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Abstract
Class I cardiac antiarrhythmic drugs, e.g. lidocaine, mexiletine, flecainide, quinidine, and
procainamide, continue to play an important role in the therapy of cardiac arrhythmias because of
the presence of use-dependent block. Lidocaine, as well as related drugs like mepivacaine,
bupivacaine, and cocaine, also belong to the class of medications referred to as local anesthetics.
In this review we will consider lidocaine as the prototypical antiarrhythmic drug because it
continues to be widely used both as an antiarrhythmic drug (first used as an antiarrhythmic drug in
1950) as well as a local anesthetic agent. Both of these clinical uses depend upon block of sodium
current (INa), but it is the presence of use-dependent INa block, i.e. an increasing amount of block
at faster heart rates, that allows a local anesthetic agent to be a useful antiarrhythmic drug.
Although many early studies investigated the action of antiarrhythmic drugs on Na currents, the
availability of site-directed mutant Na channels has allowed for major advances in understanding
their mechanisms of action based upon molecular conformations of the Na channel.

Keywords
antiarrhythmic drug; voltage clamp; gating currents; lidocaine; local anethestic

The Voltage-Gated Na Channel Protein
The ~2000 amino acid Na channel α-subunit contains the channel's pore and gating
machinery and all of the drug and toxin interaction sites identified to date (Catterall 2000). It
has four similar domains (DI-DIV), each with six transmembrane segments (S1-S6),
analogous to the typical K channel's four separate subunits. Although there are no currently
available crystal structures for voltage-gated Na channels, they are thought to have an
overall structural organization similar to the K channels that have been crystallized. The
general pore organization with S6 segments forming the walls of the inner pore (Jiang et al.
2002, Uysal et al. 2009) is likely highly conserved, although available mutagenesis data
suggest a more superficial outer vestibule with side chains rather than backbone carbonyls
forming the selectivity filter (Lipkind and Fozzard 2000). The location of the voltage
sensors (S4 segments) towards the periphery of the K channel interacting with lipid (Long et

© 2010 Elsevier Inc. All rights reserved.
Address correspondence to Michael Sheets. michael@cvrti.utah.edu.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Trends Cardiovasc Med. Author manuscript; available in PMC 2011 January 1.

Published in final edited form as:
Trends Cardiovasc Med. 2010 January ; 20(1): 16–21. doi:10.1016/j.tcm.2010.03.002.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



al. 2005) is likely to apply to a wide range of channels, including Na channels, although
differences in the sequences between the four domains in Na channels raise the possibility of
specialization of channel function between domains.

Even though the actual voltage-dependent conformational change in the S4 voltage sensor
helical structure remains controversial, the crystal structures of voltage-gated K channels
(e.g. Long et al. 2005), suggest that depolarization causes the S4's to move outward, thereby
lifting the S4-S5 amphipathic helical linkers which permit the four intracellular ends of the
S6 helices to hinge outward to open the pore. It is very likely that the S4-S5 linkers in Na
channels also couple the voltage-sensor domain containing the S4's to the pore domain
containing the S6's. After movement of the S4's K channels inactivate in a voltage-
independent fashion by either N-type (Hoshi et al. 1990) or C-type (by rearrangement of the
pore, Cordero-Morales et al. 2006), whereas fast inactivation of the Na channel involves the
DIII-DIV intracellular interdomain linker, which forms the putative inactivation lid with its
IFM motif (West et al. 1992). The receptor for this inactivation lid is not well defined,
suggesting that it represents several different parts of the channel such as S6's and the S4-S5
linkers.

Although many details of the coupling of the voltage-sensor S4 segments to pore opening
and inactivation for Na channels remain unresolved, the S4 in domain IV (DIVS4) has been
shown to have a specialized role in coupling fast inactivation to voltage-dependent channel
opening (Hanck and Sheets 1995, Yang and Horn 1995, Sheets et al. 1999, Chanda and
Bezanilla 2002). Inhibition of the DIVS4 movement by site-3 toxins has determined that
about 30% of maximal gating charge is associated with the open-to-inactivated state
transition (Sheets et al. 1999, Campos et al. 2008), and the movement of the DIVS4 is slow,
so that it largely moves after channels open (Sheets and Hanck 1995, Chanda and Bezanilla
2002). This contrasts with Shaker K channels, where most, if not all, of the gating charge is
associated with channel activation, with little or no gating charge movement after channel
opening.

The inner vestibule of the Na channel pore, formed by the four S6 segments, has been
shown to contain the high affinity use-dependent binding site for local anesthetics and
antiarrhythmic drugs (LA's). In particular, mutational studies have identified a cluster of
residues in the DIII and DIV S6's that are important for block, including DIVS6-Phe1759
and DIVS6-Try1766, and DIIIS6-Leu1461 (numbering based on NaV1.5a) (Ragsdale et al.
1994, Li et al. 1999, Nau et al. 2003). Phe1759 is clearly the most important, because its
mutation to a non-aromatic residue abolishes use-dependent block (Ragsdale et al. 1994,
McNulty et al. 2007, Ahern et al. 2008, Hanck et al. 2009). Across the three most commonly
studied Na channel isoforms, NaV1.2 (neuronal), NaV1.4 (skeletal), and NaV1.5 (cardiac),
mutational effects on LA block have been shown to be, in general, remarkably similar or
identical.

Factors That Affect Block of Sodium Current by Antiarrhythmic Drugs
One important component in the action of antiarrhythmic drugs that has long been
appreciated is a voltage-dependent change in the affinity of the drug binding site, i.e. the
channel is a modulated receptor (Hille 1977, Hondeghem and Katzung 1977). In addition,
restricted access/egress to binding site(s) can also contribute to drug action, a phenomenon
that has been called the guarded receptor model (Starmer and Hollett 1985). This is best
illustrated by the action of the permanently-charged quaternary amines such as QX-222 or
QX-314, which, in general, must be applied to the intracellular space of Na channels in
order to block the channel (Butterworth and Strichartz 1990), and consequently they are not
useful as antiarrhythmic drugs. They access the binding site while the channel is open,
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which contributes to their apparent use-dependent block. One example of a clinically-used
drug with significant restricted access/egress is flecainide, with its very high pKa of 9.3, so
that only about 1% is uncharged at pH 7.4 (Liu et al. 2003). These examples stand in
contrast to the prototypical antiarrhythmic drug, lidocaine, which has a pKa of 7.7-7.9, so
that about 30% of the drug is uncharged at a pH of 7.4. It, therefore, can more readily
access/egress the channel when it is closed.

In addition to considerations of access/egress, LA drugs have been shown to have three
mechanisms of block: (1) block of the open/inactivated state (voltage-sensor block), (2)
block of the closed state (lipophilic block), and (3) fast-flicker block of the open channel. Of
these, only the first has a high enough affinity to be potentially useful as an antiarrhythmic
drug (and probably for antiepileptic/anticonvulsant drugs as well) owing to its use-
dependent action. Block of the closed state has an EC50 in the mM range, and so, while
useful for producing local anesthesia, is unlikely to be useful to control arrhythmias. Fast-
flicker block is unlikely to be clinically relevant for either antiarrhythmic or local anesthetic
therapy because of its very large EC50 ( ~5 mM at a membrane potential of 0 mV for
lidocaine, Zamponi et al. 1993). Flicker-block results from positively charged drug
interacting with the intracellular side of the selectivity filter in a voltage-dependent manner
to block single channel conductance. Consequently, neutral local anesthetic drugs such as
benzocaine are unable to cause flicker block.

High Affinity Block of the Open/Inactivated State Requires Voltage-Sensor
Involvement (Voltage-Sensor Block)

Use-dependent block, which is the clinically relevant block for treatment of
tachyarrhythmias, is a high affinity block that requires either repetitive or prolonged
depolarizations. It results from voltage-dependent changes in channel conformation, and so
it obligatorily implies involvement of the S4 segments. This type of block, voltage-sensor
block, is clinically important in the treatment of arrhythmias and for some forms of
antiepileptic treatment, because of its ability to distinguish between rapid rhythms (i.e. rapid
depolarizations) from normal depolarization rates. Two conditions are required for use-
dependent block: 1) an increased on-rate when channels gate, i.e. the voltage-sensor effect,
and 2) a sufficiently slow off-rate so that block of Na channels accumulates. Benzocaine,
which is not use-dependent, illustrates the need for both conditions; it has a voltage-
dependent change in on-rate, but it has a fast off-rate that does not allow for accumulation of
block, (e.g. Schwarz et al. 1977, Hanck et al. 2009).

Direct evidence for voltage-sensor participation in high affinity block by antiarrhythmic
drugs such as lidocaine comes from studies measuring gating currents, the small non-linear
electrical signals arising from the transmembrane movement of the four positively charged
S4 segments. High affinity block of sodium current (INa) by lidocaine has an EC50 of 5-20
μM (Grant et al. 1989), and it is associated with alteration of the gating charge-voltage
relationship characterized by a 38% reduction of maximal gating charge with the appearance
of additional gating charge at negative test potentials (e.g. Cahalan and Almers 1979, Hanck
et al. 1994, Hanck et al. 2000). These changes have been shown to result from stabilization
of the DIIIS4 in a depolarized position and partial inhibition of movement of DIVS4 with an
alteration of its voltage dependence (Sheets and Hanck 2003, Muroi and Chanda 2009). It is
important to note that use-dependent block of INa by lidocaine (Hanck et al. 2000) or by the
quaternary amine, QX-222 (Hanck et al. 1994), is directly proportional to the reduction in
maximal gating charge as expected if the two effects occurred simultaneously, resulting
from the same event. Furthermore, the EC50's for lidocaine block of INa and for reduction in
gating charge were both in the 20 μM range, and comparable to lidocaine's clinically
therapeutic serum levels. Additional evidence for S4 participation in high-affinity, use-
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dependent block by lidocaine comes from studies in which the S4's in DIII and DIV were
artificially stabilized in an outward conformation (Sheets and Hanck 2007). The EC50 for
lidocaine block decreased to 28 μM after stabilization of both S4's, which is comparable to
the value previously reported for high-affinity use-dependent block by lidocaine during a
fast pulse train (10 Hz) in native cardiac Na channels recorded under similar experimental
conditions (Hanck et al. 2000).

If the crystal structure of the voltage-gated Kv1.2 channel (Long et al. 2005) is applicable to
the Na channel, it is the S4-S5 linker that couples the voltage-sensor domain to the pore
domain. Depolarization would be expected to result in outward translocation of the S4's,
thereby permitting the S6 segments to hinge open leading to channel activation and current
flow. Recent Na channel studies suggest that it is the hinge regions in the S6's that play an
important role in coupling the rigid S4 helices to the S6 segments (Muroi et al. 2010).
Movement of the Na channel's S4 segments then creates a channel conformation within the
S6 segments, in particular those in DIII and DIV, which make the most important
contributions to the high-affinity LA binding site. Consequently, the movement of the S4's
in DIII and DIV during depolarization would be expected to enhance the binding of LA's by
conformational changes in the S6 segments. During repolarization the voltage sensors in
DIII and DIV have the opposite effect; their movement back to an inward, rested position
biases the S6 segments toward a closed position, thereby decreasing lidocaine affinity.

Based on the crystal structure of the open K channel MthK (Jiang et al. 2002) a homology
model of the open Na channel pore with lidocaine docked into the binding site formed by
the S6 segments has been developed (Lipkind and Fozzard 2005, Hanck et al. 2009). Bulk
water is predicted to fill the large inner vestibule of the open Na channel pore, thereby
favoring protonation of the alkylamino head of lidocaine, and allowing the charged amino
group to make an electrostatic π-electron interaction with the aromatic ring of Phe1759 in
the DIVS6 (Figure 1). Simultaneously, the alkylamino head can also dock with the Leu1461
in the DIIIS6 because these two residues are predicted to be separated only by a narrow
cavity (about 6 Å in width) even though they are in different S6 segments. Such a
conformation would allow coupling of lidocaine to both domains III and IV. Tikhonov and
Zhorov (2007), using a slightly different model, have found similar orientations. The non-
polar tail of lidocaine, i.e. its alkyl chains and aromatic ring, then interacts with Tyr1766 in
the DIVS6, thereby achieving dense packing of lidocaine vertically with the open channel
between DIIIS6 and DIVS6.

Closed-State Block Represents Neutral Interactions with Channel Walls
(Lipophilic Block)

The final type of block, which is experimentally associated with the closed state, might
better be called lipophilic block because it most likely represents a neutral drug interaction
with the closed configuration of the channel (Figure 1). This lower affinity block is
experimentally determined as the block of INa when the membrane potential is held at very
negative potentials that bias Na channels to a closed conformation that is fully available for
opening, i.e. channels occupy rested/closed states presumably represented by a channel
conformation with the S6's in a closed bundle conformation with the voltage-sensors
“retracted” in a hyperpolarized position. In contrast to the strong association between
Phe1759 and voltage-sensor block of Na channels, it is likely that the site for low-affinity
lipophilic block is more diffuse and involves multiple residues in the inner pore segments,
because point substitutions with an Ala or Cys in the S6 helices show only small (2-fold)
changes in affinity of closed-state block (Ragsdale et al. 1994,Nau et al. 2003). A homology
model of the closed Na channel pore (Hanck et al. 2009) can accommodate neutral LA's, and
our current belief is that the neutral forms of antiarrhythmic drugs interact with non-polar
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residues that form the inner vestibule to produce lipophilic block. The exact mechanism of
decreased INa by lipophilic block remains unclear. It is possible that antiarrhythmic and local
anesthetic drugs may produce lipophilic block by stabilizing the bundle crossing of the S6
segments similar to a “hydrophobic seal” mechanism found in voltage-gated Shaker K
channels, where substitution with Trp for a Val at the bundle crossing inhibits channel
opening (Kitaguchi et al. 2004).

Tonic Block Contains Contributions From Both Lipophilic and Voltage
Sensor Bock

Experimentally, closed-state block is often approximated by tonic block, the measurement of
INa in a single depolarization after holding the membrane potential very negatively for a
relatively long time. It is important to note that measurement of tonic block typically
represents a combination of both lipophilic and voltage-sensor block, and it may have a
great variability depending upon the Na channel isoform, the specific drug's affinity (on- and
off-rates) and the membrane potential's effects on intrinsic channel kinetics.

Because cell preparations do not tolerate very negative holding membrane potentials, it is
better to isolate lipophilic block from voltage-sensor block by using a mutant channel like
F1759K, which has no high-affinity voltage-sensor block (Hanck et al. 2009). In this mutant
Na channel, lipophilic block is found to have a EC50 of ~2 mM. Such a large EC50 would
not expected to be beneficial in the therapy of arrhythmias, although it could contribute to
local anesthetic action, where locally high concentrations may be achieved.

The dual contributions of voltage-sensor and lipophilic block can be appreciated by the
classic effects of antiarrhythmic drugs on steady-state voltage-dependent Na channel
availability curves (Figure 2). One of the hallmarks of antiarrhythmic drugs is the
concentration-dependent shift in the V½ of the Na channel availability curve as the
conditioning potential becomes more positive. At any given concentration of lidocaine, there
is a progressively higher drug affinity as the magnitude of voltage-sensor block increases
with more positive conditioning potentials producing a leftward (negative) shift in V½. As
the lidocaine concentration increases, the change in V½ becomes more prominent (Figure
2A, right), because block of INa reflects a combination of lipophilic and an increasing
amount of voltage-sensor block. The effect of changing the membrane holding potential
(Vhp) on lidocaine block is illustrated in Figure 2B, where steady state voltage-dependent
availability was determined from two different, but quite negative, holding potentials. In the
absence of drug there is no difference between voltage-dependent availability measured
from these two different holding potentials. However, in the presence of lidocaine, there is a
greater reduction in INa accompanied by a larger shift in V½ when the holding potential is
more positive. In the case in which tonic block consists only of lipophilic block, as in the
mutant channel F1759K, there is no concentration-dependent change in the V½ (i.e. no
voltage-sensor block), and the reduction in magnitude is proportional across the voltage
range with a much higher EC50 (2.2 mM).

Future Directions
Although the general basis of basis of use-dependent block of sodium channels by
antiarrhythmic drugs may be understood, important questions remain. The role of fast
inactivation in antiarrhythmic drug affinity remains poorly understood. It has long been
known that removal of fast inactivation markedly decreases drug affinity (Cahalan 1978).
When voltage sensors involved in voltage sensor block were artificially held outward, the
highest affinity binding could only be achieved when the inactivation lid was intact (Sheets
and Hanck 2007). Similarly, the structural basis and the role of slow inactivation in
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antiarrhythmic drug binding requires better understanding. Additional studies to quantify the
contributions of the specific residues in both the high-affinity binding site responsible for
voltage-sensor block and the lower-affinity lipophilic binding site are needed to better
understand how to design drugs to target the high-affinity site while minimizing lipophilic
block. Mathematical models of arrhythmias using multicellular and/or whole heart models
that incorporate specific etiologies of arrhythmias (such as chronic scarring due to
myocardial infarction, long QT syndrome or Brugada syndrome) should lead to the
generation of an ideal “virtual antiarrhythmic drug” that would not have proarrhythmic
properties. Recent progress has been made in the construction of such mathematical models,
(e.g. Clancy et al. 2007, Rudy et al. 2008). Understanding the energies involved in the
binding of current antiarrhythmic drugs at the molecular level in combination with the
binding parameters from an “ideal” drug should help lead to the smart design of new
antiarrhythmic drugs. It is likely that many of the findings of antiarrhythmic drug binding to
cardiac Na channels can also be applied to understanding the action of anticonvulsant
medications targeted to brain Na channels in the therapy of seizures and, perhaps, in control
of pain.
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Figure 1.
Proposed location for lidocaine in the closed (A) and open/inactivated (B) Na channel pore.
Lidocaine is shown as space-filled (green represents C atoms, blue represents N atoms, and
red represents O atoms) docking in the interface of DIIIS6 and DIVS6 (both green ribbons).
Amino acid residues making contacts with lidocaine are shown by blue (DIIIS6) and red
(DIVS6) colors. Lidocaine is predicted to be oriented horizontally with its aromatic ring
aligned with Phe1759 in the closed channel (shown below panel A). In contrast, the charged,
tertiary amine of lidocaine is predicted to be oriented vertically in the open/inactivated
channel (shown below panel B). (Adapted from Hanck et al. 2009).
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Figure 2.
Steady-state voltage-dependent Na channel availability curves for cells expressing NaV1.5a
(WT) (A) and (B), and for F1759K mutant channels (C). The voltage protocol is shown as
an insert to (B). Summary data for Na channel availability in WT (A) channels in control (□)
and after exposure to lidocaine (0.5 mM (•), 1 mM (◆) from a holding potential (Vhp) of
−150 mV. The right panel of (A) shows the shifts in V½ of availability for cells exposed to
four concentrations of lidocaine including cells exposed to 5 μM and 50 μM, concentrations
at which little reduction in maximal INa was evident. (B) Data showing the effect of holding
potential on tonic block in WT cells held at −135 mV (•) or -155 mV (■) exposed to 0.5 mM
lidocaine. In control solutions steady-state voltage-dependent availability (○ and □) were not

Sheets et al. Page 10

Trends Cardiovasc Med. Author manuscript; available in PMC 2011 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



different. However, in the presence of lidocaine the amount of tonic block from a Vhp of
−155 mV (■) was 0.36 while from a Vhp of −135 mV (•) it was 0.58, an amount almost
twice as large. Furthermore, the leftward shift in V½ was 10 mV greater with Vhp of −135
mV compared to −155 mV. (C) Data for cells expressing F1759K exposed to 1 mM (■), 3
mM (•), and 10 mM (◆). The right panel shows that the shift in V½ is independent of
lidocaine concentration. The ED50's calculated from the fitted asymptotes of the Na channel
availability relationships were 0.78 mM for WT (A), and 2.2 mM for F7159K(C). (Adapted,
in part, from (Hanck et al. 2009).
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