
Th
e 

Jo
ur

na
l o

f 
G

en
er

al
 P

hy
si

o
lo

g
y

A RT I C L E

The Rockefeller University Press $30.00
J. Gen. Physiol. Vol. 133 No. 1 1–15
www.jgp.org/cgi/doi/10.1085/jgp.200810103 1

    I N T R O D U C T I O N 

 Voltage-gated sodium channels play a central role in ex-

citability in many cell types. Ionic currents through so-

dium channels generate the rising phase of an action 

potential. Several sodium channel – specifi c drugs pre-

vent initiation and spread of action potentials by block-

ing sodium currents. Local anesthetics are a subset of 

sodium channel blockers that inhibit sodium currents 

in a use- and frequency-dependent manner ( Strichartz, 

1973 ). They bind with a higher affi nity to the open and/

or inactivated state of the channel ( Hille, 1977 ). This 

state-dependent block of sodium currents by local anes-

thetics is reminiscent of the potassium channel block by 

internally applied quaternary ammonium compounds 

such as TEA ions ( Armstrong, 1971 ;  Armstrong and 

Hille, 1972 ). In both instances, ionic currents are blocked 

when the channels open. Gating current measurements 

in the Shaker potassium channel show that the gating 

charge movement is  “ immobilized ”  in the presence of 

internal TEA ( Bezanilla et al., 1991 ). Blocking of the so-

dium channel pore by local anesthetics also modifi es the 

movement of the gating charge in a similar fashion 

( Cahalan, 1978 ;  Cahalan and Almers, 1979 ;  Hanck et al., 

1994 ). A third of the total gating charge is abolished in 

the presence of local anesthetics. These studies suggest 

that the binding of internal quaternary ammonium com-

pounds to the sodium and potassium channels modu-

lates the movement of their voltage sensors.

 Correspondence to Baron Chanda: b c h a n d a @ p h y s i o l o g y . w i s c . e d u  

 Abbreviations used in this paper: BrMT, 6-bromo-2-mercaptotyptamine; 

F-V, fl uorescence – voltage; Q-V, charge – voltage; TMR, tetramethylrhoda-

mine; TMRM, TMR maleimide; TTX, tetradotoxin.  

  How does the binding of a local anesthetic affect the 

voltage sensors of the sodium channel? Structure – func-

tion studies have identifi ed a cluster of residues in the 

S6 helices of domains III and IV of the sodium channel 

as constituents of a putative local anesthetic binding site 

( Ragsdale et al., 1994 ;  Wang et al., 2001 ;  Yarov-Yarovoy 

et al., 2002 ). Recent studies using unnatural amino ac-

ids show that the substitution of phenylalanine 1579 on 

the S6 of domain IV by cyclohexylalanine eliminates 

use-dependent block without modifying the gating 

properties of the channel ( Ahern et al., 2008 ). A molec-

ular modeling study suggests that the docking of a local 

anesthetic to the binding site prevents the closure of 

pore gates ( Lipkind and Fozzard, 2005 ). Therefore, the 

local anesthetic may inhibit the movement of the gating 

charges indirectly by altering the pore conformation. 

 Gating current measurements in the human heart so-

dium channels show that when some of the charged res-

idues in voltage sensors of domains III and IV are 

mutated, the fraction of the immobilized gating charge 

due to local anesthetic binding is reduced ( Sheets and 

Hanck, 2003 ). The simplest interpretation is that these 

charged residues are the ones immobilized upon local 

anesthetic binding. The caveat, however, is that the mu-

tations themselves could disrupt interactions between 

gating charges and the local anesthetic binding site, 
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 Electrophysiology Setup and Recordings 
 All recordings were performed with a modifi ed cut-open oocyte 
setup (CA-1B; Dagan Instruments) to measure currents and fl uo-
rescence under voltage clamp conditions ( Cha and Bezanilla, 
1998 ). The cut-open setup was placed on a stage of an upright mi-
croscope (BX50WI; Olympus). The light from a halogen lamp 
source (Newport Inc.) was fi ltered with a HQ535/50 bandpass fi l-
ter and split using a Q565lp dichroic mirror (Chroma Technology 
Corp.). The emitted light was fi ltered with a HQ610/75 bandpass 
fi lter (Chroma Technology Corp.) and focused onto a PIN-020A 
Photodiode (UDT Technologies) by a condenser lens. The photo-
diode was connected to the headstage of an integrating Axopatch 
1B patch clamp amplifi er (MDS Analytical Technologies). To en-
sure that the photocurrent was within the dynamic range of the 
amplifi er, additional current was fed into the summing junction of 
the headstage. 

 Intracellular solution contained 115 mM NMG-Mes, 20 mM 
HEPES, and 2 mM EGTA, pH 7.4. For ionic current measurement 
in the presence of lidocaine, the external sodium concentration 
was adjusted to 23 mM. For gating current measurements, 10  μ M 
tetradotoxin (TTX; Sigma-Aldrich) was added to the extracellular 
solution in the top chamber. Lidocaine was prepared both in the 
external and internal solutions. QX-314 (Sigma-Aldrich) was pre-
pared in the internal solution. 

 Data Acquisition and Analysis 
 Electrical and fl uorescence signals were sampled at 250 kHz with 
a Digidata 1440 interface (MDS Analytical Technologies). For 
ionic current measurements, linear leak and membrane capaci-
tive current were subtracted online using a P/4 procedure with a 
subtraction holding potential of  � 130 mV. Each fl uorescence re-
cording represents an average of 10 traces generated by a 20-ms 
test potential from  � 120 mV after a 20-ms conditioning pulse at 
 � 10 mV (see pulse protocols in the fi gures). Ionic current, gating 
current, and fl uorescence intensity signals were low-pass fi ltered 
at 20 kHz. For steady measurements like F-V curves, the data were 
subsequently low-pass fi ltered offl ine at 5 kHz. The interval be-
tween the conditioning pulse and the test pulse was 100 ms. The 
conditioning pulse ensured that the lidocaine block of the so-
dium current was complete. Fluorescence intensity decay due to 
photobleaching was corrected by fi tting the data before the pulse 
to a straight line and subtracting it from the full record. Fluores-
cence and electrophysiological data were acquired using Clam-
pex (MDS Analytical Technologies), and analysis was performed 
with Clampfi t (MDS Analytical Technologies) and Excel (Micro-
soft). The fi gures were prepared using Origin software (Micro-
Cal) or PowerPoint (Microsoft). Prism (GraphPad Software, Inc.) 
was used for statistical analysis. A one-way ANOVA and  t  tests were 
used to determine the signifi cance of the differences in the gating 
currents and fl uorescence change. 

 Gating charge – voltage (Q-V) relationships or F-V relationships 
in  Figs. 2 C, 3 B, 6 B, 7 C, and 8 , and Fig. S3 (available at http://
www.jgp.org/cgi/content/full/jgp.200810103/DC1), were fi tted 
to a single Boltzmann distribution: 

      

Q/Q (V) or F/F (V) = 1 / (1 + exp ( (V V )/KT)),max max m− −ze
 

 where  z  is the apparent valence and V m  is the half-maximal volt-
age. K is the Boltzmann constant, T is the temperature, and  e  is 
the electronic charge. Both fl uorescence intensities and gating 
charge were normalized to the maximum value, which was typi-
cally obtained at +50 mV, unless otherwise noted. 

 Kinetic Models 
 For the model shown in Fig. S2, the steady-state F-V curves for 
each subunit were generated by assuming that only transitions 

thereby reducing the extent of charge immobilization. 

To monitor the conformation of the individual voltage 

sensors directly, here we examined the effect of local 

anesthetics by using site-specifi c fl uorescence measure-

ments. We fi nd that although all of the four voltage sen-

sors are able to undergo the full extent of conformational 

rearrangements, their voltage dependence of fl uores-

cence is altered in the presence of local anesthetics. 

The midpoint of the fl uorescence – voltage (F-V) rela-

tionship of domain III is left-shifted by a large extent 

(65-mV shift for QX-314), indicating that the voltage-

sensing segment of domain III is stabilized in the acti-

vated position. A relatively modest hyperpolarizing shift 

was observed in the F-V of domain IV (10 mV in 

QX-314). In contrast to the effects on domains III and IV, 

the voltage sensor of domain I was modestly stabilized 

in the closed state by QX-314. These opposing effects of 

QX-314 on the conformation of the voltage sensors 

were surprising. Perturbation experiments in conjunc-

tion with voltage clamp fl uorescence measurements 

have shown that the four voltage sensors of the sodium 

channel essentially respond in a cooperative manner. 

For instance, mutations or site-specifi c toxins that stabi-

lize a specifi c voltage sensor in an activated state also 

stabilize the other voltage sensors in the activated con-

formation ( Chanda et al., 2004 ;  Campos et al., 2007, 

2008 ). Therefore, our fi ndings reported here suggest 

that the local anesthetics, unlike the other Na +  channel 

gating modifi ers, disrupt the coupling between the volt-

age sensors of the sodium channel. We propose a new 

mechanism of action of the local anesthetic to account 

for the conformational changes in voltage-sensing seg-

ments of the sodium channel. 

 M AT E R I A L S  A N D  M E T H O D S 

 Molecular Biology, Oocyte Expression, and 
Fluorophore Labeling 
 The  � - and  � -subunit of the rat skeletal muscle sodium channel 
(rNav1.4) cDNA were cloned into a pBSTA vector, which was 
optimized for oocyte expression ( Chanda and Bezanilla, 2002 ). 
cRNAs of the  � - and  � -subunits were transcribed from NotI-linear-
ized cDNA using a T7 RNA polymerase kit (Applied Biosystems) 
and coinjected at an  � 1:1 molar ratio (50 ng of the  � -subunit and 
10 ng of the  � -subunit) for each oocyte. Oocytes were either pur-
chased from NASCO or surgically removed from  Xenopus laevis  in 
a manner consistent with the guidelines of the Animal Care and 
Use Committee at the University of Wisconsin-Madison. The in-
jected oocytes were incubated at 18 ° C for 3 – 4 d in an incubating 
solution (100 mM NaCl, 2 mM KCl, 1.8 mM CaCl 2  · 2H 2 O, 1 mM 
MgCl 2  · 6H 2 O, 5 mM HEPES, pH 7.2, 100  μ M DTT, 0.2 mM EDTA, 
and 100  μ g/ml gentamicin). The oocytes were labeled with 10  μ M 
tetramethylrhodamine (TMR) maleimide (TMRM; Invitrogen) in 
a depolarizing solution (110 mM KCl, 1.5 mM MgCl 2 , 0.8 mM 
CaCl 2 , and 10 mM HEPES, pH 7.5) at 4 ° C for 30 min ( Mannuzzu 
et al., 1996 ). 10 mM TMRM stock was prepared in DMSO and 
stored at  � 80 ° C. The labeled oocytes were washed and then stored 
in the external solution (115 mM NMG-Mes, 20 mM HEPES, and 
2 mM Ca[OH] 2 , pH 7.4) before recording. 
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K 1  (subunit X) and K 2  (subunit Y) using the input V m  values 
shown in  Table IV  and Table S1 (available at http://www.jgp
.org/cgi/content/full/jgp.200810103/DC1). 

 Online Supplemental Material 
 Fig. S1 shows control experiments to examine the direct effect of 
lidocaine on TMRM. Fig. S2 is a Markov model of a hypothetical 
channel with two subunits; each subunit undergoes two sequen-
tial transitions. Simulated F-V curves based on this model are 
shown in Fig. S3. The input parameters to generate the curves are 
listed in Table S1. The online supplemental material is available 
at http://www.jgp.org/cgi/content/full/jgp.200810103/DC1. 

 R E S U LT S 

 To investigate the effect of local anesthetics on the con-

formational dynamics of the voltage sensors of a sodium 

channel, we labeled substituted cysteines in each of the 

S4s with a fl uorescent probe, TMR. The labeled resi-

dues correspond to positions S216, S660, L1115, and 

S1436 ( Fig. 1 A ) in domains I, II, III, and IV, respec-

tively, in the rat skeletal muscle sodium channels 

(rNav1.4).  Previous work by  Chanda and Bezanilla 

(2002)  established that the time course of early fl uores-

cence changes from probes attached to these residues 

correlates with the movement of the gating charge. 

Here, using a similar combined fl uorescence and elec-

trophysiological approach, we have examined the ef-

fects of two local anesthetics, lidocaine and QX-314 

( Fig. 1 B ), on the conformational dynamics of the volt-

age-sensing segments of the rNav1.4 channel. 

 Lidocaine Modifi es the Movement of Gating Charge 
in the Rat Skeletal Muscle Sodium Channel 
 Lidocaine is a tertiary amine and can exist as an equilib-

rium mixture of cationic and neutral forms, with a pKa 

of 7.9 (at 26 ° C). At physiological pH, lidocaine is mem-

brane permeant and shows both use-dependent and 

resting-state block. The cationic form of lidocaine is a 

more potent use-dependent blocker compared with the 

from R to A give rise to fl uorescence signals. Therefore, the fl uo-
rescence of the X subunit corresponds to: 

      (1) 

FL [X] = X Y  + X Y  + X Y  + X Y  + X Y  + X YA R A A A O O R O A O O.
 

 Because of conservation of mass, Eq. 1 can be rearranged to: 

   FL [X] = 1  (X Y  + X Y  + X Y ).R R R A R O−    (2) 

 K 1  was used to represent the equilibrium constant of the R → A 
transition of subunit X, K 2  was used for the equilibrium constant 
for the R → A transition of subunit Y, K 3  was used for the equilib-
rium constant of the A → R transition for subunit X, and K 4  was 
used for the A → R transition for subunit Y. We can obtain the fol-
lowing expression of X R Y R , X R Y A , and X R Y O  in terms of equilib-
rium constants: 

      

X Y
K K K K K K K K K K n K K K KR R   =

+ + + ⋅ + ⋅ ⋅ + + ⋅
1
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 The fl uorescence of subunit X is obtained by substituting X A Y R , 
X R Y A , and X R Y D  into Eq. 2. Similar expression can be derived for 
fl uorescence due to the Y subunit (FL [Y]). 

 The equilibrium constants K 1  and K 2  are voltage dependent; 
therefore: 

   
K V e

z q V Vm
KT( ) ,

(
. .( )

)

=
− −    (3) 

 where z is the apparent valence of voltage sensor and was 
set to 1 for these simulations. Eq. 3 was used to determine 

 Figure 1.   A schematic of the sodium channel and 
chemical structures of local anesthetics. (A) A sche-
matic diagram of the  � -subunit of the sodium chan-
nel. Positions of the substituted cysteines at S216 
(domain I [DI]), S660 (domain II [DII]), L1115 
(domain III [DIII]), and S1436 (domain IV [DIV]) 
are depicted as colored stars. (B) Chemical structure 
of lidocaine and QX-314.   
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channels, lidocaine reduced the maximal gating charge 

by 25% ( Table I ).  A similar reduction in the gating 

change in the presence of lidocaine was also observed 

for the cysteine mutants. The extent of modifi cation of 

gating charge in the rNav1.4 is comparable to those 

observed in the human heart sodium channels ( Sheets 

and Hanck, 2003 ). 

 Lidocaine Selectively Modifi es Conformational Dynamics 
in the Voltage-sensing Domains 
 The effect of lidocaine on the movement of individual 

voltage sensors was monitored by labeling substituted 

cysteine mutants with TMR and measuring the fl uores-

cence intensities before and after the application of 10 

mM lidocaine.  Fig. 3 A  shows the fl uorescence traces 

obtained at varying pulse potentials.  Note that the fl uo-

rescence traces were recorded after a single condition-

ing pulse to  � 10 mV to ensure that the sodium channels 

were fully blocked by lidocaine. The normalized fl uo-

rescence change ( � F/F) varied from 0.5 to 2%. The 

largest effect of lidocaine was seen on the fl uorescence 

from the S4 of domain III. Compared with other do-

mains, the fl uorescence signals were saturated at 

depolarizations beyond  � 70 mV, suggesting that the 

voltage-dependent movement of S4 of domain III was 

shifted to hyperpolarized potentials. 

neutral forms ( Schwarz et al., 1977 ). The dissociation 

constant for use-dependent and resting-state block of 

rNav1.4 channels expressed in  Xenopus  oocytes by lido-

caine was estimated to be 100  μ M and 1 mM, respec-

tively ( Makielski et al., 1999 ). Representative ionic 

currents from the wild-type channels elicited by repeti-

tive depolarizing pulses in the presence of 10 mM lido-

caine show that block is nearly complete at the end of 

the fi rst depolarizing pulse ( Fig. 2, A and B ).   Fig. 2 B  

shows the normalized current amplitudes of the wild-

type and mutant channels plotted with respect to the 

pulse number in the presence of lidocaine. These ex-

periments demonstrate that a single depolarizing pulse 

is suffi cient to block the rNav1.4 channels completely 

after the addition of 10 mM lidocaine. 

 Next, we examined the effect of lidocaine on the 

gating currents of the wild-type and mutant sodium 

channels. Local anesthetics decrease the maximal gat-

ing charge of sodium channels from the squid axon 

and cardiac muscles by  � 30% and slightly shift their 

voltage dependence toward a hyperpolarizing direc-

tion ( Hanck et al., 1994, 2000 ;  Cahalan, 1978 ;  Cahalan 

and Almers, 1979 ).  Fig. 2 C  shows the Q-V relationship 

of the wild-type sodium channels in the presence of 10 

mM lidocaine. The gating currents were obtained af-

ter blocking ionic currents with TTX. In the wild-type 

 Figure 2.   The effect of saturating concen-
trations of lidocaine on ionic and gating 
currents of the sodium channel. (A) Devel-
opment of ionic current block in the pres-
ence of 10 mM lidocaine in wild-type sodium 
channels. The ionic currents were elicited by 
pulsing to  � 10 mV for 20 ms with a prepulse 
to  � 120 mV for 50 ms. Red trace shows the 
currents obtained before the addition of li-
docaine. A family of 100 traces was recorded 
by pulsing at 10 Hz 5 min after lidocaine 
application (in black). Ionic current block-
ade was nearly complete after the fi rst pulse. 
These recording were obtained with 23 mM 
sodium in the external solution. (B) Frac-
tional ionic current block of wild-type and 
mutant sodium channels elicited by repeti-
tively pulsing to  � 10 mV (10 Hz frequency) 
after the addition of 10 mM lidocaine. 
The cur rents were normalized to the ones 
obtained before the addition of lidocaine. 
(C) Effect of 10 mM lidocaine on the steady-
state Q-V relationships of wild-type and mu-
tant channels. The dark lines and symbols 
show the data in control (with TTX and no 
lidocaine), while the red lines and symbols 
show the data after lidocaine application. 
Filled circles represent the mean  ±  SE of at 
least four independent experiments, and 
lines represent the best fi ts of the averaged 
data to a Boltzmann function. Measured gat-
ing charges at each potential were normal-
ized to the maximum charge determined 
for each oocyte without lidocaine.   
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struct and were not statistically correlated with the shifts 

in the F-V curve (unpublished data). We suspect that this 

variability in fl uorescence signals is either due to a non-

specifi c effect of lidocaine on the channels or a drift 

in the focus during perfusion. We also considered the 

possibility that lidocaine may interact and quench the 

rhodamine fl uorescence directly. Polynuclear aromatic 

compounds, such as TMR, are known to interact with 

amine groups and form a charge – transfer complex 

( Rehm and Weller, 1970 ;  Kumbhakar et al., 2004 ). Previ-

ously, tetracaine and procaine, but not lidocaine, were 

shown to quench fl uorescence of anthracene-based fl uo-

rophores ( Koblin et al., 1975 ). We wondered whether li-

docaine is a more effective quencher of rhodamine 

fl uorescence in a lipid environment because rhodamine 

has a longer lifetime in a nonpolar environment. This hy-

pothesis was tested by measuring the quenching of a 

membrane-localized fl uorophore, octadecylrhodamine, 

in oocytes by lidocaine (Fig. S1). Our measurements show 

that increasing concentrations of lidocaine had no effect 

on rhodamine fl uorescence in a bilayer environment. 

 Molecular modeling based on structure – function 

studies suggests that lidocaine binds to conserved resi-

dues in the S6 helices of domains III and IV ( Lipkind 

and Fozzard, 2005 ). Mutation of a single site in the S6 

  Fig. 3 B  shows the plots of normalized F-V relation-

ships obtained from labeled mutants before and after 

the addition of 10 mM lidocaine. The F-V curve of the 

domain III voltage sensor showed a dramatic leftward 

shift ( � V m  = 57 mV) in the presence of lidocaine ( Table II ).  

The F-V curve of the domain IV voltage sensor showed 

a small ( � V m  = 10 mV) but signifi cant leftward shift. 

In addition, the apparent slope was reduced from 1.2 to 

1.0 e o , suggesting that some or all of the domain IV 

gating charges move to a lesser extent across the elec-

tric fi eld compared with the unmodifi ed channels. In 

contrast, the F-V curves of domains I and II were not 

signifi cantly different upon lidocaine binding. Previous 

studies have shown that site-specifi c perturbations that 

alter the voltage-dependent movement of the S4 of do-

main III also affect the movement of the voltage sensors 

in other domains ( Chanda and Bezanilla, 2002 ). There-

fore, it was surprising that a large leftward shift in the 

voltage-dependent movement of the S4 of domain III 

was not propagated to voltage-sensing segments of do-

mains I and II. 

 The absolute magnitudes of decrease in the fl uores-

cence signals were found to be highly variable upon the 

addition of lidocaine. These decreases ranged from 1 to 

25% between different oocytes expressing the same con-

 TA B L E  I 

 The Effect of 10 mM Lidocaine on Gating Charge of Wild-type and Mutant Sodium Channels 

Control (TTX) TTX and lidocaine (5 min) Remaining gating charge

Mutants  n Midpoint Slope Midpoint Slope

V m  e  0 V m  e  0 %

WT 9  � 53.4  ±  2.4 1.62  ±  0.06  � 61.3  ±  2.2  a  1.32  ±  0.02 75.1  ±  2.7

S216C 5  � 56.0  ±  1.8 1.25  ±  0.03  � 64.0  ±  1.0  a  1.28  ±  0.03 75.2  ±  4.5

S660C 4  � 55.2  ±  3.2 1.17  ±  0.09  � 64.0  ±  2.1  a  1.26  ±  0.05 74.0  ±  5.8

L1115C 5  � 56.4  ±  2.8 1.30  ±  0.05  � 64.5  ±  2.6 1.32  ±  0.02 72.6  ±  6.2

S1436C 4  � 55.6  ±  2.4 1.37  ±  0.01  � 60.9  ±  3.3  a  1.19  ±  0.04 80.1  ±  6.6

The Boltzmann parameters from a fi rst-order fi t of the Q-V relationships and remaining gating charge after lidocaine application in different mutants. All 

measurements were recorded in the presence of TTX. Data represent the mean  ±  SE of four to nine independent experiments ( n ).

  a  Signifi cance (P  <  0.05) was determined for paired  t  test for each mutant channel before and after the application of lidocaine. A one-way ANOVA was used 

to compare the differences in midpoints and remaining values of the mutants to the wild-type, followed by a post-hoc Dunnett ’ s test. Those differences 

were not statistically signifi cant.

 TA B L E  I I 

 F-V Relationships before and after Lidocaine Application 

Control 10 mM lidocaine (5 min)

Mutants  n Midpoint Slope Midpoint Slope

V m  e  0 V m  e  0 

S216C (DI) 6  � 68.4  ±  3.6 1.02  ±  0.08  � 65.6  ±  3.6 1.16  ±  0.16

S660C (DII) 6  � 67.7  ±  1.5 1.04  ±  0.03  � 68.6  ±  4.5 1.11  ±  0.04

L1115C (DIII) 6  � 70.2  ±  2.9 1.51  ±  0.1  � 127.1  ±  4.5  a  1.36  ±  0.18

S1436C (DIV) 12  � 69.8  ±  2.3 1.23  ±  0.06  � 79.7  ±  3  a  1.04  ±  0.04 a 

L1115C   (with TTX) 5  � 75.7  ±  3.6 1.10  ±  0.2  � 122.5  ±  4.3  a  1.79  ±  0.6

Boltzmann parameters from a fi rst-order fi t of F-V relationships before and after lidocaine application. Data represent the mean  ±  SE of 5 – 12 independent 

experiments ( n ).

  a  Signifi cance (P  ≤  0.01) was determined using a paired  t  test for each mutant before and after the addition of lidocaine. The parameters of L1115C mutant 

channels with and without TTX did not show any statistically signifi cant differences when compared using an unpaired  t  test.
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of charged lidocaine derivatives ( Cahalan, 1978 ;  Cahalan 

and Almers, 1979 ). The Q-V, but not F-V, curves were 

obtained by blocking ionic currents with TTX. There-

fore, we compared the F-V curves obtained before and 

after lidocaine in L1115C channels previously blocked 

by TTX ( Table II ). Our experiments show that the TTX 

does not signifi cantly alter the lidocaine-induced left-

ward shift in the F-V curve. These results are consistent 

with similar fi ndings in the cardiac channels ( Hanck 

et al., 1994 ). 

 Lidocaine Modifi es Both Fast and Slow Fluorescence 
Signals of the S4 of Domain III 
 Fluorescence measurements on the sodium channel 

show that the voltage sensors undergo at least two gat-

ing transitions. The early gating transitions correlate 

with the movement of the gating charge and are likely 

of domain IV abolishes use-dependent block. Our fi nd-

ings, however, show that compared with domain III, li-

docaine may have little effect on the movement of the 

S4 of domain IV. It is possible that the local anesthetic 

in the pore modestly stabilizes the S6 segment of do-

main IV. Alternatively, the S6 of domain IV is highly sta-

bilized in activated conformation by local anesthetic 

binding, but its coupling with the domain IV voltage 

sensor is not tight, allowing the voltage sensor to return 

with a limited energetic cost. 

 Lidocaine produces a relatively minor shift in the Q-V 

relationship of the sodium channels, whereas the F-V of 

the domain III voltage sensor was shifted by  > 50 mV. We 

consider the possibility that TTX affects lidocaine-in-

duced fl uorescence shift. Early gating current measure-

ments in the squid sodium channel have suggested that 

the TTX may allosterically increase the binding affi nity 

 Figure 3.   The effect of lidocaine on the on the 
voltage-dependent fl uorescence of labeled so-
dium channel domains. (A) Time-dependent 
fl uorescence changes from TMR-labeled S216C, 
S660C, L1115C, and S1436C channels before 
(left) and after (right) 10 mM lidocaine applica-
tion. Inset shows the pulse protocol. Each trace 
was obtained by averaging 10 trials with an interval 
of 1 s between pulses. The y axis in the scale bar 
represents percent fl uorescence change ( � F/F). 
L1115C fl uorescence traces were inverted for 
comparison. (B) Steady-state F-V relationship of 
TMR-labeled S216C, S660C, L1115C, and S1436C 
channels before (black) and after (red) a 10-
mM lidocaine application. Circles represent the 
means  ±  SE of at least fi ve independent experi-
ments, whereas the lines represent the best fi ts of the 
averaged data to a single Boltzmann function.   
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sodium currents predominantly in a use-dependent man-

ner. Furthermore, QX-314 is membrane impermeant 

and unlikely to perturb the lipid bilayer surrounding the 

voltage sensors.  Fig. 5  shows a representative use-depen-

dent block of potassium currents through the sodium 

channel by QX-314.  Ionic currents were recorded 10 min 

after the addition of QX-314 to the internal chamber of 

the cut-open oocyte setup. Typically, 200 pulses were suf-

fi cient to block outward currents completely in the pres-

ence of 3 mM QX-314. The remaining transient current 

after the block was the gating current. This was confi rmed 

by obtaining the current integrals, which were saturated 

at depolarized potentials for gating currents. 

 Before recording signals from QX-314 – modifi ed chan-

nels, we applied a train of depolarizing pulses (10 Hz, 

 � 10 mV) to ensure a complete block of ionic currents. 

This was immediately followed (within a 2-s interval) by a 

protocol to monitor fl uorescence signals from modifi ed 

channels ( Fig. 3 A , inset).  Fig. 6 A  shows representative 

voltage-dependent fl uorescence signals over time from 

the labeled cysteine mutants.  Analogous to lidocaine, the 

fl uorescence change from the S4 of domain III was satu-

rated at depolarizations beyond  � 70 mV, indicating that 

the voltage dependence of fl uorescence changes were 

shifted toward a hyperpolarized direction. 

 Plots of the F-V relationships show that L1115C and 

S1436C were left shifted upon QX-314 block of the so-

dium channels ( Fig. 6 B ). The midpoints of the F-V 

curve of the domain III were left-shifted by at least 65 

mV, whereas that of domain IV was left-shifted by 16 mV 

to account for the majority of the charge movement 

( Chanda and Bezanilla, 2002 ). To test whether lidocaine 

selectively inhibits one of the fl uorescence compo-

nents, we examined the voltage-dependent fl uorescence 

changes from another position (S1113) on the voltage 

sensor of domain III. The early component of fl uores-

cence at this position corresponds to an increase in 

fl uorescence intensity, whereas the late component 

corresponds to a decrease in fl uorescence intensity 

( Chanda and Bezanilla, 2002 ). Thus, both compo nents 

in the fl uorescence signals can be easily resolved.  Fig. 4 A  

shows a representative family of voltage- dependent 

fl uorescence traces from S1113C before and after 

the addition of lidocaine.  The F-V curve shows a clear 

initial increase corresponding to the early component, 

followed by a decrease in fl uorescence as the late com-

ponent predominates at more depolarized potentials 

( Fig. 4 B ). The transition point in the F-V curve shows 

a 40-mV leftward shift in the presence of lidocaine. 

Thus, both the early and late components were equally 

modifi ed by lidocaine and also suggest that the voltage-

dependent shift observed in the presence of lidocaine 

likely refl ects the general behavior of the voltage sensor 

of domain III. 

 QX-314 Has a More Pronounced Effect on the Voltage 
Sensors Compared with Lidocaine 
 QX-314 is a quaternary amine derivative of lidocaine 

generated by  N -ethyl substitution on the amine group 

( Fig. 1 B ). At saturating concentrations, QX-314 blocks 

 Figure 4.   The effect of lidocaine 
on an alternate site in the S4-DIII 
of the sodium channel. (A) Effect 
of 10 mM lidocaine on voltage-
dependent fl uorescence changes 
from TMR-labeled S1113C before 
(top) and after (bottom) lidocaine 
application. Inset shows the pulse 
protocol. The y axis in the scale 
bar represents percent fl uores-
cence change ( � F/F). The traces 
were obtained by averaging 10 tri-
als per test potential with an inter-
val of 1 s between pulses. (B) F-V 
relationships from TMR-labeled 
S1113C mutants before (black) 
and after (red) a 10-mM lidocaine 
application. The averaged fl uores-
cence intensity in the last 3 ms of 
the voltage pulse was measured 
(marked with dashed lines in 
A). These fl uorescence intensity 
changes were normalized to the 
maximum fl uorescence change. 
Circles represent the means  ±  SE 
of fi ve independent experiments, 
and the line represents the best 
fi t of the averaged data to a single 
Boltzmann function.   



8  Local Anesthetics Disrupt Interdomain Coupling 

shifts in the fl uorescence of domain III while simultane-

ously recording the development of use-dependent 

block.  Fig. 7 A  shows the normalized peak current am-

plitudes plotted along with normalized fl uorescence 

amplitudes obtained by repetitively pulsing to +50 mV 

from  � 120 mV at a 10-Hz frequency after the addition 

of QX-314.  With this pulse protocol, a large leftward 

shift in the voltage-dependent fl uorescence signals of 

the S4 of domain III is manifested as a decrease in fl uo-

rescence amplitude. The plot shows that within experi-

mental limits both ionic currents and fl uorescence 

signals decrease proportionately, indicating that the 

voltage sensor modifi cation correlates with QX-314 

block of sodium currents. 

 A recent study in the cardiac sodium channel has 

shown that a mutation of a conserved phenylalanine 

(equivalent to F1579 in rNav1.4) in the S6 segment 

abolishes both use-dependent block as well as charge 

immobilization in the presence of local anesthetics 

( Sheets et al., 2008 ). We tested the effect of QX-314 in-

teraction on S4 domain III fl uorescence in F1579A mu-

tant. Ionic currents from F1579A mutant did not show 

any signifi cant use-dependent block when compared 

with those obtained before QX-314 addition ( Fig. 7 B ). 

The F-V of domain III voltage sensor in the mutant 

channel was unaltered upon the application of QX-314 

( Fig. 7 C  and  Table III ). These fi ndings demonstrate 

that the modifi cation of the voltage sensors is due to the 

use-dependent block of the sodium channel by 

QX-314. 

 D I S C U S S I O N 

 Interaction of Local Anesthetic with the Pore Disrupts 
Energetic Coupling between the Voltage Sensors 
of the Sodium Channel 
 Local anesthetics bind preferentially to the sodium chan-

nel pore in the open state and reduce the total gating 

charge by  � 30% ( Hille, 1977 ;  Cahalan and Almers, 1979 ; 

 Hanck et al., 1994 ). Using a voltage clamp fl uorescence 

( Table III ).  Note that the F-V curve of domain III does 

not saturate even at  � 210 mV, suggesting that the 65-mV 

left shift is likely to be a low estimate. More remarkably, 

the F-V curves of the S4s of domains I and II were right-

shifted when the channels were blocked by QX-314. 

The depolarizing shift in the S4 of domain I was statisti-

cally signifi cant (P  ≤  0.01). These fi ndings indicate that 

QX-314 modifi es the interactions between the voltage 

sensors of the sodium channel, such that some of the 

domains (III and IV) are stabilized while others (domain I) 

are destabilized in the activated conformation. 

 A Residue in the Pore Is Essential for Use-dependent Block 
and Local Anesthetic – induced Shift in Movement 
of the Voltage Sensor of Domain III 
 We consider the possibility that local anesthetics affect 

the movement of the voltage sensors by either altering 

the membrane properties or by interacting with the 

voltage sensor. To address this issue, we monitored the 

 Figure 5.   The effect of saturating concentrations of QX-314 on 
ionic currents of the sodium channel. Use-dependent block of 
outward potassium currents through the sodium channel ob-
tained by repetitively pulsing in the presence of 3 mM QX-314. 
Red trace represents the current in the absence of QX-314. 
10 min after the application of 3 mM QX-314 to the internal so-
lution, ionic currents (black) were recorded by repetitive pulses 
(10 Hz frequency) to  � 10 mV for 20 ms after a  � 120-mV prepulse 
for 50 ms.   

 TA B L E  I I I 

 F-V Relationships before and after QX-314 Application 

Control 3 mM QX-314 (10 min)

Mutants  n Midpoint Slope Midpoint Slope

V m  e  0 V m  e  0 

S216C (DI) 5  � 71.3  ±  3.0 1.03  ±  0.08  � 60.4  ±  3.3  a  1.45  ±  0.17  a  

S660C (DII) 5  � 69.2  ±  1.6 0.95  ±  0.02  � 58.8  ±  4.9 1.19  ±  0.12

L1115C (DIII) 9  � 75.2  ±  1.02 1.43  ±  0.09  � 140.0  ±  3.2  a  1.05  ±  0.08  a  

S1436C (DIV) 5  � 63.0  ±  1.5 1.46  ±  0.06  � 79.8  ±  4.1  a  1.09  ±  0.07  a  

L111C/F1579A 4  � 62.9  ±  0.8 1.22  ±  0.07  � 56.94  ±  2.5 1.39  ±  0.18

Boltzmann parameters from a fi rst-order fi t of F-V relationships before and after QX-314 addition. Data represent the mean  ±  SE of at least fi ve independent 

experiments ( n ).

  a  Signifi cance (P  ≤  0.01) was determined using a paired  t  test for each mutant channel before and after the addition of QX-314.
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age sensors of the other three domains in the activated 

state. In contrast to those gating-modifi er toxins, local 

anesthetics have opposing effects on the different volt-

age sensors of the sodium channel. Thus, our fi ndings 

indicate that local anesthetics modify the coupling be-

tween the voltage sensors of the sodium channel. 

 Scanning mutagenesis experiments suggest that the 

residues in the S6 segments of domains I, III, and IV 

play a crucial role in use-dependent block by local anes-

thetics ( Ragsdale et al., 1996 ;  Yarov-Yarovoy et al., 2001, 

2002 ). A recent study using unnatural amino acids has 

shown that reducing the aromaticity of a highly con-

served phenylalanine at position 1,579 abolished use-

dependent block but had no effect on resting-state 

block ( Ahern et al., 2008 ). Although there is no direct 

struc tural evidence, molecular modeling suggests that the 

aromatic ring of F1579 interacts with the alkylamonium 

approach, we quantifi ed the effect of local anesthetics 

on the movement of S4 segments of the sodium chan-

nel. We fi nd that the permanently charged local anes-

thetic, QX-314, mainly stabilized the voltage sensors of 

domain III in an activated conformation. The voltage 

sensor of domain IV was slightly stabilized in the acti-

vated state. In contrast to the effects on domains III 

and IV, the voltage sensor of domain I was stabilized in 

the resting conformation. The voltage sensors of the 

rNaV1.4 channel were previously shown to be positively 

coupled to each other ( Chanda et al., 2004 ;  Campos 

et al., 2007 ). Stabilizing one of the voltage sensors in the 

resting state stabilizes the other voltage sensors of the 

sodium channel in the same conformation.  Campos 

et al. (2007)  have shown that  � -scorpion toxin, which 

binds specifi cally to domain II of the sodium channel 

and traps it in an activated state, also stabilizes the volt-

 Figure 6.   The effect of saturating concentra-
tions of QX-314 on the voltage-dependent fl uo-
rescence of labeled sodium channel domains. 
(A) Time-dependent fl uorescence changes from 
TMR-labeled S216C, S660C, L1115C, and S1436C 
channels are shown before (left) and after 
(right) the application of 3 mM QX-314. 10 min 
after the application of QX-314, oocytes were 
pulsed repetitively until ionic current block 
was complete (typically 200 pulses). Traces were 
obtained by averaging 10 trials per test potential 
with an interval of 1 s between pulses. The y axis 
in the scale bar represents percent fl uorescence 
change ( � F/F). L1115C fl uorescence traces were 
inverted for comparison. (B) Effect of 3 mM 
QX-314 on the steady-state F-V relationship of 
S216C, S660C, L1115C, and S1436C channels. 
Black and red traces represent the data before 
and after QX-314 application, respectively. Sym-
bols represent the mean  ±  SE of at least fi ve in-
dependent experiments, and lines represent the 
best fi ts of the averaged data to a single Boltzmann 
function. Steady-state fl uorescence intensities at 
each potential were normalized to the maximum 
changes in fl uorescence in each oocyte.   
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with lidocaine, causes a larger perturbation in the so-

dium channel. 

 In Relation to Previous Studies of Local Anesthetics 
on Sodium Channel Gating 
 Many pore blockers such as TEA that block the voltage-

dependent ion channels in a use-dependent fashion also 

modify the movement of the gating charge ( Cahalan and 

Almers, 1979 ;  Bezanilla et al., 1991 ). The total gating 

charge is reduced by  � 40% upon the addition of a satu-

rating concentration of local anesthetic ( Hanck et al., 

2000 ). In an effort to identity the specifi c voltage sensors, 

 Sheets and Hanck (2003)  examined the effect of mutat-

ing voltage sensor charges on the fraction of immobi-

lized gating charge. Neutralization of the charge-carrying 

residues in domains III and IV reduced the immobilized 

fraction, suggesting that those voltage sensors are af-

fected upon local anesthetic binding. Nonetheless, there 

are some signifi cant limitations of this approach. Muta-

tions may reduce the fraction of immobilized gating 

charge by disrupting the interaction between the volt-

age-sensing domain and the local anesthetic binding site. 

Furthermore, these measurements do not directly mea-

sure the movement of individual voltage sensors and, 

therefore, cannot provide a quantitative description of 

the effect on their stability and conformation. 

group of the local anesthetic ( Lipkind and Fozzard, 2005 ). 

Gating charge measurements show that mutating this 

site also abolishes charge immobilization by lidocaine, 

indicating that the resting-state block does not affect the 

movement of the voltage sensor ( Sheets et al., 2008 ). 

We fi nd that mutating this residue to alanine also elimi-

nates the QX-314 – induced shifts in the voltage-dependent 

movement of domain III. Collectively, these fi ndings are 

consistent with the notion that the binding of the local 

anesthetic to a site in the pore of the sodium channel 

modifi es the gating behavior of the channel. 

 The effect of QX-314 on the voltage sensors of the 

sodium channel was more pronounced compared with 

lidocaine. The voltage sensors of domain I showed a 

modest rightward shift upon the addition of QX-314, 

whereas lidocaine had no effect on the movement of 

this voltage sensor. Also, lidocaine had a smaller effect 

on the movement of the voltage sensor of domain III 

compared with QX-314. These differences between 

QX-314 and lidocaine on the voltage sensors of the so-

dium channel are likely to be due to the differences in 

the extent of use-dependent block. QX-314, which 

has a quaternary ammonium group, is a more potent 

use-dependent blocker than lidocaine ( Schwarz et al., 

1977 ). Nonetheless, we cannot rule out the possibility 

that the additional ethyl group on QX-314, compared 

 Figure 7.   Correlations between use-dependent block 
of ionic currents and voltage-dependent fl uorescence of 
S4-DIII. (A) A comparison of the development of use-de-
pendent block of ionic current and shift in the voltage-
dependent fl uorescence of S4-DIII (L1115C). Shift in the 
voltage dependence of fl uorescence manifests as a de-
crease in fl uorescence amplitude when pulsed from  � 120 
to +50 mV. Ionic currents and fl uorescence signals were 
obtained by pulsing repetitively (10 Hz frequency) 10 min 
after the addition of QX-314. Black symbols represent ionic 
currents, which were normalized to the current obtained 
before QX-314 application. Red symbols represent fl uores-
cence intensity, which was normalized to the fl uorescence 
signals before the addition of QX-314. Blue symbols rep-
resent fl uorescence intensity without QX-314 application 
obtained in an independent experiment. Large deviations 
in fl uorescence intensities occurred when the capacitor 
in the amplifi er headstage discharged in the middle of a 
trace. Those datasets were eliminated from the fi nal plots. 
(B) A comparison of use-dependent block in the L1115C 
and L1115C/F1579A double-mutant sodium channel. 
Use-dependent block of outward potassium currents was 
elicited by repetitively pulsing in the presence of 3 mM 
QX-314. Black symbols represent the current in the absence 
of QX-314 in the L1115C/F1579A channel. 10 min after 
the application of 3 mM QX-314 to the internal solution, 
ionic currents of L1115C/F1579A channel (red symbols) 
were recorded by repetitive pulses (10 Hz frequency) to 
 � 10 mV for 20 ms after a  � 120-mV prepulse for 50 ms. 

Blue symbols represent the current in the presence of QX-314 in the L1115C channel, obtained with the same protocol pulse. (C) Ef-
fect of QX-314 on the voltage-dependent fl uorescence of the L1115C/F1579A mutant channel. F-V relationships from TMR-labeled 
L1115C/F1579A mutants before (black) and after (red) a 3-mM QX-314 application (after 100 depolarizing pulses at 10 Hz frequency). 
These fl uorescence intensity changes were normalized to the maximum fl uorescence change. Circles represent the means  ±  SE of four 
independent experiments, and the line represents the best fi t of the averaged data to a single Boltzmann function.   
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gests that the gating charge reduction was unlikely to be a 

subtraction artifact. 

 The differences between gating current and fl uores-

cence data could be due to several reasons. The relation-

ship between the amplitude of fl uorescence signal and 

the size of the gating currents is poorly defi ned. Gating 

current depends on the amount of charge translocated 

across the electric fi eld, whereas the size of a fl uorescence 

signal depends on the extent of change in the surround-

ing environment, such as a polarity and proximity to 

quenching groups. One possible scenario to account for 

the differences between the gating current and fl uores-

cence data is that the binding of the drug modifi es the 

conformation of the channel, thereby distorting the elec-

tric fi eld. Consider, for instance, that the electric fi eld is 

focused over a distance of 5  Å  and a gating particle moving 

over this distance carries 1 e o  unit of charge. If, because 

of a change in the structure, the electric fi eld becomes 

less focused and is spread over a larger distance, say 10  Å , 

the effective charge would become 0.5 e o . The amplitude 

of S4 fl uorescence may remain the same in both cases. 

Alternatively, the fl uorescence signals from probes 

attached to the top of the S4 segment may not fully 

represent the charge movement in each domain ( Campos 

et al., 2008 ). The guanidinium moiety of arginine, which 

is the charge center, can be as much 6 – 7  Å  away from the 

backbone C �  carbon. Therefore, it is likely that the gating 

charges may contribute to currents that remain unde-

tected by the S4 fl uorophore ( Campos et al., 2008 ). 

 Structural Implications on Interdomain Coupling 
in Voltage-dependent Ion Channels 
 The BrMT binding site on the Shaker potassium chan-

nel remains poorly defi ned. In comparison, functional 

evidence strongly suggests that the local anesthetic 

binds to the pore-lining residues in domains III and IV. 

Our data ( Figs. 3, 6, and 7 ) also suggest that the binding 

of the local anesthetic to the pore affects the cooperativ-

ity between the voltage sensors of the sodium channel. 

Although we cannot rule out the possibility that the 

voltage sensors of the sodium channel interact with 

each other directly, we consider the alternative; namely, 

the interdomain cooperativity arises from coupling be-

tween the pore segments. Because the pore segments 

are themselves coupled to their corresponding voltage 

sensors, the voltage sensors of the different domains 

will be indirectly coupled. In the Shaker potassium 

channel, the fi nal transition leading to channel open-

ing is highly cooperative and may correspond to the 

splaying movement of the pore gates ( Smith-Maxwell 

et al., 1998a,b ;  Ledwell and Aldrich, 1999 ;  del Camino 

and Yellen, 2001 ). Nonetheless, there appears to be a 

fundamental difference between the gating mechanism 

of the Shaker potassium channel and the sodium chan-

nel. Several studies suggest that, unlike the sodium 

channel, the voltage sensors of the Shaker potassium 

 According to the Modulated Receptor model, the lo-

cal anesthetic stabilizes the sodium channel in the inac-

tivated state ( Hille, 1977 ). Our fl uorescence data show 

that the local anesthetic has a relatively modest effect 

on domain IV compared with domain III. This was par-

ticularly surprising in light of the evidence from several 

studies suggesting that the voltage sensor of domain IV 

plays a crucial role in the inactivation of the sodium 

channel ( Chen et al., 1996 ;  Horn et al., 2000 ;  Hanck 

and Sheets, 1995 ;  Sheets and Hanck, 1995 ). Thus, our 

fl uorescence recordings would suggest that the local an-

esthetic is unlikely to have a strong preference for the 

inactivated state of the sodium channel. Our observa-

tions are consistent with cysteine accessibility measure-

ments showing that the lidocaine binding did not affect 

the conformational changes associated with the IFM 

motif, a region known to be crucial for inactivation 

( Vedantham and Cannon, 1999 ). 

 Perhaps the most surprising fi nding of our study was 

that the addition of QX-314 caused a rightward shift 

in the voltage-dependent movement of domain I com-

pared with the large leftward shift in domain III. These 

effects were not observed in the gating current stud-

ies using lidocaine ( Sheets and Hanck, 2003 ). Voltage 

clamp fl uorescence measurements with sodium chan-

nel gating modifi ers such as site III and site IV toxins 

show that the voltage dependence of all four domains 

was shifted in the same direction by the toxins ( Campos 

et al., 2007, 2008 ). Thus, the local anesthetics appear 

to be unique among the family of sodium channel gat-

ing modifi ers. In addition to selectively modifying the 

movement of specifi c voltage sensors, local anesthetics 

disrupt the coupling between the domains of the so-

dium channel. Recently,  Sack and Aldrich (2006)  used 

sigmoidicity analysis of ionic currents to demonstrate 

that a gastropod toxin, 6-bromo-2-mercaptotyptamine 

(BrMT), induces intersubunit cooperativity in the early 

gating transitions of the Shaker potassium channel. This 

would suggest that voltage sensors of the potassium chan-

nel become coupled to each other in the presence of the 

toxin. Thus, both BrMT and local anesthetics modify the 

coupling between the subunits or domains of voltage-

gated ion channels. 

 Our fl uorescence measurements also show that the ac-

tivated state of domain III is highly stabilized but, in con-

trast to the gating current data, the voltage-sensing 

segment of domain III is still able to undergo the full ex-

tent of conformational change. Because the gating cur-

rent data were obtained by subtracting the linear capacity 

transients at a holding potential of  � 150 mV, we consid-

ered the possibility that a signifi cant fraction of the total 

gating charge is subtracted when the Q-V shifts to a more 

hyperpolarized potential. However, gating current mea-

surements with a prepulse from  � 170 mV and a subtrac-

tion holding potential at +40 mV did not alter the fraction 

of the reduced gating charge (not depicted). This sug-
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ated a sodium channel – like behavior. These simulations 

show that the second transition may play a crucial role 

in isolating the cooperative interactions in the pore 

from propagating backward to the voltage-sensing seg-

ments. Although this second transition in our model 

corresponds to the movement of the S6 gates, it could 

equally well represent any of the intermediate transi-

tions that link the voltage sensor movement to the open-

ing of the pore gates. For instance, the strength of the 

coupling between the voltage sensor and S6 may deter-

mine whether the intersubunit coupling in the fi nal 

transition propagates to the initial voltage-dependent 

transitions. This model allows us to understand how a 

limited change in a Shaker-like gating scheme can ac-

count for seemingly divergent behavior of the sodium 

and potassium channels. 

 Next, using the set of parameters that generates so-

dium channel – like behavior (K 3  and K 4  = 10), we con-

sider whether the local anesthetic stabilizes the X R Y A  

state (K 3  = 10 and K 4  = 100). This corresponds to stabi-

lizing the S6 of subunit Y in the open position ( Table IV ).  

 Fig. 8  shows that when the coupling is intact, this 

modifi cation causes a hyperpolarizing shift in the volt-

age-dependent movement of both subunits X and Y 

( Fig. 8 , left).  When in addition to this modifi cation the 

coupling is also eliminated ( n  = 1), the voltage depen-

dence of the subunits shifts in the opposite direction 

relative to the shifts obtained before drug application 

( Fig. 8 , right). The large leftward shift of subunit Y is 

similar to the local anesthetic effect on the movement 

of the S4 domain III, and the rightward shift of subunit 

X corresponds to those seen on the S4 domain I. There-

fore, a simple model where the local anesthetic disrupts 

interdomain coupling and stabilizes one of the pore 

gates in the activated position can account for the most 

signifi cant observation in our study. 

channel move independently of each other ( Zagotta 

et al., 1994 ;  Horn et al., 2000 ;  Mannuzzu and Isacoff, 

2000 ;  Pathak et al., 2005 ). 

 We considered a simple model with interdomain cou-

pling at the last transition in an attempt to account for 

our observations in the sodium channel (Fig. S2). This 

model is similar to the Zagotta-Aldrich-Hoshi model of 

gating of the Shaker potassium channel ( Zagotta et al., 

1994 ). Each subunit in this model undergoes two transi-

tions: R → A and A → O. The two subunits (referred to as 

X and Y) in this hypothetical channel are coupled ( n  is 

the coupling term) to each other in the fi nal step. If ei-

ther one of the subunits enters the O state, it favors an 

A → O transition in the other subunit. This simple model 

is equivalent to the Zagotta-Aldrich-Hoshi model of gat-

ing of the Shaker potassium channel ( Zagotta et al., 

1994 ). The R state could correspond to S4 in the resting 

state, A to S4 in the activated state with S6 in the closed 

position, and O to S6 in the open position. Thus, the fi -

nal concerted transition corresponds to the movement 

of the S6 gates. 

 The expressions describing the movements of each of 

the voltage sensors were derived analytically (see Mate-

rials and methods). We found that when the two sub-

units interact ( n  = 10), the equilibrium constants of the 

second transition (K 3  and K 4 ) play an important role in 

determining the steady-state behavior of the voltage 

sensors (F-V curves). When K 3  and K 4  favor forward 

transitions (K 3  and K 4   ≈  10), any perturbation in one 

domain resulted in the displacement of the F-V curve of 

the second domain (Fig. S3 and Table S1). On the other 

hand, when K 3  and K 4  favor reverse transitions (K 3  and 

K 4   ≈  0.1), the perturbations in one domain were not 

propagated to the second domain. This latter behavior 

is reminiscent of the effects seen in the Shaker potas-

sium channel, whereas the earlier parameters gener-

 TA B L E  I V 

 Parameters for F-V Curves in a Model System to Consider Two Possible Perturbations by the Local Anesthetic 

Case I Case II

Subunit X Subunit Y Subunit X Subunit Y

Coupling terms,  n 10

10 

  ↓  

 1

Input V m  values 0  � 50 0  � 50

Input K 3  values 10 N/A 10 N/A

Input K 4  values N/A

10 

  ↓  

 100

N/A

10 

  ↓  

 100

Output V m  values

 � 101.80 

  ↓  

  � 112.92

 � 123.49 

  ↓  

  � 170.37

 � 101.80 

  ↓  

  � 60.67

 � 123.49 

  ↓  

  � 166.76

K 1  and K 2  are determined by input V m  values and kept unchanged through these sets of simulations. The input K 3  and K 4  values determine the equilibrium 

of A → O transitions. As K 4  is increased, the S6 segment of subunit Y is stabilized in the activated position. In case II, the coupling term,  n , was reduced along 

with the change in K 4 . The output V m  values were calculated by fi tting the simulated F-V relationships of subunits X and Y with a Boltzmann function.
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an open conformation ( Lipkind and Fozzard, 2005 ). 

Some of the critical residues involved in local anesthetic 

binding, such as Y1586 in Nav1.4 channels, are present 

near a region where the four S6 helices cross, referred 

to as the bundle crossing. From the structure of the 

closed state of the potassium channel, it is clear that res-

idues of the four S6 segments interact intimately with 

each other at the bundle crossing ( Doyle et al., 1998 ). 

Thus, it is unlikely that the channel can be fully closed 

when a local anesthetic is bound to the sodium channel. 

Because the local anesthetic binding site is only in 

 A Possible Mechanism of Modulation of Voltage Sensors 
by Local Anesthetics 
 Finally, based on the available structural data and our 

fi ndings, we propose a preliminary physical model to 

explain the modulation of voltage-dependent gating by 

local anesthetics. The structures of the open potassium 

channels show that these S6 helices are bent in the 

hinge region above the bundle crossing, which causes 

an outward splaying of these helices ( Jiang et al., 2002 ). 

Molecular modeling of structure – function data show 

that the local anesthetic can bind to the channel only in 

 Figure 8.   Simulations of F-V re-
lationships in a simplifi ed model 
system to consider two possible per-
turbations by the local anesthetic. 
Simulated F-V curves tracking the 
voltage sensor movement (R → A 
transition) in the two subunits of 
a hypothetical channel (Subunit 
X [red] and Subunit Y [blue]). 
(Left) The effect of a perturbation 
that stabilizes the open state (K 4  = 
100) of the subunit Y while the cou-
pling remains intact ( n  = 10) on 
the F-V curves of the two subunits 
(Case I). (Right) The effect of per-
turbations stabilizing the open state 
(K 4  = 100) of the subunit Y and dis-
rupting the interdomain interac-
tion ( n  = 1) on the F-V curves of the 
two subunits (Case II). Both panels 
show that the F-V curves before 
(solid lines) and after perturbation 
(dashed lines). All parameters are 
listed in  Table IV .   

 Figure 9.   A schematic depicting a 
preliminary model of sodium chan-
nel modulation by local anesthetics. 
Local anesthetic binding to the open 
and inactivated state primarily stabi-
lizes the pore segments of domain III 
and to some extent of domain IV in the 
open state. Because the movement of 
pore helices (blue circles) is coupled 
to the voltage sensor (pink ellipsoids), 
local anesthetic binding also stabilizes 
the voltage sensors of domains III and 
IV in the activated state. The interdo-
main interaction is mediated by the 
residues near the inner helix bundle 
crossing. In this model, as in the potas-
sium channel, these residues interact 
in the closed state of the channel. This 
interaction is disrupted if the local an-
esthetic acts as a wedge and prevents 
the S6 segments of domains III and IV 
from fully closing.   
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domains III and IV, we propose that the S6 helices of 

these domains remain  “ stuck open ”  even upon repolar-

ization ( Fig. 9 ).  This does not necessarily mean that the 

S6 segments of domains III and IV always remain in the 

same conformation as in their open state. Our data show 

that the voltage sensors of domains III and IV can return 

to a resting conformation when a strong force, namely 

large voltage, is applied, suggesting that their corre-

sponding S6 segments are able to return to some sort of 

a closed conformation. Nonetheless, the important 

point here is that even when the S6 segments of do-

mains III and IV return to a closed-like conformation, 

their interactions with the other S6 segments were dis-

rupted. One possible scenario is that the S6 segments of 

domains III and IV do not return to a fully closed con-

formation in the presence of local anesthetic; conse-

quently, their helices are less tightly packed at the 

bundle crossing. We postulate that local anesthetic acts 

as a wedge that keeps the S6 segments of domains III 

and IV from fully closing. This conformation of the 

channel may be the basis for less tightly coupled voltage 

sensors of the sodium channel in the presence of local 

anesthetics. Support for the view that the residues in the 

bundle crossing play an important role in intersubunit 

coupling comes from studies in the Shaker potassium 

channel ( Yifrach and MacKinnon, 2002 ). Alanine-scan-
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residues lining the inner helix (S6) bundle crossing are in-

volved in the fi nal concerted opening transition. Most mu-
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destabilize the inherently stable closed state. Our fi ndings 

that local anesthetics disrupt interdomain cooperativity in 

the sodium channel are consistent with this emerging no-

tion that the pore region of voltage-gated ion channels 

plays a central role in intersubunit interaction. 
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