdenhil et al. 1998a). In contrast to
these findings, a study on patients with temporal lobe epi-
lepsy demonstrated that modulation of sodium current in-
activation was only about 50% in CA1 neurons of patients
with mesial temporal sclerosis compared to neocortical
neurons of the same patients, and half of that encountered
in CA1 neurons from patients without mesial temporal
sclerosis (Vreugdenhil et al. 1998a). The same effect was
found in CA1 neurons isolated from the epileptic focus of
kindled rats (Vreugdenhil et al. 1998a). The rapid compo-
nent of recovery from inactivation was not affected by
carbamazepine in a similar study on hippocampal cells
isolated from patients with temporal lobe epilepsy (Reck-
ziegel et al. 1999). An alteration of the expression of
VGSCs may be responsible for these effects. These find-
ings indicate that the modulation of the sodium current in-
activation is selective for antiepileptic drugs.

Therapeutic potential of VGSC blockers

Epilepsy

The above mentioned antiepileptic drugs apart from lam-
otrigine and topiramate are effective against both partial
and generalised seizures but cannot be used for pharma-
cotherapy of absence seizures (Coulter 1997). The pri-
mary anticonvulsant mechanism of phenytoin-like anti-
epileptics seems to be the voltage-dependent blockade of
sodium channels. The anticonvulsant spectrum of VGSC
blockers is not identical. There are basically three reasons
for different action: a different selectivity on different
neuronal VGSCs (types I, II, IIa, III, IV), differences in
their kinetic action, or differences in their additional ac-
tions beyond those on VGSCs (Meldrum 1996b).

There is a need for the development of new antiepilep-
tic drugs because seizures in one of three patients with
epilepsy are resistant to treatment with currently available
anticonvulsant drugs (Loescher 1998). Further under-
standing of mapping the receptor site of antiepileptic drugs
acting through the VGCS will improve the knowledge of
the molecular basis of state-dependent channel block. Due
to a better understanding of the mechanisms of different
sodium channel blockers which includes knowledge about
the binding site of these anticonvulsant drugs, a rational
design of more effective therapeutic drugs may be possi-
ble (Ragsdale et al. 1996).

Changes in the ratio of sodium channel expression be-
tween different subtypes in epileptic human brain tissue
may show that the development of subtype specific so-
dium channel blockers may be a promising tool. The re-
cent cloning and functional expression of various sodium
channel subtypes provides useful systems for the potential
discovery of subtype-selective blocking agents (Taylor
and Narasimhan 1997).

Ralitoline, a new sodium channel blocker did not dem-
onstrate any further advantage over standard drugs such
as phenytoin or carbamazepine (Loescher and Schmidt
1994). It has been demonstrated that epileptic seizures are
multifactorial, even for the same type of seizure, and
therefore anticonvulsant drugs with several mechanisms
such as valproate have advantages compared to drugs with
a selective effect (Loescher 1998). Nevertheless, a better
understanding of pathophysiology of epilepsy and binding
site of the VGSC blockers may improve the development
of selective antiepileptic drugs with decreased adverse ef-
fects (Meldrum 1996b). The mutagenesis approach may
represent a promising tool for characterisation of the bind-
ing site of antiepileptic drugs that may facilitate the ratio-
nal design of more effective therapeutic anticonvulsants
(Ragsdale et al. 1996). Moreover, the carbamazepine in-
sensitivity of the removal of inactivation could be an in-
teresting concept to explain the medical intractable tem-
poral lobe epilepsy (Reckziegel et al. 1999).

Neuropathic pain

Sodium channel blockers such as carbamazepine and low
doses of lidocaine are used to treat neuropathic pain (tri-
geminal neuralgia or diabetic neuralgia etc.). The patho-
physiology of these diseases may include increased num-
bers of VGSCs and increased spontaneous action poten-
tials in peripheral nerves. Several drugs that are used in
chronic pain have been demonstrated to inhibit veratri-
dine-induced sodium influx (Deffois et al. 1996). Studies
in animal models demonstrated a reduction of abnormal
tonic firing of nociceptor neurons.

Neuroprotection

There is evidence from animal models that sodium chan-
nel blockers are neuroprotective in global and focal ische-
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mia (Baumgold 1987; Meldrum 1994). Several VGSC-
blockers reduce brain damage from ischemia at doses that
exert little side effects which stands in contrast to antago-
nists of excitatory amino acids or L-type calcium channel
blockers (Taylor and Narasimhan 1997). Moreover, drugs
such as riluzole have been shown to decrease ischaemic
glutamate release (Baumgold 1987; Meldrum 1994). Fur-
thermore, prevention from hypoxic damage to white mat-
ter tracts in stroke or neural trauma have been shown for
sodium channel blockers. Therefore, modulators of VGSCs
may offer advantages for treating certain types of stroke
where damage of white matter tracts is prominent.

VGSC modulators in cardiology

A simple rule for the treatment of all patients with heart
failure cannot be formulated because of the various aeti-
ologies, haemodynamic features, clinical manifestations
and severity of heart failures. Current therapy is based
principally on the combination of a diuretic, a vasodilator,
preferably an angiotensin-converting enzyme inhibitor,
and usually a digitalis glycoside. The main objective in
the use of diuretics and vasodilators is to reduce the pre-
and afterload which leads to the reduction of the cardiac
work. The cardiac glycosides are used principally to in-
crease the force of the contraction which is reduced in
heart failure due to a systolic dysfunction. Digitalis, intro-
duced by William Withering more than 200 years ago 
and still used as a major positive inotropic drug, is far
from being an ideal compound. The major problem with
digitalis and related substances is the low therapeutic in-
dex. They can easily produce life-threatening cardiac ar-
rhythmias, nausea as well as anorexia and vision distur-
bances.

In the past decade, several promising compounds like
phosphodiesterase inhibitors (milrinone, vesnarinone, pi-
mobendan etc.) have been synthesised and studied. The
disappointment followed after it has been found that al-
though showing a good short-term inotropic support of 
a heart failure, phosphodiesterase inhibitors significantly
increase mortality when used for a longer period of time
(Packer 1989). Another type of agents, β-adrenoceptor
agonists, have various disadvantages like β-adrenoceptor
down-regulation in progressed heart failures (Doggrell et
al. 1994) or drug toxicity. Therefore, the development of
positive inotropic drugs remains an important goal in car-
diopharmacology.

One possible approach to positive inotropy is through
the modulation of ion channels resulting in an increase 
of intracellular calcium. This can be achieved through 
the modulation of calcium, sodium and/or potassium ion
channels. The main clinical disadvantage of Ca2+ channel
activators is their lack of selectivity for the myocardium
over the vasculature, producing profound vasoconstriction
and damaging effects primarily within the central nervous
system. The most promising channel modulators are drugs
which increase Na+ influx or decrease K+ efflux (Doggrell
et al. 1994; Varro and Papp 1995). The potential of these

compounds in the treatment of patients with heart failure
is still not fully evaluated.

An increase in Na+ influx can be accomplished either
by channel activation or by inhibition of channel inactiva-
tion or both. Compounds which activate sodium channels
like alkaloids veratridine, BTX or aconitine or sea ane-
mone toxins show strong pro-arrhythmogenic and vaso-
constrictory activity limiting their usefulness. In contrast,
compounds which prolong the opening of the sodium
channel, like DPI 201-106 or BDF 9148 (Dumont 1972)
have much more potential for treatment of patients with
congestive heart failure. A major advantage of these com-
pounds over other ion channel modulators is that they are
in principle not arrhythmogenic (Doggrell et al. 1995) and
not vasoconstrictive since the probability of blood vessel
Na+ channel being in the closed state is higher than in 
cardiac channels. Moreover, DPI 201-106 and BDF9148
were shown to have a vasodilatatory effect (Doggrell and
Liang 1998; Hof and Hof 1985) which is desirable in pa-
tients suffering from heart failure. Another possible com-
bination of ion channel modulator actions that may be
useful in the clinic would be a compound that prolongs
the opening of cardiac Na+ channels to induce positive in-
otropy and vascular K+ channel opening to produce va-
sodilatation.

Although (or perhaps we can say because) an ideal
positive inotropic drug is still not available, there is a cer-
tain pessimism in the search for more suitable positive in-
otropes. This is partially a result of disappointment by nu-
merous compounds (more than 100!) which have emerged
in the past 20 years and which were not able to fulfil all
requirements like selectivity or low toxicity. These argu-
ments have been supported by the belief that the increase
in intracellular calcium produced by these agents compro-
mises the viability of myocardial cells. Nevertheless, there
is an enormous potential for therapeutic advances in the
treatment of heart failure with ion channel modulators, es-
pecially VGSC modulators. This potential should be bet-
ter exploited in the future although the experience of
decades suggests that progress will come slowly. Certain
is that a better understanding of the VGSC structure and
function is one of prerequisites for further development in
this field. In particular, events such as activation and inac-
tivation of the channels are interesting since they can
serve as targets for VGSC modulators.

Acknowledgements The authors thank Prof. W. Löscher, Dept.
Pharmacology, Toxicology and Pharmacy, School of Veterinary
Medicine, Hannover and Dr. Tatjana Heinrich, Murdoch Univer-
sity, Western Australia for critically reading the manuscript. We
acknowledge gratefully the help of J. Lis and M. Schneider.

References

Abbassy MA, Eldefrawi ME, Eldefrawi AT (1983) Influence of
the alcohol moiety of pyrethroids on their interactions with the
nicotinic acetylcholine receptor. J Toxicol Environ Health 12:
575–590

472



Agnew WS, Moore AC, Levinson SR, Raftery MA (1980) Identi-
fication of a large molecular weight peptide associated with a
tetrodotoxin binding protein form the electroplax of Electro-
phorus electricus. Biochem Biophys Res Commun 92:860–866

Akopian AN, Sivilotti L, Wood JN (1996) A tetrodotoxin-resistant
voltage-gated sodium channel expressed by sensory neurons.
Nature 379:257–262

Antz C, Geyer M, Fakler B, Schott MK, Guy HR, Frank R, Rup-
persberg JP, Kalbitzer HR (1997) NMR structure of inactiva-
tion gates from mammalian voltage-dependent potassium chan-
nels. Nature 375:272–275

Arlock P (1988) Actions of three local anaesthetics: lidocaine,
bupivacaine and ropivacaine on guinea pig papillary muscle
sodium channels (Vmax). Pharmacol Toxicol 63:96–104

Armstrong CM, Bezanilla F (1977) Inactivation of the sodium
channel. II. Gating current experiments. J Gen Physiol 70:567–
590

Backx PH, Yue DT, Lawrence JH, Marban E, Tomaselli GF
(1992) Molecular localization of an ion-binding site within the
pore of mammalian sodium channels. Science 257:248–251

Baden DG (1989) Brevetoxins: unique polyether dinoflagellate
toxins. FASEB J 3:1807–1817

Baden DG, Rein KS, Gawley RE, Jeglitsch G, Adams DJ (1994) Is
the A-ring lactone of brevetoxin PbTx-3 required for sodium
channel orphan receptor binding and activity? Nat Toxins 2:
212–221

Balser JR, Nuss HB, Chiamvimonvat N, Perez Garcia MT, Marban
E, Tomaselli GF (1996) External pore residue mediates slow
inactivation in mu 1 rat skeletal muscle sodium channels. J
Physiol (Lond) 494:431–442

Baumgart D, Ehring T, Krajcar M, Skyschall A, Heusch G (1994)
Characterisation of the inotropic and arrhythmogenic action of
the sodium channel activator BDF 9148: a comparison to its
S-enantiomer BDF 9196, to its conger DPI 201-106, to norepi-
nephrine, and to oubaine. Basic Res Cardiol 89:61–79

Baumgold J (1987) Development of sodium channel protein dur-
ing chemically induced differentiation of neuroblastoma cells.
Brain Res 349:271–279

Beckh S, Noda M, Lubbert H, Numa S (1989) Differential regula-
tion of three sodium channel messenger RNAs in the rat central
nervous system during development. EMBO J 8:3611–3616

Benedek C, Rivier L (1989) Evidence for the presence of tetro-
dotoxin in a powder used in Haiti for zombification. Toxicon
27:473–480

Benes J, Parada A, Figueiredo AA, Alves PC, Freitas AP, Lear-
month DA, Cunha RA, Garrett J, Soares da Silva P (1999) Anti-
convulsant and sodium channel-blocking properties of novel
10,11-dihydro-5H-dibenz[b,f]azepine-5-carboxamide derivatives.
J Med Chem 42:2582–2587

Benoit E, Legrand AM, Dubois JM (1986) Effects of ciguatoxin
on current and voltage clamped frog myelinated nerve fibre.
Toxicon 24:357–364

Benzinger GR, Drum CL, Chen LQ, Kallen RG, Hanck DA (1997)
Differences in the binding sites of two site-3 sodium channel
toxins. Pflügers Arch 434:742–749

Benzinger GR, Kyle JW, Blumenthal KM, Hanck DA (1998) A
specific interaction between the cardiac sodium channel and
site-3 toxin anthopleurin B. J Biol Chem 273:80–84

Bidard JN, Vijverberg HP, Frelin C, Chungue E, Legrand AM,
Bagnis R, Lazdunski M (1984) Ciguatoxin is a novel type of
Na+ channel toxin. J Biol Chem 259:8353–8357

Bloomquist JR, Soderlund DM (1988) Pyrethroid insecticides and
DDT modify alkaloid-dependent sodium channel activation and
its enhancement by sea anemone toxin. Mol Pharmacol 33:
543–550

Boccaccio A, Moran O, Imoto K, Conti F (1999) Tonic and phasic
tetrodotoxin block of sodium channels with point mutations in
the outer pore region. Biophys J 77:229–240

Bräu ME, Elliott JR (1998) Local anaesthetic effects on tetro-
dotoxin-resistant Na+ currents in rat dorsal root ganglion neu-
rones. Eur J Anaesthesiol 15:80–88

Brown GB (1986) 3H-Batrachotoxinin-A benzoate binding to volt-
age-sensitive sodium channels: inhibition by the channel block-
ers tetrodotoxin and saxitoxin. J Neurosci 6:2064–2070

Brown GB, Gaupp JE, Olsen RW (1988) Pyrethroid insecticides:
stereospecific allosteric interaction with the batrachotoxinin-A
benzoate binding site of mammalian voltage-sensitive sodium
channels. Mol Pharmacol 34:54–59

Buggisch D, Isenberg G, Ravens U, Scholtysik G (1985) The role of
sodium channels in the effects of the cardiotonic compound DPI
201-106 on contractility and membrane potentials in isolated
mammalian heart preparations. Eur J Pharmacol 118:303–311

Buisine E, Wieruszeski JM, Lippens G, Wouters D, Tartar A,
Sautiere P (1997) Characterization of a new family of toxin-
like peptides from the venom of the scorpion Leiurus quin-
questriatus hebraeus. 1H-NMR structure of leiuropeptide II. 
J Pept Res 49:545–555

Burack MA, Stasheff SF, Wilson WA (1995) Selective suppres-
sion of in vitro electrographic seizures by low-dose tetrodo-
toxin: a novel anticonvulsant effect. Epilepsy Res 22:115–126

Butterworth JFIV, Strichartz G (1990) Molecular mechanisms of
local anesthesia: a review. Anesthesiology 72:711–734

Cahalan M (1975) Modification of sodium channel gating in frog
myelinated nerve fibres by Centruroides sculpturatus scorpion
venom. J Physiol (Lond) 244:511–534

Catterall WA (1980) Neurotoxins that act on voltage-sensitive
sodium channels in excitable membranes. Annu Rev Pharma-
col Toxicol 20:15–43

Catterall WA (1981) Inhibition of voltage-sensitive sodium chan-
nels in neuroblastoma cells by antiarrhythmic drugs. Mol Phar-
macol 20:356–362

Catterall WA (1988) Structure and function of voltage-sensitive
ion channels. Science 242:50–61

Catterall WA (1992) Cellular and molecular biology of voltage-
gated sodium channels. Physiol Rev 72:15–48

Catterall WA (1995) Structure and function of voltage-gated chan-
nels. Annu Rev Biochem 64:493–531

Catterall WA, Gainer M (1985) Interaction of brevetoxin A with a
new receptor site on the sodium channel. Toxicon 23:497–504

Catterall WA, Morrow CS, Hartshorne RP (1979) Neurotoxin bind-
ing to receptor sites associated with voltage-sensitive sodium
channels in intact, lysed, and detergent-solubilized brain mem-
branes. J Biol Chem 254:11379–11387

Catterall WA, Morrow CS, Daly JW, Brown GB (1981) Binding
of batrachotoxinin A 20-alpha-benzoate to a receptor site asso-
ciated with sodium channels in synaptic nerve ending particles.
J Biol Chem 256:8922–8927

Catterall WA, Seagar MJ, Takahashi M (1988) Molecular proper-
ties of dihydropyridine-sensitive calcium channels in skeletal
muscle. J Biol Chem 263:3535–3538

Catterall WA, Trainer VL, Baden DG (1992) Molecular properties
of the sodium channel: a receptor for multiple neurotoxins.
Bull Soc Pathol Exot 85:481–485

Cestele S, Qu Y, Rogers J, Rochat H, Scheuer T, Catterall WA
(1998) Voltage sensor-trapping: enhanced activation of sodium
channels by beta-scorpion toxin bound to the S3-S4 loop in do-
main II. Neuron 21:919–931

Chahine M, Sirois J, Marcotte P, Chen LQ, Kallen RG (1998) Ex-
trapore residues of the S5-S6 loop of domain 2 of the voltage-
gated skeletal muscle sodium channel (rSkM1) contribute to
the mu-conotoxin GIIIA binding site. Biophys J 75:236–246

Chao TI, Alzheimer C (1995) Effects of phenytoin on the persis-
tent Na+ current of mammalian CNS neurones. Neuroreport
6:1778–1780

Chen J, Ikeda SR, Lang W, Isales CM, Wei X (1997) Molecular
cloning of a putative tetrodotoxin-resistant sodium channel from
dog nodose ganglion neurons. Gene 202:7–14

Chen LQ, Chahine M, Kallen RG, Barchi RL, Horn R (1992)
Chimeric study of sodium channels from rat skeletal and car-
diac muscle. FEBS Lett 309:253–257

Chen LQ, Santarelli V, Horn R, Kallen RG (1996) A unique role
for the S4 segment of domain 4 in the inactivation of sodium
channels. J Gen Physiol 108:549–556

473



Chen TC, Law B, Kondratyuk T, Rossie S (1995) Identification of
soluble protein phosphatases that dephosphorylate voltage-sen-
sitive sodium channels in rat brain. J Biol Chem 270:7750–
7756

Cheung H, Kamp D, Harris E (1992) An in vitro investigation of
the action of lamotrigine on neuronal voltage-activated sodium
channels. Epilepsy Res 13:107–112

Cohen SA, Levitt LK (1993) Partial characterization of the rH1
sodium channel protein from rat heart using subtype-specific
antibodies. Circ Res 73:735–742

Conti F, Gheri A, Pusch M, Moran O (1996) Use dependence of
tetrodotoxin block of sodium channels: a revival of the trapped-
ion mechanism. Biophys J 71:1295–1312

Costa MR, Catterall WA (1984) Cyclic AMP-dependent phospho-
rylation of the alpha subunit of the sodium channel in synaptic
nerve ending particles. J Biol Chem 259:8210–8218

Costa MR, Casnellie JE, Catterall WA (1982) Selective phospho-
rylation of the alpha subunit of the sodium channel by cAMP-
dependent protein kinase. J Biol Chem 257:7918–7921

Coulter DA (1997) Antiepileptic drug cellular mechanisms of ac-
tion: where does lamotrigine fit in? J Child Neurol Suppl 1:S2–
S9

Couraud F, Jover E, Dubois JM, Rochat H (1982) Two types of
scorpion receptor sites, one related to the activation, the other
to the inactivation of the action potential sodium channel. Tox-
icon 20:9–16

Cummins TR, Sigworth FJ (1996) Impaired slow inactivation in
mutant sodium channels [see comments]. Biophys J 71:227–
236

Dascal N, Lotan I (1991) Activation of protein kinase C alters volt-
age dependence of a Na+ channel. Neuron 6:165–175

De Weille JR, Brown LD, Narahashi T (1990) Pyrethroid modifi-
cations of the activation and inactivation kinetics of the sodium
channels in squid giant axons. Brain Res 512:26–32

Dechraoui MY, Naar J, Pauillac S, Legrand AM (1999) Ciguatox-
ins and brevetoxins, neurotoxic polyether compounds active on
sodium channels. Toxicon 37:125–143

Deffois A, Fage D, Carter C (1996) Inhibition of synaptosomal ve-
ratridine-induced sodium influx by antidepressants and neuro-
leptics used in chronic pain. Neurosci Lett 220:117–120

Dib-Hajj S, Tyrrell L, Black JA, Waxman SG (1998) NaN, a novel
voltage-gated Na channel, is expressed preferentially in periph-
eral sensory neurons and down-regulated after axotomy. Proc
Natl Acad Sci USA 95:8963–8968

Doggrell S, Hoey A, Brown L (1994) Ion channel modulators as
potential positive inotropic compound for treatment of heart
failure. Clin Exp Pharmacol Physiol 21:833–843

Doggrell SA, Liang LC (1998) The relaxing effect of BDF 9148
on the KCl-contracted aorta isolated from normo- and hyper-
tensive rats. Naunyn Schmiedeberg’s Arch Pharmacol 357:
126–132

Doggrell SA, Bishop BE, Brosch S (1995) The effects of veratri-
dine and BDF 9148 on the action potentials and contractility of
the rat right ventricle. Gen Pharmacol 26:593–601

Dudley SC Jr, Todt H Jr, Lipkind GM, Fozzard HA (1995) A mu-
conotoxin-insensitive Na+ channel mutant: possible localiza-
tion of a binding site at the outer vestibule. Biophys J 69:1657–
1665

Dumont JN (1972) Oogenesis in Xenopus laevis. I. Stages of oocyte
development in laboratory maintained animals. J Morphol 136:
153–153

Eaholtz G, Scheuer T, Catterall WA (1994) Restoration of inacti-
vation and block of open sodium channels by an inactivation
gate peptide. Neuron 12:1041–1048

Eaholtz G, Zagotta WN, Catterall WA (1998) Kinetic analysis of
block of open sodium channels by a peptide containing the iso-
leucine, phenylalanine, and methionine (IFM) motif from the
inactivation gate. J Gen Physiol 111:75–82

Eaholtz G, Colvin A, Leonard D, Taylor C, Catterall WA (1999)
Block of brain sodium channels by peptide mimetics of the
isoleucine, phenylalanine, and methionine (IFM) motif from
the inactivation gate. J Gen Physiol:279–294

Eells JT, Rasmussen JL, Bandettini PA, Propp JM (1993) Differ-
ences in the neuroexcitatory actions of pyrethroid insecticides
and sodium channel-specific neurotoxins in rat and trout brain
synaptosomes. Toxicol Appl Pharmacol 123:107–119

Eriksson P, Nordberg A (1990) Effects of two pyrethroids, bioal-
lethrin and deltamethrin, on subpopulations of muscarinic and
nicotinic receptors in the neonatal mouse brain. Toxicol Appl
Pharmacol 102:456–463

Estep KG, Josef KA, Bacon ER, Carabateas PM, Rumney S4,
Pilling GM, Krafte DS, Volberg WA, Dillon K, Dugrenier N
(1995) Synthesis and structure-activity relationships of 6-hete-
rocyclic-substituted purines as inactivation modifiers of cardiac
sodium channels. J Med Chem 38:2582–2595

Favre I, Moczydlowski E, Schild L (1996) On the structural basis
for ionic selectivity among Na+, K+, and Ca2+ in the voltage
gated sodium channel. Biophys J 71:3110–3125

Fleig A, Fitch JM, Goldin AL, Rayner MD, Starkus JG, Ruben PC
(1994) Point mutations in IIS4 alter activation and inactivation
of rat brain IIA Na channels in Xenopus oocyte macropatches.
Pflügers Arch 427:406–413

Fletcher JI, Chapman BE, Mackay JP, Howden MEH, King GF
(1997) The structure of versutoxin (delta-atracotoxin-Hv1) pro-
vides insights into the binding of site 3 neurotoxins to the volt-
age-gated sodium channel. Structure 5:1525–1535

Fontaine G (1992) A new look at torsades de pointes. Ann N Y
Acad Sci:157–177

Fozzard HA, Hanck DA (1996) Structure and function of voltage-
dependent sodium channels: comparison of brain II and cardiac
isoforms. Physiol Rev 76:887–926

Fozzard HA, Lipkind GM (1996) The guanidinium toxin binding
site on the sodium channel. Jpn Heart J 37:683–692

Francis J, Burnham WM (1992) [3H]Phenytoin identifies a novel
anticonvulsant-binding domain on voltage-dependent sodium
channels. Mol Pharmacol 42:1097–1103

Frelin C, Cognard C, Vigne P, Lazdunski M (1986) Tetrodotoxin-
sensitive and tetrodotoxin-resistant Na+ channels differ in their
sensitivity to Cd2+ and Zn2+. Eur J Pharmacol 122:245–250

French RJ, Dudley SC Jr (1999) Pore-blocking toxins as probes of
voltage-dependent channels. Methods Enzymol 294:575–605

Frohnwieser B, Weigl L, Schreibmayer W (1995) Modulation of
cardiac sodium channel isoform by cyclic AMP dependent pro-
tein kinase does not depend on phosphorylation of serine 1504
in the cytosolic loop interconnecting transmembrane domains
III and IV. Pflügers Arch 430:751–753

Frohnwieser B, Chen LQ, Schreibmayer W, Kallen RG (1997)
Modulation of the human cardiac sodium channel alpha-sub-
unit by cAMP-dependent protein kinase and the responsible se-
quence domain. J Physiol (Lond) 498:309–318

Gawley RE, Rein KS, Jeglitsch G, Adams DJ, Theodorakis EA,
Tiebes J, Nicolaou KC, Baden DG (1995) The relationship of
brevetoxin “length” and A-ring functionality to binding and ac-
tivity in neuronal sodium channels. Chem Biol 2:533–541

Gellens ME, George AL Jr, Chen L, Chahine M, Horn R, Barchi
RL, Kallen RG (1992) Primary structure and functional expres-
sion of the human cardiac tetrodotoxin-insensitive voltage-de-
pendent sodium channel. Proc Natl Acad Sci USA 89:554–558

Gershon E, Weigl L, Lotan I, Schreibmayer W, Dascal N (1992)
Protein kinase A reduces voltage-dependent Na+ current in
Xenopus oocytes. J Neurosci 12:3743–3752

Ghatpande AS, Sikdar SK (1997) Competition for binding be-
tween veratridine and KIFMK: an open channel blocking pep-
tide of the RIIA sodium channel. J Membr Biol 160:177–182

Gordon D (1997) A new approach to insect-pest control-combina-
tion of neurotoxins interacting with voltage sensitive sodium
channels to increase selectivity and specificity. Invert Neurosci
3:103–116

Gordon D, Martin-Eauclaire MF, Cestele S, Kopeyan C, Carlier E,
Khalifa RB, Pelhate M, Rochat H (1996) Scorpion toxins af-
fecting sodium current inactivation bind to distinct homolo-
gous receptor sites on rat brain and insect sodium channels. 
J Biol Chem 271:8034–8045

474



Grant AO (1991) The electrophysiology of the cardiac sodium
channel. Trends Cardiovasc Med 1:321–330

Gurevitz M, Froy O, Zilberberg N, Turkov M, Strugatsky D, Gersh-
burg E, Lee D, Adams ME, Tugarinov V, Anglister J, Shaanan
B, Loret E, Stankiewicz M, Pelhate M, Gordon D, Chejanovsky
N (1998) Sodium channel modifiers from scorpion venom: struc-
ture-activity relationship, mode of action and application. Tox-
icon 36:1671–1682

Guy HR, Conti F (1990) Pursuing the structure and function of
voltage-gated channels. Trends Neurosci 13:201–206

Hebert T, Drapeau P, Pradier L, Dunn RJ (1994) Block of the rat
brain IIA sodium channel alpha subunit by the neuroprotective
drug riluzole. Mol Pharmacol 45:1055–1060

Heinemann,SH, Terlau H, Imoto K (1992a) Molecular basis for
pharmacological differences between brain and cardiac sodium
channels. Pflügers Arch 422:90–92

Heinemann SH, Terlau H, Stühmer W, Imoto K, Numa S (1992b)
Calcium channel characteristics conferred on the sodium chan-
nel by single mutations. Nature 356:441–443

Henderson R, Ritchie JM, Strichartz G (1973) The binding of la-
belled saxitoxin to the sodium channels in nerve membranes. 
J Physiol (Lond) 253:783–804

Henning U, Wolf WP, Holtzhauer M (1996) Primary cultures of
cardiac muscle cells as models for investigation of protein gly-
cosylation. Mol Cell Biochem 160/161:41–46

Hille B (1971) The permeability of the sodium channel to organic
cations in myelinated nerve. Gen Physiol 58:599-619

Hille B (1992) Ionic channels of excitable membranes. Sinauer
Associates, Sunderland. Mass.

Hille B, Barnes S (1988) Veratridine modifies open sodium chan-
nel. J Gen Physiol 91:421-443

Hodgkin AL, Huxley AF (1952) A quantitative description of
membrane current and its application to conduction and excita-
tion in nerve. J Physiol (Lond) 117:500–544

Hoey A, Lehmkuhl A, Sadony V, Ravens U (1993) Inotropic ac-
tions of BDF 9148 and DPI 201-106 and their enantiomers in
guinea-pig, rat and human atria. Eur J Pharmacol 231:477–480

Hoey A, Amos GJ, Wettwer E, Ravens U (1994) Differential ef-
fects of BDF 9148 and DPI 201-106 on action potential and
contractility in rat and guinea pig myocardium. J Cardiovasc
Pharmacol 23:907–915

Hof RP, Hof A (1985) Mechanism of the vasodilator effects of the
cardiotonic agent DPI 201-106. J Cardiovasc Pharmacol 7:
1188–1192

Holck M, Osterrieder W (1988) Interaction of the cardiotonic
agent DPI 201-106 with cardiac Ca2+ channels. J Cardiovasc
Pharmacol 11:478–482

Honerjäger P (1982) Cardioactive substances that prolong the open
state of sodium channels. Rev Physiol Biochem Pharmacol
92:2–74

Huang JM, Wu CH (1985) Mechanism of the toxic action of T17
brevetoxin from Ptychodiscus brevis on nerve membranes. In:
Anderson DM, White AW, Baden DG (eds) Toxic dinoflagel-
lates. Elsevier, New York, pp 351–356

Isenberg G, Ravens U (1984) The effects of the Anemonia sulcata
toxin (ATX II) on membrane currents of isolated mammalian
myocytes. J Physiol (Lond) 357:127–149

Ishikawa Y, Charalambous P, Matsumura F (1989) Modification
by pyrethroids and DDT of phosphorylation activities of rat
brain sodium channel. Biochem Pharmacol 38:2449–2457

Isom LL, Catterall WA (1996) Na+ channel subunits and Ig do-
mains. Nature 383:307–308

Isom LL, De Jongh KS, Patton DE, Reber BF, Offord J, Charbon-
neau H, Walsh K, Goldin AL, Catterall WA (1992) Primary
structure and functional expression of the beta 1 subunit of the
rat brain sodium channel. Science 256:839–842

Isom LL, Ragsdale DS, De Jongh KS, Westenbroek RE, Reber BF,
Scheuer T, Catterall WA (1995) Structure and function of the
beta 2 subunit of brain sodium channels, a transmembrane gly-
coprotein with a CAM motif. Cell 83:433–442

Jablonsky MJ, Jackson PL, Trent JO, Watt DD, Krishna NR
(1999) Solution structure of a beta-neurotoxin from the New
World scorpion Centruroides sculpturatus Ewing. Biochem
Biophys Res Commun 254:406–412

James WM, Agnew WS (1987) Multiple oligosaccharide chains in
the voltage-sensitive Na channel from Electrophorus electri-
cus: evidence for alpha-2,8-linked polysialic acid. Biochem
Biophys Res Commun 148:817–826

Jeglitsch G, Rein K, Baden DG, Adams DJ (1998) Brevetoxin-3
(PbTx-3) and its derivatives modulate single tetrodotoxin-sen-
sitive sodium channels in rat sensory neurons. J Pharmacol Exp
Ther 284:516–25

Kallen RG, Sheng ZH, Yang J, Chen L, Rogart RB, Barchi RL
(1990) Primary structure and expression of a sodium channel
characteristic of denervated and immature rat skeletal muscle.
Neuron 4:233–242

Kayano T, Noda M, Flockerzi V, Takahashi H, Numa S (1988)
Primary structure of rat brain sodium channel III deduced from
the cDNA sequence. FEBS Lett 228:187–194

Khodorov BI, Revenko SV (1979) Further analysis of the mecha-
nisms of action of batrachotoxin on the membrane of myeli-
nated nerve. Neuroscience 4:1315–1330

Kinoshita H, Ishikawa T, Hatano Y (1999) Differential effects of
lidocaine and mexiletine on relaxations to ATP-sensitive K+

channel openers in rat aortas. Anesthesiology 90:1165–1170
Kirsch GE, Alam M, Hartmann HA (1994) Differential effects of

sulfhydryl reagents on saxitoxin and tetrodotoxin block of volt-
age-dependent Na channels. Biophys J 67:2305–2315

Klaassen CD (1996) Toxic effects of animal toxins. In: Klaassen
CD, Amdur MO, Doull J (eds) Casarett and Doull’s toxicology:
the basic science of poisons. McGraw-Hill, New York, pp 801–
839

Kohlhardt M, Fröbe U, Herzig JW (1986) Modification of single
cardiac Na+ channels by DPI 201-106. J Membr Biol 89:163–
172

Kostis JB, Lacy CR, Raia JJ, Dworkin JH, Warner RG, Casazza
LA (1987) DPI 201-106 for severe congestive heart failure.
Am J Cardiol 60:1334–1339

Krafte DS, Davison K, Dugrenier N, Estep K, Josef K, Barchi RL,
Kallen RG, Silver PJ, Ezrin AM (1994) Pharmacological mod-
ulation of human cardiac Na channels. Eur J Pharmacol 266:
245–254

Kühn FJ, Greeff NG (1999) Movement of voltage sensor S4 in do-
main 4 is tightly coupled to sodium channel fast inactivation
and gating charge immobilization. J Gen Physiol 114:167–183

Kuo CC (1998) A common anticonvulsant binding site for pheny-
toin, carbamazepine, and lamotrigine in neuronal Na+ channels.
Mol Pharmacol 54:712–721

Kuo CC, Bean BP (1994) Slow binding of phenytoin to inactivated
sodium channels in rat hippocampal neurons. Mol Pharmacol
46:716–725

Kuo CC, Lu L (1997) Characterization of lamotrigine inhibition of
Na+ channels in rat hippocampal neurones. Br J Pharmacol
121:1231–1238

Kuo CC, Chen RS, Lu L, Chen RC (1997) Carbamazepine inhibi-
tion of neuronal Na+ currents: quantitative distinction from
phenytoin and possible therapeutic implications. Mol Pharma-
col 51:1077–1083

Lazdunski M, Renaud J-F (1982) The action of cardiotoxins on
cardiac plasma membranes. Annu Rev Physiol 44:463–473

Lazdunski M, Frelin C, Barhanin J, Meiri H, Pauron D, Romey G,
Schmid A, Schweitz H, Vigne P, Vijverberg HPM, et al. (1986)
Polypeptide toxins as tools to study voltage-sensitive Na+ chan-
nels. Ann N Y Acad Sci 479:204–220

Li HI, Galue A, Meadows L, Ragsdale DS (1999) A molecular ba-
sis for the different local anesthetic affinities of resting versus
open and inactivated states of the sodium channel. Mol Phar-
macol 55:134–141

Li M, West JW, Numann R, Murphy BJ, Scheuer T, Catterall WA
(1993) Convergent regulation of sodium channels by protein
kinase C and cAMP-dependent protein kinase. Science 261:
1439–1442

475



Li RA, Tsushima RG, Kallen RG, Backx PH (1997) Pore residues
critical for mu-CTX binding to rat skeletal muscle Na+ chan-
nels revealed by cysteine mutagenesis. Biophys J 73:1874–
1884

Linford NJ, Cantrell AR, Yusheng Q, Scheuer T, Catterall WA
(1998) Interaction of batrachotoxin with the local anesthetic re-
ceptor site in transmembrane segment IVS6 of the voltage-
gated sodium channel. Proc Natl Acad Sci USA 95:13947–
13952

Lipkind GM, Fozzard HA (1994) A structural model of the tetro-
dotoxin and saxitoxin binding site of the Na+ channel. Biophys
J 66:1–13

Little MJ, Zappia C, Gilles N, Connor M, Tyler MI, Martin-Eau-
claire MF, Gordon D, Nicholson GM (1998a) Delta-Atracotox-
ins from Australian funnel-web spiders compete with scorpion
alpha-toxin binding but differentially modulate alkaloid toxin
activation of voltage-gated sodium channels. J Biol Chem 273:
27076–27083

Little MJ, Wilson H, Zappia C, Cestele S, Tyler MI, Martin-Eau-
claire MF, Gordon D, Nicholson GM (1998b) Delta-atracotox-
ins from Australian funnel-web spiders compete with scorpion
alpha-toxin binding on both rat brain and insect sodium chan-
nels. FEBS Lett 439:246–252

Lombet A, Lazdunski M (1984) Characterisation, solubilization,
affinity labeling and purification of the cardiac Na+ channel us-
ing Tityus toxin gamma. Eur J Biochem 141:651–660

Lombet A, Bidard JN, Lazdunski M (1987) Ciguatoxin and breve-
toxins share a common receptor site on the neuronal voltage-
dependent Na+ channel. FEBS Lett 219:355–359

Lombet A, Mourre C, Lazdunski M (1988) Interaction of insecti-
cides of the pyrethroid family with specific binding sites on the
voltage-dependent sodium channel from mammalian brain.
Brain Res 459:44–53

Loescher W (1998) New visions in the pharmacology of anticon-
vulsion. Eur J Pharmacol 342:1–13

Loescher W, Schmidt D (1994) Strategies in antiepileptic drug de-
velopment: is rational drug design superior to random screen-
ing and structural variation? Epilepsy Res 17:95–134

Lund AE, Narahashi T (1981a) Modification of sodium channel
kinetics by the insecticide tetramethrin in crayfish giant axons.
Neurotoxicology 2:213–229

Lund AE, Narahashi T (1981b) Kinetics of sodium channel modi-
fication by the insecticide tetramethrin in squid axon mem-
branes. J Pharmacol Exp Ther 219:464–473

MacDonald RJ, Greenfield LJ (1997) Mechanisms of action of
new antiepileptic drugs. Curr Opin Neurol 10:121–128

Makita N, Bennett PBJ, George AL Jr (1994) Voltage-gated Na
channel β1 subunit mRNA expressed in adult human skeletal
muscle, heart, and brain is encoded by a single gene. J Biol
Chem 269:751–758

Marban E, Yamagishi T, Tomaselli GF (1998) Structure and func-
tion of voltage-gated sodium channels. J Physiol (Lond) 508:
647–657

Martins JC, Van de Ven FJ, Borremans FA (1995) Determination
of the three-dimensional solution structure of scyllatoxin by 1H
nuclear magnetic resonance. J Mol Biol 353:590–603

McCormick KA, Isom LL, Ragsdale DS, Smith RD, Scheuer T,
Catterall WA (1998) Molecular determinants of Na+ channel
function in the extracellular domain of the beta1 subunit. J Biol
Chem 273:3954–3962

McIntosh JM, Olivera BM, Cruz LJ (1999) Conus peptides as
probes for ion channels. Methods Enzymol 294:605–624

McLean MJ, Macdonald RL (1983) Multiple actions of phenytoin
on mouse spinal cord neurons in cell culture. J Pharmacol Exp
Ther 227:779–789

McPhee JC, Ragsdale DS, Scheuer T, Catterall WA (1994) A mu-
tation in segment IVS6 disrupts fast inactivation of sodium
channels. Proc Natl Acad Sci USA 91:12346–12350

McPhee JC, Ragsdale DS, Scheuer T, Catterall WA (1995) A crit-
ical role for transmembrane segment IVS6 of the sodium chan-
nel alpha subunit in fast inactivation. J Biol Chem 270:12025–
12034

McPhee JC, Ragsdale DS, Scheuer T, Catterall WA (1998) A crit-
ical role for the S4-S5 intracellular loop in domain IV of the
sodium channel alpha-subunit in fast inactivation. J Biol Chem
273:1121–1129

Meldrum BS (1994) Lamotrigine – a novel approach. Seizure 3
(suppl A):41–45

Meldrum BS (1996a) Update on the mechanism of action of
antiepileptic drugs. Epilepsia 37 (suppl 6):S4–S11

Meldrum BS (1996b) Action of established and novel anticonvul-
sant drugs on the basic mechanisms of epilepsy. Epilepsy Res
Suppl 11:67–77

Messner DJ, Catterall WA (1986) The sodium channel from rat
brain. Role of the β1 and β2 subunits in saxitoxin binding. 
J Biol Chem 261:211–215

Messner DJ, Feller DJ, Scheuer T, Catterall WA (1986) Functional
properties of rat brain channels lacking the β1 or β2 subunit. 
J Biol Chem 261:14882–14890

Meunier FA, Colasante C, Molgo J (1997) Sodium-dependent in-
crease in quantal secretion induced by brevetoxin-3 in Ca2+-
free medium is associated with depletion of synaptic vesicles
and swelling of motor nerve terminals in situ. Neuroscience
78:883–893

Meves H, Rubly N, Watt DD (1982) Effect of toxins isolated from
the venom of the scorpion Centruroides sculpturatus on the Na
currents of the node of Ranvier. Pflügers Arch 393:56–62

Meves H, Simard JM, Watt DD (1986) Interactions of scorpion
toxins with the sodium channel. Ann N Y Acad Sci 479:
113–132

Moczydlowski E, Olivera BM, Gray WR, Strichartz G (1986) Dis-
crimination of muscle and neuronal Na channel subtypes by
binding competition between [3H]saxitoxin and mu-conotox-
ins. Proc Natl Acad Sci USA 83:5321–5325

Molgo J, Comella JX, Legrand AM (1990) Ciguatoxin enhances
quantal transmitter release from frog motor nerve terminals. Br
J Pharmacol 99:695–700

Murphy BJ, Rossie S, De Jongh KS, Catterall WA (1993) Identifi-
cation of the sites of selective phosphorylation and dephospho-
rylation of the rat brain Na+ channel alpha subunit by cAMP-
dependent protein kinase and phosphoprotein phosphatases. 
J Biol Chem 268:27355–27362

Murphy BJ, Rogers J, Perdichizzi AP, Colvin A, Catterall WA
(1996) cAMP-dependent phosphorylation of two sites in the al-
pha subunit of the cardiac sodium channel. J Biol Chem 271:
28837–28843

Nakayma H, Nakayama K, Nonomura Y, Kobayashi M, Kangawa
K, Matsuo H, Kanaoka Y (1993) A topographical study of the
electroplax sodium channel with site-directed antibodies. Bio-
chim Biophys Acta 1145:134–140

Narahashi T (1986) Modulators acting on sodium and calcium
channels: patch-clamp analysis. Adv Neurol 44:211–224

Narahashi T (1992) Nerve membrane Na+ channels as targets of
insecticides. Trends Pharmacol Sci 13:236–241

Narahashi T, Ginsburg KS, Nagata K, Song JH, Tatebayashi H
(1998) Ion channels as targets for insecticides. Neurotoxicol-
ogy 19:581–590

Noda M, Shimizu S, Tanabe T, Takai T, Kayano T, Ikeda T, Taka-
hashi H, Nakayma H, Kanaoka Y, Minamino N, Kangawa K,
Matsuo H, Raftery MA, Hirose T, Inayama S, Hayashida H,
Miyata T, Numa S (1984) Primary structure of Electrophorus
electricus sodium channel deduced from cDNA sequence. Na-
ture 312:121–127

Noda M, Ikeda T, Suzuki H, Takeshima H, Takahashi T, Kuno M,
Numa S (1986a) Expression of functional sodium channels
from cloned cDNA. Nature 322:826–828

Noda M, Ikeda T, Kayano T, Suzuki H, Takeshima H (1986b) Ex-
istence of distinct sodium channel messenger RNAs in rat
brain. Nature 320:188–192

Noda M, Suzuki H, Stühmer W (1989) A single point mutation
confers tetrodotoxin and saxitoxin insensitivity on the sodium
channel II. FEBS Lett 259:213–216

476



Norton RS (1991) Structure and structure-function relationships of
sea anemone proteins that interact with the sodium channel.
Toxicon 29:1051–1084

Novosel D, Hof A, Zierhut W, Hof RP (1993) Proarrhythmic ef-
fects of DPI 201-106 elicited with programmed electrical stim-
ulation: a comparison with sotalol. J Cardiovasc Pharmacol
21:967–972

Ohizumi Y, Nakamura H, Kobayashi J, Catterall WA (1986) Spe-
cific inhibition of [3H] saxitoxin binding to skeletal muscle
sodium channels by geographutoxin II, a polypeptide channel
blocker. J Biol Chem 261:6149–6152

Olivera BM, Rivier J, Scott JK, Hillyard DR, Cruz LJ (1991)
Conotoxins. J Biol Chem 266:22067–22070

O’Reilly JP, Wang SY, Kallen RG, Wang GK (1999) Comparison
of slow inactivation in human heart and rat skeletal muscle Na+

channel chimaeras. J Physiol (Lond) 515:61–73
Oxford GS, Yeh JZ (1985) Interactions of monovalent cations with

sodium channels in squid axon. I. Modification of physiologi-
cal inactivation gating. J Gen Physiol 85:583–602

Packer M (1989) Effect of phosphodiesterase inhibitors on sur-
vival of patients with chronic congestive heart failure. Am J
Cardiol 63:41A–45A

Papazian DM, Timpe LC, Jan YN, Jan LY (1991) Alteration of
voltage-dependence of Shaker potassium channel by mutations
in the S4 sequence. Nature 349:305–310

Pellaghy PK, Neilsen KJ, Craik DJ, Norton RS (1997) Solution
structure of robustoxin, the lethal neurotoxin from the funnel-
web spider Atrax robustus. Protein Sci 3:1833–1839

Penzotti JL, Fozzard HA, Lipkind GM, Dudley SC Jr (1998) Dif-
ferences in saxitoxin and tetrodotoxin binding revealed by mu-
tagenesis of the Na+ channel outer vestibule. Biophys J 75:
2647–2657

Pintar A, Possani LD, Delepierre M (1999) Solution structure of
toxin 2 from Centruroides noxius Hoffmann, a beta-scorpion
neurotoxin acting on sodium channels. J Mol Biol 287:359–
367

Poli MA, Mende TJ, Baden DG (1986) Brevetoxins, unique acti-
vators of voltage-sensitive sodium channels, bind to specific
sites in rat brain synaptosomes. Mol Pharmacol 30:129–135

Postma SW, Catterall WA (1984) Inhibition of binding of [3H]ba-
trachotoxinin A 20-alpha-benzoate to sodium channels by local
anesthetics. Mol Pharmacol 25:219–227

Qu Y, Rogers J, Tanada T, Scheuer T, Catterall WA (1995) Mole-
cular determinants of drug access to the receptor site for antiar-
rhythmic drugs in the cardiac Na+ channels. Proc Natl Acad Sci
USA 92:11839–11843

Quandt FN (1988) Modification of slow inactivation of single
sodium channels by phenytoin in neuroblastoma cells. Mol
Pharmacol 34:557–565

Ragsdale DS, Avoli M (1998) Sodium channels as molecular tar-
gets for antiepileptic drugs. Brain Res Rev 26:16–28

Ragsdale DS, Scheuer T, Catterall WA (1991) Frequency and volt-
age-dependent inhibition of type-IIA Na+ channels, expressed
in a mammalian cell line, by local anesthetic, antiarrhythmic,
and anticonvulsant drugs. Mol Pharmacol 40:756–765

Ragsdale DS, McPhee JC, Scheuer T, Catterall WA (1994) Mole-
cular determinants of state-dependent block of Na+ channels by
local anesthetics. Science 265:1724–1728

Ragsdale DS, McPhee JC, Scheuer T, Catterall WA (1996) Com-
mon molecular determinants of local anesthetic, antiarrhyth-
mic, and anticonvulsant block of voltage-gated Na+ channels.
Proc Natl Acad Sci USA 93:9270–9275

Ratnakumari L, Hemmings HCJ (1997) Effects of propofol on so-
dium channel-dependent sodium influx and glutamate release
in rat cerebrocortical synaptosomes. Br J Pharmacol 119:1498–
1504

Ravens U, Amos GJ, Ehring T, Heusch G (1995) BDF 9148 – a
sodium channel modulator with positive inotropic action. Car-
diovasc Drug Rev 13:260–274

Reckziegel G, Beck H, Schramm J, Elger CE, Urban BW (1998)
Electrophysiological characterization of Na+ currents in acutely
isolated human hippocampal dentate granule cells. J Physiol
(Lond) 509:139–150

Reckziegel G, Beck H, Schramm J, Urban BW, Elger CE (1999)
Carbamazepine effects on Na+ currents in human dentate gran-
ule cells from epileptogenic tissue. Epilepsia 40:401–407

Richmond JE, Featherstone DE, Hartmann HA, Ruben PC (1998)
Slow inactivation in human cardiac sodium channels. Biophys
J 74:2945–2952

Roberts RH, Barchi RL (1987) The voltage-sensitive sodium chan-
nel from rabbit skeletal muscle. J Biol Chem 262:2298–2303

Rock DM, Kelly KM, Macdonald RL (1993) Gabapentin actions
on ligand- and voltage-gated responses in cultured rodent neu-
rons. Epilepsy Res 16:89–98

Rogart RB, Cribbs LL, Muglia LK, Kephart DD, Kaiser MW (1989)
Molecular cloning of a putative tetrodotoxin resistant rat heart
Na channel isoform. Proc Natl Acad Sci USA 86:8170–8174

Rogers J, Qu Y, Tanada T, Scheuer T, Catterall WA (1996) Mole-
cular determinants of high affinity binding of alpha-scorpion
toxin and sea anemone toxin in the S3-S4 extracellular loop in
domain IV of the Na+ channel alpha subunit. J Biol Chem 271:
15950–15962

Rohl CA, Boeckman FA, Baker C, Scheuer T, Catterall WA, Kle-
vit RE (1999) Solution structure of the sodium channel inacti-
vation gate. Biochemistry 38:855–861

Rüegg PC, Nüesch E (1987) The effect of a new inotropic agent,
DPI 201-106, on systolic time intervals and the electrocardio-
gram in healthy subjects. Br J Clin Pharmacol 24:453–458

Ruff RI (1994) Slow Na+ channel inactivation must be disrupted to
evoke prolonged depolarization-induced paralysis [letter; com-
ment]. Biophys J 66:542–545

Ruigt GS, Neyt HC, Zalm JM van der, Bercken J van den (1987)
Increase of sodium current after pyrethroid insecticides in
mouse neuroblastoma cells. Brain Res 437:309–322

Saleh MA, Abou ZM, el Baroty G, Abdel-Reheim E, Abdel-Rah-
man F, Wallace C, el Sebae AH, Blancato JN (1993) Gamma
aminobutyric acid radioreceptor-assay a possible biomarker for
human exposure to certain agrochemicals. J Environ Sci Health
B 28:687–699

Sashihara S, Yanagihara N, Izumi F, Murai Y, Mita T (1994) Dif-
ferential up-regulation of voltage-dependent Na+ channels in-
duced by phenytoin in brains of genetically seizure-susceptible
(E1) and control (ddY) mice. Neuroscience 62:803–811

Satin J, Kyle JW, Chen M, Rogart RB, Fozzard HA (1992a) The
cardiac Na channel α-subunit expressed in Xenopus oocytes
show gating and blocking properties of native channels. J Membr
Biol 130:11–22

Satin J, Kyle JW, Chen M, Bell P, Cribbs LL, Fozzard HA, Rogart
RB (1992b) A mutant of TTX-resistant cardiac sodium chan-
nels with TTX-sensitive properties. Science 256:1202–1205

Sawczuk A, Powers RK, Binder MD (1995) Intrinsic properties of
motoneurons. Implications for muscle fatigue. Adv Exp Med
Biol 384:123–134

Schaller KL, Krzemien DM, Yarowsky PJ, Krueger BK, Caldwell
JH (1995) A novel, abundant sodium channel expressed in neu-
rons and glia. J Neurosci 15:3231–3242

Schmidt JW, Catterall WA (1987) Palmitylation, sulfation, and
glycosylation of the alpha subunit of the sodium channel. Role
of post-translational modifications in channel assembly. J Biol
Chem 262:13713–13723

Scholtysik G, Schaad A (1992) Cardiac sodium channel variabili-
ties in farm animals. J Mol Cell Cardiol 24:272

Scholtysik G, Salzmann R, Berthold R, Herzig JW, Quast U,
Markstein R (1985) DPI 201-106, a novel cardioactive agent.
Combination of cAMP-independent positive inotropic, nega-
tive chronotropic, action potential prolonging and coronary
dilatory properties. Naunyn Schmiedeberg’s Arch Pharmacol
329:316–325

Schreibmayer W, Jeglitsch G (1992) The sodium channel activator
brevetoxin-3 uncovers a multiplicity of different open states of
the cardiac sodium channel. Biochim Biophys Acta 1104:233–
242

Schreibmayer W, Frohnwieser B, Dascal N, Platzer D, Spreitzer B,
Zechner R, Kallen RG, Lester HA (1994) Beta-adrenergic modu-
lation of currents produced by rat cardiac Na+ channels expres-
sed in Xenopus laevis oocytes. Receptors Channels 2:339–350

477



Segal MM, Douglas AF (1997) Late sodium channel openings un-
derlying epileptiform activity are preferentially diminished by
the anticonvulsant phenytoin. J Neurophysiol 77:3021–3034

Sharkey RG, Jover E, Couraud F, Baden DG, Catterall WA (1987)
Allosteric modulation of neurotoxin binding to voltage-sensi-
tive sodium channels by Ptychodiscus brevis toxin 2. Mol
Pharmacol 31:273–278

Sheridan RE, Adler M (1989) The actions of a red tide toxin from
Ptychodiscus brevis on single sodium channels in mammalian
neuroblastoma cells. FEBS Lett 247:448–452

Shon KJ, Olivera BM, Watkins M, Jacobsen RB, Gray WR, Flo-
resca CZ, Cruz LJ, Hillyard DR, Brink A, Terlau H, Yoshikami
D (1998) mu-Conotoxin PIIIA, a new peptide for discriminat-
ing among tetrodotoxin-sensitive Na channel subtypes. J Neu-
rosci 18:4473–4481

Siegl PK, Garcia ML, King VF, Scott AL, Morgan G, Kaczorow-
ski GJ (1988) Interactions of DPI 201-106, a novel cardiotonic
agent, with cardiac calcium channels. Naunyn Schmiedeberg’s
Arch Pharmacol 338:684–691

Sigel E, Baur R (1988) Activation of protein kinase C differen-
tially modulates neuronal Na+, Ca2+, and gamma-aminobu-
tyrate type A channels. Proc Natl Acad Sci USA 85:6192–6196

Smith MR, Goldin AL (1997) Interaction between the sodium
channel inactivation linker and domain III S4-S5. Biophys J
73:1885–1895

Smith RD, Goldin AL (1996) Phosphorylation of brain sodium
channels in the I-II linker modulates channel function in Xeno-
pus oocytes. J Neurosci Res 16:1965–1974

Smith TJ, Ingles PJ, Soderlund DM (1998) Actions of the pyre-
throid insecticides cismethrin and cypermethrin on house fly
Vssc1 sodium channels expressed in Xenopus oocytes. Arch
Insect Biochem Physiol 38:126–136

Song JH, Narahashi T (1996) Modulation of sodium channels of
rat cerebellar Purkinje neurons by the pyrethroid tetramethrin.
J Pharmacol Exp Ther 277:445–453

Song JH, Nagata K, Tatebayashi H, Narahashi T (1996) Interac-
tions of tetramethrin, fenvalerate and DDT at the sodium chan-
nel in rat dorsal root ganglion neurons. Brain Res 708:29–37

Stephan MM, Potts JF, Agnew WS (1994) The microI skeletal
muscle sodium channel: mutation E403Q eliminates sensitivity
to tetrodotoxin but not to mu-conotoxins GIIIA and GIIIB. 
J Membr Biol 137:1–8

Strachan LC, Lewis RJ, Nicholson GM (1999) Differential actions
of pacific ciguatoxin-1 on sodium channel subtypes in mam-
malian sensory neurons. J Pharmacol Exp Ther 288:379–388

Stühmer W, Conti F, Suzuki H, Wang X, Noda M, Yahagi N,
Kubo H, Numa S (1989) Structural parts involved in activation
and inactivation of the sodium channel. Nature 339:597–603

Swift AE, Swift TR (1993) Ciguatera. J Toxicol Clin Toxicol 31:
1–29

Taglialatela M, Ongini E, Brown AM, Di Renzo G, Annunziato L
(1996) Felbamate inhibits cloned voltage-dependent Na+ chan-
nels from human and rat brain. Eur J Pharmacol 316:373–377

Tang L, Kallen RG, Horn R (1996) Role of an S4-S5 linker in
sodium channel inactivation probed by mutagenesis and a pep-
tide blocker. J Gen Physiol 108:89–104

Taverna S, Mantegazza M, Franceschetti S, Avanzini G (1998)
Valproate selectively reduces the persistent fraction of Na+ cur-
rent in neocortical neurons. Epilepsy Res 32:304–308

Taverna S, Sancini G, Mantegazza M, Franceschetti S, Avanzini G
(1999) Inhibition of transient and persistent Na+ current frac-
tions by the new anticonvulsant topiramate. J Pharmacol Exp
Ther 288:960–968

Taylor CP, Narasimhan LS (1997) Sodium channels and therapy
of central nervous system diseases. Adv Pharmacol 39:47–98

Taylor CP, Gee NS, Su TZ, Kocsis JD, Welty DF, Brown JP, Doo-
ley DJ, Boden P, Singh L (1998) A summary of mechanistic
hypotheses of gabapentin pharmacology. Epilepsy Res 29:233–
249

Tejedor FJ, Catterall WA (1988) Site of covalent attachment of al-
pha-scorpion toxin derivatives in domain I of the sodium chan-
nel alpha subunit. Proc Natl Acad Sci USA 85:8742–8746

Terlau H, Heinemann SH, Stühmer W, Pusch M, Conti F, Imoto
K, Numa S (1991) Mapping the site of block by tetrodotoxin
and saxitoxin of sodium channel II. FEBS Lett 293:93–96

Terlau H, Heinemann SH, Stühmer W, Pongs O, Ludwig J (1997)
Amino terminal-dependent gating of the potassium channel rat
eag is compensated by a mutation in the S4 segment. J Physiol
(Lond) 502:537–543

Thomsen WJ, Catterall WA (1989) Localization of the receptor
site for alpha-scorpion toxins by antibody mapping: implica-
tions for sodium channel topology. Proc Natl Acad Sci USA
86:10161–10165

Thomsen W, Hays SJ, Hicks JI, Schwarz RD, Catterall WA (1993)
Specific binding of the novel Na+ channel blocker PD85,639 to
the alpha subunit of rat brain Na+ channels. Mol Pharmacol
43:955–964

Thomsen WJ, Martin-Eauclaire MF, Rochat H, Catterall WA
(1995) Reconstitution of high-affinity binding of a beta-scor-
pion toxin to neurotoxin receptor site 4 on purified sodium
channels. J Neurochem 65:1358–1364

Toledo Aral JJ, Moss BL, He ZJ, Koszowski AG, Whisenand T,
Levinson SR, Wolf JJ, Silos Santiago I, Halegoua S, Mandel G
(1997) Identification of PN1, a predominant voltage-dependent
sodium channel expressed principally in peripheral neurons.
Proc Natl Acad Sci USA 94:1527–1532

Tomaselli GF, Marban E, Yellen G (1989) Sodium channels from
human brain RNA expressed in Xenopus oocytes. Basic elec-
trophysiologic characteristics and their modification by
diphenylhydantoin. J Clin Invest 83:1724–1732

Townsend C, Horn R (1997) Effect of alkali metal cations on slow
inactivation of cardiac Na+ channels. J Gen Physiol 110:23–33

Trainer VL, Moreau E, Guedin D, Baden D, Catterall WA (1993)
Neurotoxin binding and allosteric modulation at receptor sites
2 and 5 on purified and reconstituted rat brain sodium channels.
J Biol Chem 268:17114–17119

Trainer VL, Brown GB, Catterall WA (1996) Site of covalent la-
beling by a photoreactive batrachotoxin derivative near trans-
membrane segment IS6 of the sodium channel alpha subunit. 
J Biol Chem 271:11261–11267

Trainer VL, McPhee JC, Boutelet Bochan H, Baker C, Scheuer T,
Babin D, Demoute JP, Guedin D, Catterall WA (1997) High
affinity binding of pyrethroids to the alpha subunit of brain
sodium channels. Mol Pharmacol 51:651–657

Trezise DJ, John VH, Xie XM (1998) Voltage- and use-dependent
inhibition of Na+ channels in rat sensory neurones by 4030W92,
a new antihyperalgesic agent. Br J Pharmacol 124:953–963

Trimmer JS, Cooperman SS, Tomiko SA, Zhou J, Crean SM,
Boyle MB, Kallen RG, Sheng ZH, Barchi RL, Sigworth FJ,
Goodman RH, Agnew WS, Mandel G (1989) Primary structure
and functional expression of a mammalian skeletal muscle
sodium channel. Neuron 3:33–49

Ukomadu C, Zhou J, Sigworth FJ, Agnew WS (1992) µ-l Na+

channels expressed transiently in human embryonic kidney
cells: biochemical and biophysical properties. Neuron 8:663–
676

Valenzuela C, Bennett PBJ (1994) Gating of cardiac Na+ channels
in excised membrane patches after modification by alpha-chy-
motrypsin. Biophys J 67:161–171

Van den Berg RJ, Kok P, Voskuyl RA (1993) Valproate and
sodium currents in cultured hippocampal neurons. Exp Brain
Res 93:279–287

Varro A, Papp JG (1995) Classification of positive inotropic ac-
tions based on electrophysiologic characteristics: where should
calcium sensitizers be placed? J Cardiovasc Pharmacol 26
Suppl 1:S32–S44

Vassilev P, Scheuer T, Catterall WA (1989) Inhibition of activa-
tion of single sodium channels by a site-directed antibody. Proc
Natl Acad Sci USA 86:8147–8151

Vedantham V, Cannon SC (1999) The position of the fast-inacti-
vation gate during lidocain block of voltage-gated Na+ chan-
nels. J Gen Physiol 113:7–16

Vijverberg HP, Zalm JM van der, Bercken J van den (1982) Simi-
lar mode of action of pyrethroids and DDT on sodium channel
gating in myelinated nerves. Nature 295:601–603

478



Vilin YY, Makita N, George AL, Ruben PC (1999) Structural de-
terminants of slow inactivation in human cardiac and skeletal
muscle sodium channels. Biophys J 77:1384–1393

Vreugdenhil M, Faas GC, Wadman WJ (1998a) Sodium currents
in isolated rat CA1 neurons after kindling epileptogenesis.
Neuroscience 86:99–107

Vreugdenhil M, Veelen CW van, Rijen PC van, Lopes da Silva
FH, Wadman WJ (1998b) Effect of valproic acid on sodium cur-
rents in cortical neurons from patients with pharmaco-resistant
temporal lobe epilepsy. Epilepsy Res 32:309–320

Wada A, Uezono Y, Arita M, Yuhi T, Kobayashi H, Yanagihara
N, Izumi F (1992) Cooperative modulation of voltage-depen-
dent sodium channels by brevetoxin and classical neurotoxins
in cultured bovine adrenal medullary cells. J Pharmacol Exp
Ther 263:1347–1351

Waechter CJ, Schmidt JW, Catterall WA (1983) Glycosylation is
required for maintenance of functional sodium channels in neu-
roblastoma cells. J Biol Chem 258:5117–5123

Wang GK, Quan C, Wang S (1998) A common local anesthetic re-
ceptor for benzocaine and etidocaine in voltage-gated mu1 Na+

channels. Pflügers Arch 435:293–302
Wang SY, Wang GK (1997) A mutation in segment I-S6 alters

slow inactivation of sodium channels. Biophys J 72:1633–1640
Wang SY, Wang GK (1998) Point mutations in segment I-S6 ren-

der voltage-gated Na+ channels resistant to batrachotoxin. Proc
Natl Acad Sci USA 95:2653–2658

Warnick JE, Albuquerque EX, Onur R, Jansson SE, Daly J, Toku-
yama T, Witkop B (1975) The pharmacology of batrachotoxin.
VII. Structure-activity relationships and the effects of pH. 
J Pharmacol Exp Ther 193:232–245

West JW, Numann R, Murphy BJ, Scheuer T, Catterall WA (1991)
A phosphorylation site in the Na+ channel required for modula-
tion by protein kinase C. Science 254:866–868

West JW, Patton DE, Scheuer T, Wang Y, Goldin AL, Catterall
WA (1992) A cluster of hydrophobic amino acid residues re-
quired for fast Na+ channel inactivation. Proc Natl Acad Sci
USA 89:10910–10914

Wheeler KP, Watt DD, Lazdunski M (1983) Classification of Na
channel receptors specific for various scorpion toxins. Pflügers
Arch 397:164–165

Williams AF, Barclay AN (1988) The immunoglobulin superfam-
ily-domains for cell surface recognition. Annu Rev Immunol 6:
381–405

Willow M, Catterall WA (1982) Inhibition of binding of [3H]ba-
trachotoxinin A 20-alpha-benzoate to sodium channels by the
anticonvulsant drugs diphenylhydantoin and carbamazepine.
Mol Pharmacol 22:627–635

Willow M, Kuenzel EA, Catterall WA (1984) Inhibition of voltage-
sensitive sodium channels in neuroblastoma cells and synapto-
somes by the anticonvulsant drugs diphenylhydantoin and car-
bamazepine. Mol Pharmacol 25:228–234

Worley PF, Baraban JM (1987) Site of anticonvulsant action on
sodium channels: autoradiographic and electrophysiological
studies in rat brain. Proc Natl Acad Sci USA 84:3051–3055

Wu CH, Narahashi T (1988) Mechanism of action of novel marine
neurotoxins on ion channels. Annu Rev Pharmacol Toxicol
28:141–161

Xie X, Hagan RM (1998) Cellular and molecular actions of lamot-
rigine: Possible mechanisms of efficacy in bipolar disorder.
Neuropsychobiology 38:119–130

Xie X, Lancaster B, Peakman T, Garthwaite J (1995) Interaction of
the antiepileptic drug lamotrigine with recombinant rat brain
type IIA Na+ channels and with native Na+ channels in rat hip-
pocampal neurones. Pflügers Arch 430:437–446

Xiong Z, Bukusoglu C, Strichartz G (1999) Local anesthetics in-
hibit the G protein-mediated modulation of K+ and Ca++ cur-
rents in anterior pituitary cells. Mol Pharmacol 55:150–158

Yanagawa Y, Abe T, Satake M (1986) Blockade of [3H]lysine-
tetrodotoxin binding to sodium channel proteins by conotoxin
GIII. Neurosci Lett 64:7–12

Ye JH, Ren J, Krnjevic K, Liu PL, McArdle JJ (1999) Cocaine and
lidocaine have additive inhibitory effects on the GABA(A) cur-
rent of acutely dissociated hippocampal pyramidal neurons.
Brain Res 821:26–32

Zhang Y, Hartmann HA, Satin J (1999) Glycosylation influences
voltage-dependent gating of cardiac and skeletal muscle
sodium channels. J Membr Biol 171:195–207

Zhou J, Potts JF, Trimmer JS, Agnew WS, Sigworth FJ (1991)
Multiple gating modes and the effect of modulating factors on
the µl sodium channel. Neuron 7:775–785

Zilberter YI, Starmer CF, Starobin J, Grant AO (1994) Late Na
channels in cardiac cells: The physiological role of background
Na channels. Biophys J 67:153–160

Zimanyi I, Weiss SR, Lajtha A, Post RM, Reith ME (1989) Evi-
dence for a common site of action of lidocaine and carba-
mazepine in voltage-dependent sodium channels. Eur J Phar-
macol 167:419–422

Zlotkin E (1999) The insect voltage-gated sodium channel as tar-
get of insecticides. Annu Rev Entomol 44:429–455

Zona C, Eusebi F, Miledi R (1990) Glycosylation is required for
maintenance of functional voltage-activated channels in grow-
ing neocortical neurons of the rat. Proc R Soc Lond Biol 239:
119–127

Zona C, Ciotti MT, Avoli M (1997) Topiramate attenuates volt-
age-gated sodium currents in rat cerebellar granule cells. Neu-
rosci Lett 231:123–126

Zona C, Siniscalchi A, Mercuri NB, Bernardi G (1998) Riluzole
interacts with voltage-activated sodium and potassium currents
in cultured rat cortical neurons. Neuroscience 85:931–938

479


