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Abstract. Voltage-gated Na+ channels are dynamic
transmembrane proteins responsible for the rising
phase of the action potential in excitable membranes.
Local anesthetics (LAs) and structurally related
antiarrhythmic and anticonvulsant compounds target
specific sites in voltage-gated Na+ channels to block
Na+ currents, thus reducing excitability in neuronal,
cardiac, or central nervous tissue. A high-affinity LA
block is produced by binding to open and inactivated
states of Na+ channels rather than to resting states
and suggests a binding site that converts from a low-
to a high-affinity conformation during gating. Recent
findings using site-directed mutagenesis suggest that
multiple S6 segments together form an LA binding
site within the Na+ channel. While the selectivity
filter may form the more extracellular-located part of
this binding site, the role of the fast inactivation gate
in LA binding has not yet been resolved. The receptor
of the neurotoxin batrachotoxin (BTX) is adjacent to
or even overlaps with the LA binding site. The close
proximity of the LA and BTX binding sites to resi-
dues critical for inactivation, together with gating
transitions through S6 segments, might explain the
strong impact of LAs and BTX on inactivation of
voltage-gated Na+ channels and might help elucidate
the mechanisms underlying voltage- and frequency-
dependent LA block.

Introduction

In the clinical setting, local anesthetics (LAs) are
employed in various techniques to produce local or
regional anesthesia and analgesia. When applied
intrathecally, into the epidural space, or close to
nerve trunks or endings, LAs reversibly block the
generation and propagation of action potentials in

the spinal cord, in spinal nerve roots or peripheral
nerves and thus inhibit the sensation of pain without
loss of consciousness. Some LAs such as lidocaine
can also be administered systemically to alleviate
certain types of neuropathic pain. LAs have consid-
erable side effects on the central nervous system and
the cardiovascular system when accidentally injected
intravascularly or administered in excessive doses.

Various drugs and toxins with different chemical
structures exhibit LA properties. However, common
structural features of clinically useful LAs include a
hydrophobic aromatic tail, an intermediate ester- or
amide-containing linker, and a hydrophilic tertiary
amine. Other compounds that satisfy similar struc-
tural requirements are used as antiarrhythmics and
anticonvulsants. The plant alkaloid cocaine (an ester-
type agent) was the first LA, introduced clinically in
1884 (Koller, 1884). Soon after its structure was re-
solved, various synthetic ester-type LAs were devel-
oped, the most important of which are procaine,
chloroprocaine, and tetracaine. Lidocaine, synthe-
sized in 1944, was the first amide-type LA to be put
into clinical use (Lofgren, 1948). Other amide-type
LAs include prilocaine, etidocaine, and the piperidine
derivatives mepivacaine, ropivacaine, and bupiva-
caine.

LAs differ in terms of their intrinsic LA potency,
onset, duration of action, and differential inhibition
of sensory and motor activity. The pharmacological
profile of an individual agent is determined by
physicochemical characteristics like lipid solubility,
pKa, and degree of protein binding.

It is generally agreed that LAs exhibit their
clinical effects (and some of their side effects) by
interaction with specific sites in voltage-gated Na+

channels. However, LAs also bind to other trans-
membrane and intracellular proteins at clinically
relevant concentrations, such as potassium channels
(Valenzuela et al., 1995), nicotinic acetylcholine
receptor channels (Neher & Steinbach, 1978), and G
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proteins (Hollmann et al., 2002), and, as amphipathic
molecules, are able to cause general membrane per-
turbation.

Here we review the complex molecular interac-
tions of LAs and voltage-gated Na+ channels from
both a biophysical and a structural point of view.
Each approach has helped elucidate not only the
mechanisms of Na+ channel block by LAs but also
the structure and function of voltage-gated Na+

channels themselves.

Structure and Function of Voltage-gated Na+

Channels

Na+ channels change their configuration in response
to membrane potential. They exist in ion-conducting
(open) and non-conducting (resting and inactivated)
states. The gating characteristics of voltage-gated
Na+ channels are highly isoform-specific. However,
some generalizations can be made. Voltage-gated
Na+ channels exhibit voltage-dependent activation.
The dwell time of open Na+ channels is short, less
than a millisecond for most isoforms. Unlike the
activation process, inactivation from the open state is
not voltage-dependent (Aldrich, Corey & Stevens,
1983). Na+ channels may also inactivate without ever
opening. This closed-state inactivation is voltage-
dependent. The availability of resting channels at
various prepulse potentials, at which Na+ channels
generally do not open, is termed steady-state inacti-
vation (Hodgkin & Huxley, 1952). Inactivated
channels are unavailable for activation for several
milliseconds. Again, recovery from inactivation is a
voltage-dependent process. After prolonged depo-
larizations, Na+ channels enter the slow inactivated
state, from which they need seconds to minutes of
repolarization to recover (for review see Hille, 2001).

Voltage-dependent activation of Na+ channels
underlies the rising phase of the action potential in
excitable membranes (Catterall, 2000). Fast in-
activation helps terminate the action potential in non-
cardiac cells and regulates the refractory period; slow
inactivation is believed to regulate overall membrane
excitability, adapt spike frequency, and preserve
previous activity (McCollum et al., 2003).

Na+ channels consist of a large a-subunit and
auxiliary b subunits. Nine different a-subunit iso-
forms have been cloned and functionally expressed
thus far, and four different b-subunits have been
identified (Catterall, Goldin & Waxman, 2003; Yu et
al., 2003). a-Subunits are associated with one or more
of the four b-subunits. The primary functional
properties of Na+ channels reside in the a-subunit.
Associated b-subunits modify kinetics and voltage-
dependence of channel gating. The a-subunit com-
prises four homologous domains (D1–D4), each
containing six a-helical transmembrane segments

(S1–S6; Fig. 1A). The linkers between segments S5-S6
form P-loops as a hairpin from the extracellular side
and line the narrow outer part of the channel’s pore
to form the selectivity filter. The S5 and S6 segments
of each domain line the inner part of the channel’s
pore (Catterall, 2000). The highly positively charged
S4 segments in each domain serve as voltage sensors
(Stuhmer et al., 1989; Kontis, Rounaghi & Goldin,
1997). Their outward movements upon depolariza-
tion induce conformational changes in the pore re-
sulting in channel activation (Yang & Horn, 1995;
Yang, George & Horn, 1996). During the activation
process, S6 segments are likely to exhibit rotational/
lateral movements, as suggested by the structures of
K+ channels (Perozo, Cortes & Cuello, 1999; Jiang et
al., 2002). Segments D3-S4 and D4-S4 are important
for coupling channel activation to fast inactivation
(Cha et al., 1999; Sheets et al., 1999). The structural
determinants of Na+ channel fast inactivation are
hydrophobic residues (IFM) in the intracellular D3-
D4 loop that may form an inactivation gate (Vassilev,
Scheuer & Catterall, 1988; West et al., 1992; Eaholtz,
Scheuer & Catterall, 1994). Several residues at the
intracellular end of D4-S6 (McPhee et al., 1994, 1995)
and within intracellular S4-S5 loops of D3 (McPhee
et al., 1994, 1995; Smith & Goldin, 1997) and D4
(McPhee et al., 1998) may function as receptors for
the inactivation gate.

The molecular entity for slow inactivation is
distinct from that responsible for fast inactivation
and is less well-understood. Slow inactivation
apparently involves rearrangements within the P-re-
gion (Benitah et al., 1999; Vilin, Fujimoto & Ruben,
2001) and inner parts of the S6 segments (O’Reilly,
Wang & Wang, 2000, 2001; Vedantham & Cannon,
2000), along with the contributions of S4 voltage
sensors (Mitrovic, George & Horn, 2000) and the
D3–D4 linker (McCollum et al., 2003).

State-dependent Interaction of LAs and

Voltage-gated Na+ Channels

Biophysical studies have shown that LAs have access
to a binding site within the Na+ channels via a hy-

Fig. 1. (A) Putative transmembrane topology of the voltage-gated

Na+ channel a subunit. The cylinders represent the putative 6

transmembrane a-helical segments of domains D1, D2, D3, and

D4. The interdomain linkers are drawn by eye and do not represent

the exact number of amino-acid residues present. (B) Amino-acid

sequences within S6 segments D1-S6, D2-S6, D3-S6, and D4-S6 of

the rat skeletal muscle Na+ channel Nav1.4. Residues in gray are

critical for LA binding; residues in a box are critical for BTX

binding. The putative gating hinge at position 12 containing a

glycine/serine residue (Jiang et al., 2002; Yarov-Yarovoy et al.,

2002) is hatched.

c
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drophilic pathway from the intracellular compart-
ment or via a hydrophobic membrane-delimited
compartment (Hille, 1977). The binding site may be
near the channel’s pore, as permeant ions interfere
with LA binding. The most obvious effect of LAs is a
reversible and concentration-dependent reduction of
peak Na+ current. This ‘‘tonic block’’ mirrors a
reduction of Na+ channel open-probability at an
equilibrium of conformational states. Additionally,
LAs (like other structurally related antiarrhythmic
and anticonvulsant compounds) produce a voltage-
and frequency-dependent block. The voltage-depen-
dent block elicited by some LAs shows a shift of the
Na+ channel steady-state inactivation to more neg-
ative potentials. Moreover, LAs bind more avidly to
open and inactivated channels than to resting chan-
nels, suggesting the involvement of a binding site that
converts from a low- to a high-affinity conformation
during state transitions of the channel. This is known
as the modulated-receptor hypothesis and was sug-
gested by Hille (1977) and Hondeghem and Katzung
(1977). A competing model, the guarded-receptor
hypothesis, suggests that voltage- and frequency-
dependent effects are caused by a binding site with
access modulated by channel gating (Starmer, Grant
& Strauss, 1984). Block of Na+ current by LAs in-
creases during brief and repetitive pulses at high
frequency. According to the modulated-receptor hy-
pothesis, this ‘‘use-dependent’’ or ‘‘frequency-depen-
dent’’ block arises from binding of LAs to inactivated
channels populated during repetitive pulses and from
dissociation of LAs from inactivated states with a
time constant slower than the frequency of the pulses.

The central role of Na+-channel inactivation in
voltage- and frequency-dependent LA block suggests
involvement of the fast inactivation gate in LA
binding. Indeed, prevention of fast inactivation by
mutating three critical amino acids within the inac-
tivation gate (IFM fi QQQ) eliminated the high-
affinity block of lidocaine (Bennett et al., 1995). The
high-affinity block of lidocaine therefore seems to
involve either direct binding with one of several
structures responsible for fast inactivation or con-
formational changes initiated by an intact fast inac-
tivation gate.

However, the central role of the fast inactivation
gate for voltage- and frequency-dependent LA block
is not unequivocal and has been challenged by several
observations: First, with a point mutation within the
D3-D4 interdomain that exhibited impaired fast
inactivation, the antiarrhythmic drug disopyramide
exhibited persistent open-channel block (Grant et al.,
1996), and flecainide and the lidocaine derivative
RAD-243 retained their use-dependent blocking ac-
tion (Grant et al., 2000), suggesting that the role of
the inactivation gate is dependent on the kinetics of
drug binding. Second, prevention of fast inactivation
by the noncleaving oxidizing reagent chloramine-T

did not impair ‘‘tonic’’ or ‘‘use-dependent’’ LA block
by either the quarternary lidocaine derivative QX-314
or by etidocaine (Wang et al., 1987). Third, the two
antiarrhythmic agents mexiletine and flecainide show
pronounced open and use-dependent block in inac-
tivation-deficient Na+ channels with two or three
residues in D1-S6 mutated to tryptophan or cysteine
(Wang, Russell & Wang, 2003, 2004). Fourth, a study
investigating the position of the fast-inactivation gate
during lidocaine block demonstrated that lidocaine
indeed favored closure of the fast-inactivation gate in
a voltage-dependent manner. However, the slowing
of Na+-channel recovery caused by lidocaine was not
the result of slowing of recovery of the fast-inacti-
vation gate, which was, in fact, rapid (Vedantham &
Cannon, 1999).

These findings suggest that the activation path-
way may be equally or more important in voltage-
and frequency-dependent block than the inactivation
pathway.

Yet another hypothesis suggests that use-depen-
dent block results from slow recovery of drug-bound
channels between depolarizing stimuli due to an
interaction between LAs and slow-inactivated states
(Ong, Tomaselli & Balser, 2000).

Whatever model of LA action is favored, it is
clear that LA binding and Na+-channel gating
influence each other so profoundly that they com-
plicate the interpretation of their interactions.

Structural Elements of the Na+-Channel Protein

Involved in LA Binding

Site-directed mutagenesis studies have provided a
more detailed picture of the structural components
within the Na+ channel contributing to LA binding.
Alanine-scanning mutagenesis of the rat brain Nav1.2
channel and electrophysiological experiments in the
Xenopus oocyte expression system first revealed spe-
cific amino-acid residues in segments D4-S6 that are
involved in binding of the LA etidocaine, as several
alanine-substitutions drastically reduced voltage- and
frequency-dependent block. It has been proposed
that the two hydrophobic aromatic residues phenyl-
alanine (F1764, position 13 in Fig. 1B) and tyrosine
(Y1771, position 20) in D4-S6 (Ragsdale et al., 1994)
face the channel pore and interact with the tertiary
amine group and the aromatic group of LAs,
respectively. The possible modes of interaction
(hydrophobic, cation-p electron, or aromatic-aro-
matic) were later demonstrated to depend on the
channel’s state (Li et al., 1999), implying the existence
of a dynamic site that, indeed, changes conformation
during state transitions of the channel. In addition to
aromatic residues in D4-S6, the amino-acid residues
L1465, N1466, and I1469 in D3-S6 (positions 17, 18,
and 21, respectively) (Yarov-Yarovoy et al., 2001)
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and to some extent residue I409 (position 9) in D1-S6
were also proposed to contribute to the LA binding
site (Yarov-Yarovoy et al., 2002), whereas none of
the residues in D2-S6 were found to do so (Wang,
Barile & Wang, 2001; Yarov-Yarovoy et al., 2002).

Lysine point mutations in the rat skeletal muscle
Nav1.4 channel expressed in HEK293t cells con-
firmed the contribution of phenylalanine F1579 in
D4-S6 (Fig. 1B; position 13, homologous to F1764 in
Nav1.2) to the binding of various LAs (Wright, Wang
& Wang, 1998) and revealed that S1276 and L1280 in
D3-S6 (positions 13 and 17, homologous to S1461
and L1465 in Nav1.2, respectively) are involved in
binding of the enantiomers of the LA bupivacaine
(Wang, Nau & Wang, 2000). In addition, N434 and
L437 in D1-S6 (positions 18 and 21, homologous to
N418 and L421 in Nav1.2, respectively) have also
been proposed as critical for LA binding (Wang,
Quan & Wang, 1998). The mutation N434R in D1-S6
exhibited significant stereoselectivity for bupivacaine
block of inactivated channels, resulting from a se-
lective decrease in block by S(-)-bupivacaine (Nau et
al., 1999); and mutation L1280R in D3-S6 exhibited
significant stereoselectivity for bupivacaine block of
inactivated channels, resulting from a selective de-
crease in block by R(+)-bupivacaine (Nau, Wang &
Wang, 2003). Together, these findings seem to sup-
port the idea that these two residues in D1-S6 and
D3-S6 face each other while interacting with LAs in
the inactivated state.

A cysteine-scanning mutagenesis study of the rat
skeletal muscle Nav1.4 channel found several more
amino acids that might determine binding of lido-
caine (I424, I425, and G428 in D1-S6, and I782 and
V786 in D2-S6; positions 8, 9, 12 in D1-S6 and
positions 11 and 15 in D2-S6, respectively), based on
the observation that cysteine mutations of these
residues altered sensitivity independently of muta-
tion-induced changes in gating (Kondratiev & To-
maselli, 2003). Judged by the magnitude of changes in
voltage- and frequency-dependent block caused by
various mutations, amino-acid residues in segments
D3-S6 and D4-S6 are the most prominent determi-
nants of LA binding. Apparent dissimilarities be-
tween various studies regarding the contribution of
amino acids to LA binding might be due to the use of
different substituting amino acids or different LAs as
model drugs. It seems plausible that different LAs
have slightly different contact points when binding
within the Na+ channel. However, major incon-
sistencies exist in the literature regarding the ori-
entation of segment D1-S6 during interaction with
LAs (Nau et al., 1999, 2003; Yarov-Yarovoy et al.,
2002; Kondratiev & Tomaselli, 2003).

It is noteworthy that most mutations at sites
identified as contributing to LA block also sig-
nificantly affect Na+ channel gating in the absence of
LAs (McPhee et al., 1994, 1995; Nau et al., 1999;

Wang &Wang, 1997). This fact has led to concerns in
assigning these sites any role in LA binding. Indeed,
allosteric changes or unspecific effects at the binding
site caused by distant mutations are difficult to con-
trol. On the other hand, a contribution by S6 residues
to both LA binding and inactivation gating might be
more than coincidental and in fact might explain the
state-dependent binding of LAs. If S6 segments do
exhibit rotational/lateral movements during the acti-
vation process, as suggested by the structures of K+

channels (Perozo et al., 1999; Jiang et al., 2002), the
orientation of the side chains is likely to change
during gating to allow LAs to interact differently with
relevant residues depending on channel state. The
channel inactivation process might lead to S6 side
chain orientations that facilitate LA binding. In this
respect, it is not surprising that S6 segments in Ca2+

and K+ channels appear to be critical for state-
dependent drug binding as well (Hockerman et al.,
1997; Chen, Seebohm & Sanguinetti, 2002).

Overall, there is strong evidence that multiple
S6 segments together form a single LA binding site
within the Na+ channel and that amino acid resi-
dues in segments D3-S6 and D4-S6 are the most
prominent determinants of LA binding. This implies
that the S6 segments must align in close proximity,
so that all contributing amino acids have contact
with the rather small LA molecule. The contact
points are not likely to be static and might depend
on both the state of the channel and the type of LA
tested.

There is also evidence that the LA binding site
may not be limited to S6 segments. Residue Nav1.4-
K1237 in the putative domain D3 selectivity filter
(DEKA locus) was shown to be involved in interac-
tions with the hydrophilic part of lidocaine. Corre-
sponding residues in D1, D2, and D4 limited
extracellular access and escape from the LA binding
site (Sunami, Dudley & Fozzard, 1997). The se-
lectivity filter may well be structurally adjacent to the
LA binding site and may represent the more extra-
cellular-located part of the binding site.

If LA binding happens within the pore of the
Na+ channel, what is the specific role of the in-
activation gate in LA binding? As mentioned earlier,
some LAs apparently are able to bind and exhibit
high-affinity block even if fast inactivation is im-
paired. For other LAs, the inactivation gate might
trap them within the pore (Bennett et al, 1995; Grant
et al., 1996; Grant et al., 2000). Yet another concept
is derived from long-QT mutations of the cardiac
Na+ channel isoform (An et al., 1996; Wang et al.,
1997) and partly disrupted inactivation mutations
(Balser et al., 1996) that restore the fast inactivation
phenotype in the presence of LAs. Some suggest that
LAs (to some extent) might mediate or even repair
inactivation gating of the Na+ channel or alterna-
tively augment closed-state inactivation through an
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allosteric effector mechanism (Kambouris et al.,
2000).

Clues about LA binding from BTX

Voltage-gated Na+ channels are natural targets of
various bioactive ligands and neurotoxins. A total of
nine distinct receptors have been classified within the
voltage-gated Na+ channel (Catterall et al., 2003;
Wang & Wang, 2003). Only the receptor for ba-
trachotoxin (BTX) and veratridine (VTD) is adjacent
to or even overlaps with the LA receptor.

BTX is abundant in the skin of the South
American frog Phyllobates terribilis (Daly et al.,
1980), whereas VTD is found in plants of the
Liliaceae family. Like LAs, BTX interacts with the
Na+ channel in a state-dependent manner. When
BTX preferentially binds to the open Na+ channel,
it eliminates both fast and slow inactivation of the
channel. BTX also shifts the voltage dependence of
activation to the hyperpolarizing direction and may
alter the ion selectivity (Hille, 2001). The BTX
binding domain has been mapped to positions 17,
18, and 21 within D1-S6 (Wang & Wang, 1998).
Further BTX receptor mapping has identified ad-
ditional residues at D2-S6, D3-S6, and D4-S6 cri-
tical for BTX binding (Fig. 1) (for review, see Wang
& Wang, 2003). Interestingly, several of these re-
sidues have been mapped within the LA receptor.
Could the BTX binding site also be within the
permeation pathway analogous to that proposed for
the LA binding site? If so, the LA receptor and
BTX receptor are in close proximity within the
Na+ permeation pathway and perhaps not located
within a hydrophobic pocket as has commonly been
assumed (Hille, 2001). Indeed, both BTX and VTD
appear to reduce the single-channel conductance
significantly, as if they physically impede the ion
flow. It is also well-known that LAs strongly an-
tagonize BTX binding and vice versa in native Na+

channels (Catterall, 1980; Catterall & Beneski,
1980). Furthermore, BTX alters the stereoselectivity
of +/) cocaine binding by more than 20-fold
(Wang & Wang, 1992). Steric hindrance of bound
BTX on the adjacent/overlapping LA site on D4-S6
(Linford et al., 1998; Wang & Wang, 1999) could
account for such a change in stereoselectivity.

To explain the complex physiological actions of
LAs, BTX, and VTD, we hypothesized that S6 re-
ceptors and gating transitions are coupled (Wang &
Wang, 2003). Several recent studies strongly support
this hypothesis. First, the S6 segments apparently
contain the docking site for the inactivation gate in
homotetrameric K+ channels (Zhou et al., 2001).
This finding is consistent with an earlier report that
positions 23–25 at D4-S6 are important for normal
fast inactivation in Na+ channels (McPhee et al.,

1994). If true, receptor mapping for BTX and LAs at
multiple S6 segments provides valuable clues as to
how BTX and LAs could affect the fast inactivation
so strongly. For example, bound BTX could physi-
cally extend to this docking site and therefore com-
pletely prevent the docking of the inactivation gate.
In contrast, a smaller LA molecule could stabilize the
binding of the nearby inactivation gate at its docking
site. The BTX/LA binding residues include position
21 at D1-S6 and position 20 at D4-S6, both within
one helical turn (or 5.4 Å) of position 23–25.
Accordingly, the S6 docking site-inactivation gate
complex may be critical for binding of LAs.

Second, the Na+ channel S6 segments from D1
to D4 contain a putative activation gating hinge,
glycine/serine, at position 12. Recently, Jiang et al.
(2002) proposed that, in a ‘‘bent’’ conformation at
this flexible hinge, the inner S6 helices may splay open
and create a wide entryway for both ions and ligands
during K+-channel opening. Indeed, tetra-alkylam-
monium cations as large as 15 Å could enter and exit
this Na+-channel entryway (Huang, Favre & Moc-
zydlowski, 2000). We notice that D2-S6, D3-S6, and
D4-S6 contain a BTX-binding residue at position 13,
one residue away from the putative gating hinge at
position 12. It is feasible that BTX binds to its
receptor during the open state while the gating hinge
is in the bent configuration. Binding of BTX may
stabilize the bent glycine residues and therefore keep
the channel open. How LAs interact with this gating-
sensitive region will be an interesting subject for
further investigation.

Conclusion

Site-directedmutagenesis ofNa+ channel S6 segments
has provided invaluable clues on how LAs block Na+

currents. Mounting evidence now suggests that mul-
tiple S6 segments jointly form a single LA receptor.
Interactions between LAs and their S6 receptor are
highly state-dependent. Both the open and the inacti-
vated states of Na+ channels appear to have higher
affinities to LAs than the resting states. The open state
may have the highest on-rate kinetic for LAs due to the
additional hydrophilic access pathway (Starmer et al.,
1984). Since small aberrant late Na+ currents can
cause cardiac arrhythmia, epilepsy, and neuropathic
pain, a rapid high-affinity block of openNa+ channels
by antiarrhythmics, anticonvulsants and LAs will
likely be beneficial for these diverse syndromes (e.g.,
Wang et al., 1997). The dynamic nature of Na+

channel S6 segments during gating transitions is con-
sistent with the modulated receptor hypothesis, which
requires that the LA receptor changes its configuration
upon depolarization. The final proof of the S6
involvement in LA binding must wait for the crystal
structure of the LA-S6 complex within Na+ channels.
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Such a task was achieved in the homotetrameric K+

channel with an analogous ligand, tetrabutylammo-
nium ions (Zhou et al., 2001)
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Koller, K. 1884. Vorläufige Mitteilung über lokale Anasthesierung

am Auge. Klin. Mbl. Augenheilk. 22:60

Kondratiev, A., Tomaselli, G.F. 2003. Altered gating and local

anesthetic block mediated by residues in the I-S6 and II-S6

transmembrane segments of voltage-dependent Na+ channels.

Mol. Pharmacol. 64:741–752

Kontis, K.J., Rounaghi, A., Goldin, A.L. 1997. Sodium channel

activation gating is affected by substitutions of voltage sensor

positive charges in all four domains. J. Gen. Physiol. 110:391–

401

Li, H.L., Galue, A., Meadows, L., Ragsdale, D.S. 1999. A

molecular basis for the different local anesthetic affinities of

resting versus open and inactivated states of the sodium chan-

nel. Mol. Pharmacol. 55:134–141

Linford, N.J., Cantrell, A.R., Qu, Y., Scheuer, T., Catterall, W.A.

1998. Interaction of batrachotoxin with the local anesthetic

receptor site in transmembrane segment IVS6 of the voltage-

gated sodium channel. Proc. Natl. Acad. Sci. USA 95:13947–

13952

Lofgren, N. 1948. Studies on local anesthetics. Xylocaine, a new

synthetic drug. In: Faculty of Mathematics and Natural Sci-

ences. University of Stockholm, Ivar Haeggstroms boktryckeri

A.B., Stockholm, Sweden

McCollum, I.J., Vilin, Y.Y., Spackman, E., Fujimoto, E., Ruben,

P.C. 2003. Negatively charged residues adjacent to IFM motif

in the DIII-DIV linker of hNa(V)1.4 differentially affect slow

inactivation. FEBS Lett. 552:163–169

McPhee, J.C., Ragsdale, D.S., Scheuer, T., Catterall, W.A. 1994. A

mutation in segment IVS6 disrupts fast inactivation of sodium

channels. Proc. Natl. Acad. Sci. USA 91:12346–12350

McPhee, J.C., Ragsdale, D.S., Scheuer, T., Catterall, W.A. 1995. A

critical role for transmembrane segment IVS6 of the sodium

channel alpha subunit in fast inactivation. J. Biol. Chem.

270:12025–12034

C. Nau and G.K. Wang: Local Anesthetics and Na+ Channels 7



McPhee, J.C., Ragsdale, D.S., Scheuer, T., Catterall, W.A. 1998. A

critical 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

Mitrovic, N., George, A.L. Jr., Horn, R. 2000. Role of domain 4 in

sodium channel slow inactivation. J. Gen. Physiol. 115:707–718

Nau, C., Wang, S.Y., Strichartz, G.R., Wang, G.K. 1999. Point

mutations at N434 in D1-S6 of mul Na+ channels modulate

binding affinity and stereoselectivity of local anesthetic enanti-

omers. Mol. Pharmacol. 56:404–413

Nau, C., Wang, S.Y., Wang, G.K. 2003. Point mutations at L1280

in Nav1.4 channel D3-S6 modulate binding affinity and stere-

oselectivity of bupivacaine enantiomers. Mol. Pharmacol.

63:1398–1406

Neher, E., Steinbach, J.H. 1978. Local anaesthetics transiently

block currents through single acetylcholine-receptor channels.

J. Physiol. 277:153–176

Ong, B.H., Tomaselli, G.F., Balser, J.R. 2000. A structural rear-

rangement in the sodium channel pore linked to slow inacti-

vation and use dependence. J. Gen. Physiol. 116:653–662

O’Reilly, J.P., Wang, S.Y., Wang, G.K. 2000. A point mutation

in domain 4-segment 6 of the skeletal muscle sodium channel

produces an atypical inactivation state. Biophys. J. 78:773–

784

O’Reilly, J.P., Wang, S.Y., Wang, G.K. 2001. Residue-specific ef-

fects on slow inactivation at V787 in D2-S6 of Nav1.4 sodium

channels. Biophys. J. 81:2100–2111

Perozo, E., Cortes, D.M., Cuello, L.G. 1999. Structural rear-

rangements underlying K+-channel activation gating. Science

285:73–78

Ragsdale, D.S., McPhee, J.C., Scheuer, T., Catterall, W.A. 1994.

Molecular determinants of state-dependent block of Na+

channels by local anesthetics. Science 265:1724–1728

Sheets, M.F., Kyle, J.W., Kallen, R.G., Hanck, D.A. 1999. The Na

channel voltage sensor associated with inactivation is localized

to the external charged residues of domain IV, S4. Biophys. J.

77:747–757

Smith, M.R., Goldin, A.L. 1997. Interaction between the sodium

channel inactivation linker and domain III S4-S5. Biophys. J.

73:1885–1895

Starmer, C.F., Grant, A.O., Strauss, H.C. 1984. Mechanisms of

use-dependent block of sodium channels in excitable mem-

branes by local anesthetics. Biophys. J. 46:15–27

Stuhmer, W., Conti, F., Suzuki, H., Wang, X.D., Noda, M.,

Yahagi, N., Kubo, H., Numa, S. 1989. Structural parts in-

volved in activation and inactivation of the sodium channel.

Nature 339:597–603

Sunami, A., Dudley, S.C. Jr., Fozzard, H.A. 1997. Sodium channel

selectivity filter regulates antiarrhythmic drug binding. Proc.

Natl. Acad. Sci. USA 94:14126–14131

Valenzuela, C., Delpon, E., Tamkun, M.M., Tamargo, J., Snyders,

D.J. 1995. Stereoselective block of a human cardiac potassium

channel (Kv1.5) by bupivacaine enantiomers. Biophys. J.

69:418–427

Vassilev, P.M., Scheuer, T., Catterall, W.A. 1988. Identification of

an intracellular peptide segment involved in sodium channel

inactivation. Science 241:1658–1661

Vedantham, V., Cannon, S.C. 1999. The position of the fast-

inactivation gate during lidocaine block of voltage-gated Na+

channels. J. Gen. Physiol. 113:7–16

Vedantham, V., Cannon, S.C. 2000. Rapid and slow voltage-

dependent conformational changes in segment IVS6 of voltage-

gated Na+ channels. Biophys. J. 78:2943–2958

Vilin, Y.Y., Fujimoto, E., Ruben, P.C. 2001. A single residue dif-

ferentiates between human cardiac and skeletal muscle Na+

channel slow inactivation. Biophys. J. 80:2221–2230

Wang, D.W., Yazawa, K., Makita, N., George, A.L. Jr., Bennett,

P.B. 1997. Pharmacological targeting of long QT mutant so-

dium channels. J. Clin. Invest. 99:1714–1720

Wang, G.K., Brodwick, M.S., Eaton, D.C., Strichartz, G.R. 1987.

Inhibition of sodium currents by local anesthetics in chlor-

amine-T-treated squid axons. The role of channel activation.

J. Gen. Physiol. 89:645–667

Wang, G.K., Quan, C., Wang, S.Y. 1998. Local anesthetic block of

batrachotoxin-resistand muscle Na+ channels. Mol. Pharma-

col. 54:389–396

Wang, G.K., Russell, C., Wang, S.Y. 2003. State-dependent block

of wild-type and inactivation-deficient Na+ channels by fle-

cainide. J. Gen. Physiol. 122:365–374

Wang, G.K., Russell, C., Wang, S.Y. 2004. Mexiletine block of

wild-type and inactivation-deficient human skeletal muscle

hNav1.4 Na+ channels. J. Physiol. 554:621–633

Wang, G.K., Wang, S.Y. 1992. Altered stereoselectivity of cocaine

and bupivacaine isomers in normal and batrachotoxin-modified

Na+ channels. J. Gen. Physiol. 100:1003–1020

Wang, S.Y., Barile, M., Wang, G.K. 2001. Disparate role of Na+

channel D2-S6 residues in batrachotoxin and local anesthetic

action. Mol. Pharmacol. 59:1100–1107

Wang, S.Y., Nau, C., Wang, G.K. 2000. Residues in Na+ channel

D3-S6 segment modulate both batrachotoxin and local anes-

thetic affinities. Biophys. J. 79:1379–1387

Wang, S.Y., Wang, G.K. 1997. A mutation in segment I-S6 alters

slow inactivation of sodium channels. Biophys. J. 72:1633–1640

Wang, S.Y., Wang, G.K. 1998. Point mutations in segment I-S6

render voltage-gated Na+ channels resistant to batrachotoxin.

Proc. Natl. Acad. Sci. USA 95:2653–2658

Wang, S.Y., Wang, G.K. 1999. Batrachotoxin-resistant Na+

channels derived from point mutations in transmembrane seg-

ment D4-S6. Biophys. J. 76:3141–3149

Wang, S.Y., Wang, G.K. 2003. Voltage-gated sodium channels as

primary targets of diverse lipid-soluble neurotoxins. Cell Signal

15:151–159

West, J.W., Patton, D.E., Scheuer, T., Wang, Y., Goldin, A.L.,

Catterall, W.A. 1992. A cluster of hydrophobic amino acid

residues required for fast Na+-channel inactivation. Proc. Natl.

Acad. Sci. USA 89:10910–10914

Wright, S.N., Wang, S.Y., Wang, G.K. 1998. Lysine point muta-

tions in Na+ channel D4-S6 reduce inactivated channel block

by local anesthetics. Mol. Pharmacol. 54:733–739

Yang, N., George, A.L. Jr., Horn, R. 1996. Molecular basis of

charge movement in voltage-gated sodium channels. Neuron

16:113–122

Yang, N., Horn, R. 1995. Evidence for voltage-dependent S4

movement in sodium channels. Neuron 15:213–218

Yarov-Yarovoy, V., Brown, J., Sharp, E.M., Clare, J.J., Scheuer,

T., Catterall, W.A. 2001. Molecular determinants of voltage-

dependent gating and binding of pore- blocking drugs in

transmembrane segment IIIS6 of the Na+ channel alpha sub-

unit. J. Biol. Chem. 276:20–27

Yarov-Yarovoy, V., McPhee, J.C., Idsvoog, D., Pate, C., Scheuer,

T., Catterall, W.A. 2002. Role of amino acid residues in

transmembrane segments IS6 and IIS6 of the Na+ channel

alpha subunit in voltage-dependent gating and drug block. J.

Biol. Chem. 277:35393–35401

Yu, F.H., Westenbroek, R.E., Silos-Santiago, I., McCormick,

K.A., Lawson, D., Ge, P., Ferriera, H., Lilly, J., DiStefano,

P.S., Catterall, W.A., Scheuer, T., Curtis, R. 2003. Sodium

channel beta4, a new disulfide-linked auxiliary subunit with

similarity to beta2. J. Neurosci. 23:7577–7585

Zhou, M., Morais-Cabral, J.H., Mann, S., MacKinnon, R. 2001.

Potassium channel receptor site for the inactivation gate and

quaternary amine inhibitors. Nature 411:657–661

8 C. Nau and G.K. Wang: Local Anesthetics and Na+ Channels


