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Abstract

 

Time- and voltage-dependent local anesthetic effects on

sodium (Na) currents are generally interpreted using modu-

lated receptor models that require formation of drug-asso-

ciated nonconducting states with high affinity for the inacti-

vated channel. The availability of inactivation-deficient Na

channels has enabled us to test this traditional view of the

drug-channel interaction. Rat skeletal muscle Na channels

were mutated in the III-IV linker to disable fast inactivation

(F1304Q: FQ). Lidocaine accelerated the decay of whole-cell

FQ currents in 

 

Xenopus 

 

oocytes, reestablishing the wild-

 

type phenotype; peak inward current at

 

 

 

2

 

20 mV was

blocked with an IC

 

50

 

 of 513 

 

m

 

M, while plateau current was

blocked with an IC

 

50

 

 of only 74 

 

m

 

M (

 

P 

 

,

 

 0.005 vs. peak). In

single-channel experiments, mean open time was unaltered

and unitary current was only reduced at higher drug con-

centrations, suggesting that open-channel block does not ex-

plain the effect of lidocaine on FQ plateau current. We con-

sidered a simple model in which lidocaine reduced the free

energy for inactivation, causing altered coupling between

activation and inactivation. This model readily simulated

macroscopic Na current kinetics over a range of lidocaine

concentrations. Traditional modulated receptor models which

did not modify coupling between gating processes could not

reproduce the effects of lidocaine with rate constants con-

strained by single-channel data. Our results support a rein-

terpretation of local anesthetic action whereby lidocaine

functions as an allosteric effector to enhance Na channel in-

activation. (

 

J. Clin. Invest. 

 

1996. 98:2874–2886.) Key words:

lidocaine 
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modulated receptor 
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single-channel recording 
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Introduction

 

Sodium (Na) channels are membrane-spanning proteins that
form the basis of excitability in neuronal tissue, skeletal mus-
cle, and cardiac muscle. These dynamic macromolecules are

exquisitely sensitive to the voltage across the cell membrane.
When initially depolarized, Na channels assume an open con-
figuration through a gating process referred to as activation.
During maintained depolarization, Na channels eventually as-
sume a nonconducting state through a distinct process known
as inactivation. Inactivated channels cannot reopen; the chan-
nels must first recover to the resting conformation by spending
a repriming period at a hyperpolarized membrane potential.
Thus, when channels are subjected to a train of depolarizing
pulses in rapid succession, the availability of channels to open
declines progressively as they accumulate in the inactivated
state, a phenomenon referred to as use dependence. Local an-
esthetics such as lidocaine bind to and block Na channels in a
complex time-dependent manner. A major functional effect of
local anesthetics is to enhance use dependence and thereby to
suppress cellular excitability (1), particularly at high rates of
stimulation.

It is still unclear how local anesthetics exert their complex
actions on Na channels. The effects have generally been inter-
preted using modulated receptor theory (2, 3), which postu-
lates that local anesthetics bind preferentially to the inactiva-
ted state of the channel. High-affinity local anesthetic binding
induces additional nonconducting states which further reduce
the probability of channel opening. Although mathematical
models based on the modulated receptor hypothesis have suc-
cessfully reproduced use-dependent local anesthetic effects,
firm conclusions are necessarily limited by the assumptions re-
quired to choose a model for Na channel gating. Furthermore,
while the majority of lidocaine block appears to develop grad-
ually during depolarization with a time course parallel to chan-
nel inactivation, a significant fraction of local anesthetic block
also develops very rapidly, suggesting an additional interaction
between the local anesthetic and the open channel (4). It
therefore remains uncertain whether the functionally relevant
local anesthetic mechanism in use dependence is plugging of
the open pore by the cationic local anesthetic species (5–8) or
direct binding to (and stabilization of) the inactivated state (3,
9, 10). Either mechanism could enhance use dependence if the
drug-bound state liberates drug slowly enough to delay chan-
nel repriming.

Cloning and expression of the Na channel have enabled de-
tailed structure-function studies aimed at discerning the mo-
lecular basis of use dependence. In this regard, a recent study
has shown that mutation of a pore-lining phenylalanine resi-
due markedly reduces use-dependent block of Na channels by
etidocaine (11). Nevertheless, there is reason to question
whether block of the open pore has functional relevance. In
early studies, use-dependent block of Na channels by a perma-
nently charged lidocaine derivative (QX-314) was largely elim-
inated when channel inactivation was removed enzymatically
(6). Gating current measurements support the view that inacti-
vation and QX-314 block are functionally linked (12). In the
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human cardiac Na channel, lidocaine-induced use dependence
is reduced when fast inactivation is eliminated by mutation of a
triplet of hydrophobic III-IV linker residues (13, 14). Experi-
ments with long-chain alkylammonium compounds further
suggest that local anesthetic molecules may interact directly
with the inactivation mechanism (15).

To clarify the nature of the interaction between local anes-
thetics and the inactivation gating mechanism, we utilized site-
directed mutagenesis to disable, but not eliminate, Na channel
fast inactivation. We replaced a single phenylalanine residue in
the III-IV linker of the rat skeletal muscle Na channel (

 

m

 

1)

 

1

 

with glutamine (F1304Q) (13) and evaluated the effect of
lidocaine on these inactivation-disabled channels when ex-
pressed in 

 

Xenopus

 

 oocytes. In contrast to earlier reports with
fast inactivation entirely eliminated (6, 14), lidocaine enhanced
the decay of current flowing through F1304Q channels, essen-
tially restoring the wild-type phenotype. We implemented a
contemporary scheme for Na channel gating that incorporates
allosteric coupling between activation and fast inactivation
(16). When lidocaine effects were modeled as a simple dose-
dependent reduction in the free energy for inactivation, the al-
losteric coupling between activation and inactivation was mod-
ified, and our experimental results were faithfully reproduced.
In contrast, traditional open and inactivated-state modulated
receptor models that did not modify coupling between gating
processes were incapable of simulating the effects of lidocaine
within the kinetic constraints imposed by the single-channel
data. These findings necessitate a fundamental revision of the
prevailing concepts regarding the mechanism of local anes-
thetic action.

 

Methods

 

Mutagenesis and Na channel expression. 

 

Site-directed mutagenesis of
residues in the III-IV linker region of the rat skeletal muscle Na chan-
nel 

 

a

 

 subunit (17) was performed as previously described (18, 19). A
2.5-kb Sph 1-Kpn 1 restriction digest fragment from the 

 

m

 

1 cDNA
(nucleotides 2230 to 4760) was subcloned into pGEM-7Zf(

 

1

 

)
(Promega Corp., Madison, WI). Using this cassette, either the 1304-
position phenylalanine (F), or the entire 1303-1305 isoleucine, phenyl-
alanine, methionine (IFM) triplet was replaced with glutamines (Q)
(13) using oligonucleotide-directed mutagenesis and phenotypic se-
lection (20). After sequence confirmation, the resulting F1304Q (FQ)
or I1303Q-F1304Q-M1305Q (QQQ) mutant cassettes were sub-
cloned back into the full-length 

 

m

 

1 in the oocyte expression vector
pSP64T (21), and the entire plasmid was once again confirmed by
dideoxy-DNA sequencing in the III-IV linker region (22). The 

 

a

 

 sub-
units were expressed by cRNA microinjection into 

 

Xenopus

 

 oocytes.
As described in the results, in selected experiments cRNA encoding
the auxiliary 

 

b

 

1

 

 subunit (23) was coinjected with the 

 

a

 

 subunits in a 1:
1 molar ratio to augment channel expression (24). For FQ experi-
ments in HEK-293 cells, a plasmid was constructed with a cassette
containing an RSV promoter, the mutant Na channel coding se-
quence, and a bovine growth hormone polyadenylation signal. This
cassette was cloned into the cos203 vector (25), and was maintained
as an episome in cells selected with hygromycin B.

 

Electrophysiology. 

 

Whole-cell currents in 

 

Xenopus

 

 oocytes were
measured using a two-electrode voltage clamp (Warner, Hamden,
CT). The pipette contained 3 M KCl and the bath solution was ND-96

frog Ringers solution containing (mM): 96 NaCl, 2 KCl, 1 MgCl

 

2

 

, 5
Hepes, pH 7.6. Lidocaine-HCl (Abbott Laboratories, North Chicago,
IL) was added in appropriate amounts to the bath solution to collect
paired dose-response data. Full equilibration of the drug in the bath
and the oocyte was monitored by applying infrequent depolarizing
pulses during the wash-in period. We find that 3–5 min of perfusion is
necessary to provide steady state lidocaine effects on peak Na cur-
rent. Voltage clamp protocols are described in the figure legends. For
dose-response measurements, oocytes were held at 

 

2

 

100 mV for at
least 30 s before each test depolarization. Currents were sampled at
10 kHz and filtered at 1 kHz. For noninactivating currents (FQ,
QQQ), leak was corrected using an assumption of linearity by sub-
tracting 20% of the holding current at 

 

2

 

100 mV from the entire mac-
roscopic current recorded at 

 

2

 

20 mV. Dose-response data from indi-
vidual oocytes were fitted to a logistic function (1/(1 

 

1

 

 [D]/IC

 

50

 

)), and
differences between the fitted IC

 

50

 

 values for wild-type and mutant
Na channels were compared using one-way ANOVA (MicroCal Ori-
gin, Northampton, MA). Only dose-response experiments with con-
trol data and two or more concentrations of drug were included in the
analysis.

The effects of lidocaine on single-channel currents from wild-type
and FQ channels were studied in cell-attached patches (26). The
patch pipettes contained (mM): 140 NaCl, 10 Hepes, 1 BaCl

 

2

 

 (pH
7.4), and the bath solution was nominally Na-free and contained 140
KCl, 10 Hepes, pH 7.4. Lidocaine effects were studied unpaired by
addition of drug to the pipette solution at a 300 

 

m

 

M concentration.
A 5-min equilibration period after patch formation was allowed to es-
tablish steady state effects of lidocaine on the channel in the patch.
There were no time-dependent lidocaine effects on mean open time
or on the probability of late reopenings during experimental periods
lasting up to 60 min. To examine the effects of QX-314 (

 

N

 

-(2,6-dimeth-
ylphenyl-carbamoylmethyl) triethylammonium bromide; Alomone
Labs, Jerusalem, Israel) on FQ channels, it was necessary to use ex-
cised inside-out patches with QX-314 added to the perfusate. The pi-
pette and bath solutions were otherwise the same as for the cell-
attached patch experiments with lidocaine and FQ described above.
To increase the likelihood of recording Na channels in excised
patches, we coexpressed the FQ 

 

a

 

 subunit with 

 

b

 

1

 

. Such coexpression
increases the number of functional Na channels in the 

 

Xenopus

 

 mem-
brane without altering the permeation properties (27). Pipettes were
polished to 4–7 megaohms and tips were coated with Sylgard. All ex-
periments were performed at 20–22

 

8

 

C.
Single-channel data were collected at a sampling rate of 10 kHz

and filtered at 2 kHz using an Axopatch 200A patch clamp amplifier
and a TL1 DMA interface (Axon Instruments, Burlingame, CA).
Data were stored on hard disk for off-line analysis using custom-writ-
ten software in Microsoft Visual Basic

 

TM

 

 for Windows

 

TM

 

 (version
2.0). Single-channel records were idealized for open-time analysis us-
ing a half-amplitude criterion (28). All data are reported as mean

 

6

 

SD unless otherwise noted.

 

Markov modeling. 

 

To examine the effect of lidocaine on FQ gat-
ing, we fitted whole-cell currents to a contemporary gating model us-
ing a global fitting approach (29–31). The gating model, which utilizes
allosteric coupling between activation and inactivation, was recently
described by Kuo and Bean (16) for Na channel gating in rat CA1
neurons, and is described in detail in the Results section (Eq. 2). In
previous work (31) we used an expanded version of Eq. 2 with two
competing, parallel inactivation processes to account for the multiple
kinetic components in the FQ ensemble average current decay (see
Fig. 4 

 

B

 

). However, given our goal of expanding the model to include
local anesthetic effects, and recognizing the large number of addi-
tional nonconducting states required by modulated receptor models
of drug action, we utilized the original formulation of the Kuo and
Bean model with only a single parallel inactivation process (Eq. 2,
Results). Hence, the decay of simulated drug-free FQ current (see
Fig. 8) appears monoexponential, unlike ensemble average currents
simulated previously (31). Furthermore, the two-electrode voltage
clamp in oocytes does not reproduce the rapid wild-type Na channel

 

1. 

 

Abbreviations used in this paper:

 

 

 

m

 

1, rat skeletal muscle Na chan-
nel; FQ, F1304 mutation; QQQ, I1303-F1304-M1304Q triple muta-
tion.
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activation and inactivation kinetics observed in ensemble-average cur-
rents recorded from cell-attached patches. Because we utilized the
mean open times from single-channel experiments to restrict the rate
constant parameter search, the resulting simulated wild-type currents
in Fig. 8 better reflect ensemble average current behavior (see Fig.
4 

 

B

 

) than the slower activation and decay kinetics seen in whole oo-
cyte measurements (see Fig. 1). Nonetheless, because the decay of
FQ current during depolarization is far slower than wild-type, the
model-generated ensemble average FQ current decay compares fa-
vorably with that measured in whole-oocyte experiments; hence, the
rate constants given in the table in Fig. 8 (

 

bottom

 

) were utilized as
fixed parameters in our efforts to model the effects of lidocaine on
whole-cell FQ current decay.

The fitting algorithm determines a set of rate constants that mini-
mize the difference between the calculated probability of open-state
occupancy and the measured open-state probability. Whole-cell cur-
rents at 

 

2

 

20 mV were scaled into open-state probability curves using
peak open-state probabilities measured in cell-attached patches (31).
A numerical integration method for solving stiff sets of differential
equations was utilized to calculate open state probabilities (LSODA)
(32, 33) from a best-estimate set of initial rate constants. Data at mul-
tiple drug concentrations were fitted simultaneously to gating models
that differed only in the rate constants altered by the concentration of
drug (see Fig. 9). The inverse sum of the rate constants exiting the
open state was limited by the measured mean open time at 

 

2

 

20 mV.
A modified Simplex algorithm (34) was used to iteratively modify the
rate constants while minimizing the residual sum of squares. The fit-
ting procedure restarts from multiple sets of initial rate constants be-
fore ultimately converging at a final solution.

 

Results

 

Lidocaine effects on whole-cell currents from inactivation-defec-

tive Na channels. 

 

Whole-cell currents recorded from wild-
type Na channels expressed in 

 

Xenopus

 

 oocytes decay rapidly,
whereas FQ channels exhibit slower decay and a sizable persis-
tent plateau current at the end of a 100 ms depolarizing pulse
to 

 

2

 

20 mV (Fig. 1 

 

A

 

), as shown previously (35) for the analo-
gous human cardiac (hH1) Na channel mutant. The half-time
of current decay (the interval from the current peak to 50% re-
duction of the current amplitude) was 5.9

 

6

 

2.3 ms in wild-type
channels (

 

n

 

 

 

5

 

 40) vs. 45.9

 

6

 

23.3 ms in FQ channels (

 

n

 

 

 

5

 

 25,

 

P

 

 

 

,

 

 0.0001). Lidocaine added to the bath solution produced
dose-dependent blockage of both wild-type (

 

left

 

) and FQ
(

 

right

 

) Na currents during step depolarizations to 

 

2

 

20 mV
(Fig. 1 

 

A

 

). For FQ channels, the plateau current was blocked
much more potently than was the peak current. Indeed, at a
concentration of 300 

 

m

 

M, lidocaine nearly restored wild-type
inactivation to FQ whole-cell current. The dose-response rela-
tionships for both channels are shown in Fig. 1 

 

B.

 

 The mean
current scaled to the drug-free value is plotted for the peak in-
ward current (wild-type and FQ) and the plateau current (FQ
only, quantified 100 ms after stepping to 

 

2

 

20 mV). The peak
current dose-response curves for FQ (

 

solid triangles

 

) and wild-
type (

 

solid squares

 

) were similar. However, the FQ plateau
current (

 

open triangles

 

) was nearly an order of magnitude
more sensitive to lidocaine (IC

 

50

 

 

 

5

 

 74 

 

m

 

M vs. 513 

 

m

 

M for FQ
peak, 

 

P

 

 

 

,

 

 0.005).
Wild-type Na channels exhibit modal gating, consisting of a

predominant fast mode and a lower probability slow mode.
The prevalence of slow mode gating greatly influences the rate
of decay of wild-type whole-cell or ensemble average currents,
and saturating coexpression of the 

 

b

 

1

 

 subunit in 

 

Xenopus

 

 oo-
cytes nearly eliminates this slow gating mode (36–39) and ac-

celerates the decay of whole-cell current (23, 24). We have re-
cently shown that FQ channels also fluctuate between two
principal modes (bursting and nonbursting), that this mode
shifting influences the decay of FQ ensemble average current,
and that 

 

b

 

1

 

 coexpression reduces the probability of bursting
sweeps in cell-attached patches from 15% to 

 

, 

 

1% (31). There-
fore, it was important to determine whether the lidocaine-
induced acceleration of FQ whole-cell current decay was the
result of a selective interaction of drug with channels occupy-
ing the bursting mode. To exclude this possibility, the experi-
ments of Fig. 1 were repeated with 

 

b

 

1

 

 subunit coexpression.
Fig. 2, 

 

A

 

 and 

 

B

 

 show the dose-dependent effect of lidocaine on
whole cell currents from wild-type and FQ channels coex-
pressed with the 

 

b

 

1

 

 subunit (FQ 

 

1

 

 

 

b

 

1

 

). The dose-response
curves are shown for peak and 100 ms plateau currents in Fig.
2 

 

D.

 

 As before, lidocaine accelerated the decay of FQ 

 

1

 

 

 

b

 

1

 

current; the 100-ms plateau current was blocked with an IC

 

50

 

of 280 

 

m

 

M, while the peak current was blocked with a higher
IC

 

50

 

 of 1570 

 

m

 

M (

 

P

 

 

 

5

 

 0.008). Block of the FQ 

 

1

 

 

 

b

 

1

 

 peak cur-
rent was not significantly different from that of wild-type 

 

1

 

 

 

b

 

1

 

(IC

 

50

 

 

 

5

 

 1230; 

 

P

 

 

 

5

 

 0.08 versus FQ). The dose response curves
for lidocaine block of peak and plateau FQ and wild-type cur-

Figure 1. Lidocaine effects on whole-cell currents recorded from 
wild-type and FQ mutant m1 Na channels expressed in Xenopus oo-
cytes. (A) Currents recorded from an oocyte expressing wild-type a 
subunits (left) and another oocyte expressing FQ a subunits (right). 
The voltage clamp protocol is shown above the current traces. When 
added to the bath solution, lidocaine produced a dose-dependent cur-
rent reduction. The drug concentrations used in the wild-type and FQ 
experiments were the same (shown beside the FQ currents: 0, 30, 100, 
300, 1000 mM). (B) The dose-response relationships for wild-type 
peak current (filled squares; n 5 8 oocytes) and FQ peak (filled trian-

gles) and plateau (open triangles) current at 100 ms (n 5 5 oocytes) 
are plotted as mean6SD. The peak and plateau dose-response data 
were leak-subtracted and normalized to the control value measured 
in the same oocyte, and were then fitted to a logistic function 1/(1 1 
IC50). The solid lines are least-squares fits to the mean data.
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rents are noticeably shifted rightward by b1 coexpression
(compare to Fig. 1). The magnitude of this shift is nearly iden-
tical to that reported for lidocaine block of human heart (hH1)
Na currents (40), where block of peak current was shifted by
b1 coexpression from 500 to 1400 mM. An effect of b1 on the
lidocaine receptor has been proposed (40) as the mechanism
of this shift in lidocaine dose-response.

The prominent acceleration of FQ whole-cell current decay
by lidocaine even with b1 subunit coexpression suggests that
lidocaine must act on channels gating in the predominant, non-
bursting (31) mode. However, the mechanism by which lido-
caine interacts with the FQ channel still remains ill-defined.
The acceleration of FQ current decay may result from block-
ade of the open pore in a manner similar to tetraethylammo-
nium block of delayed rectifier potassium channels (41). Al-
ternatively, lidocaine may accelerate FQ current decay through
an interaction with Na channel inactivation. To discriminate
between these mechanisms, we used three complementary ap-
proaches. First, we compared the dose-dependent effect of
lidocaine on channels with inactivation partly disabled (FQ) to
channels with inactivation more fully disabled (QQQ). We
reasoned that if open-channel block is the primary mechanism
for acceleration of FQ current decay, this effect should not be
attenuated by a more severe lesion of the inactivation gating
apparatus. Second, to evaluate the open-channel kinetics of lo-
cal anesthetic block more specifically, we measured single-
channel FQ currents and examined the kinetic properties of
open-channel block. Finally, quantitative modeling was uti-
lized to examine whether inactivated-state or open-state mod-
ulated receptor models could simulate these data.

Comparison of lidocaine effects on QQQ channels to FQ

channels. Fig. 2, B and C compare the effect of lidocaine on
FQ and QQQ currents. Inspection of the early decay of cur-
rent through FQ and QQQ channels in the absence of drug
confirms the idea that inactivation is nearly completely elimi-
nated by the triple (QQQ) mutation (13). In contrast to FQ,
QQQ currents have less drug-induced decay during the depo-
larizing clamp step. Examination of the peak and plateau dose-
response relationships (Fig. 2 D) indicates that the IC50 for
lidocaine block of QQQ peak current (430 mM) was similar to
that of QQQ plateau (210 mM) current, and these IC50 values
did not differ significantly from the IC50 for FQ plateau current
(P 5 0.075). The similar sensitivity of peak and plateau QQQ
currents to lidocaine differs markedly from the drug effects on
FQ, and partly explains the attenuated drug-induced decay of
QQQ current compared to FQ. We quantified the drug-
induced decay for both mutants by plotting the ratio of
blocked plateau current to blocked peak current over a range
of lidocaine concentrations (Fig. 2 E). The line of unity (dotted

line) indicates the predicted result for no drug-induced current
decay. These results indicate that the time-dependent effect of
lidocaine on FQ currents during a depolarizing pulse differs
qualitatively from that for QQQ currents. This difference ar-
gues that the effect of lidocaine on FQ whole-cell current de-
cay is linked to the inactivation mechanism, rather than being
dependent on slow blockade of the open pore.

Lidocaine restores use dependence to FQ channels. As pre-
viously noted, 300 mM lidocaine restored the rapid decay of
whole-cell current to FQ channels (Fig. 1 B). If this occurred
through stabilization of the inactivation process, lidocaine

Figure 2. Comparison of 
lidocaine effects on wild-type, 
FQ and QQQ channels with the 
b1 subunit coexpressed. Whole-
cell currents were recorded from 
oocytes expressing wild-type 
(A), FQ (B), and QQQ channels 
(C). The currents were recorded 
in bath lidocaine concentrations 
of 0, 100, 300, and 1000 mM 
(shown beside the QQQ cur-
rents). (D) Lidocaine dose-
response curves for peak and 
plateau current reduction in 
wild-type (n 5 15), FQ (n 5 6), 
and QQQ (n 5 7) oocytes all 
with b1 subunit coexpressed. 
The data were normalized to 
the control current in the same 
oocyte, and were plotted 
(mean6SD). The mean values 
were fitted to the logistic func-
tion and are plotted as in Fig. 1. 
These fitted IC50 values were 
(mM): wild-type 5 1230; FQ 
peak 5 1572; FQ plateau 5 280; 
QQQ peak 5 431; QQQ pla-
teau 5 210. (E) The ratio of 
lidocaine-blocked plateau cur-

rent (DIplateau) to lidocaine-blocked peak current (DIpeak) is plotted as a function of lidocaine concentration (mean6SE) for the same oocytes as in 
D. At all concentrations, lidocaine block of QQQ current at 100 ms was similar to block of peak current. In contrast, the FQ block ratios were 
consistently . 1 at doses $ 100 mM due to greater reduction of plateau current than peak current.
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should also delay recovery from inactivation in FQ channels,
and thereby induce cumulative inactivation during a rapid
train of depolarizing pulses. Previous studies of human cardiac
Na channels with inactivation severely disabled by the QQQ
mutation showed that exposure to lidocaine did not induce use
dependence during a 10-Hz train (14). However, the greater
lidocaine sensitivity of FQ plateau current relative to QQQ
suggested that lidocaine might enhance use dependence in FQ
channels.

Fig. 3 A shows pairs of currents recorded from oocytes co-
expressing FQ and b1 subunits. Currents were measured dur-
ing consecutive 50-ms depolarizing pulses to 220 mV from
2100 mV at a frequency of 10 Hz. Currents are shown before
drug exposure (Fig. 3 A, left) and during superfusion with
lidocaine (right). In the absence of lidocaine, FQ channels ex-
hibit very little use-dependent reduction in peak current. How-
ever, with lidocaine present, the peak current during the sec-
ond pulse was significantly reduced relative to the first pulse.
Like wild-type channels exposed to lidocaine, FQ channels ex-
hibited delayed recovery from inactivation. Recovery from
inactivation is analyzed in detail in Fig. 3 B. After a 50-ms in-
activating prepulse (P1), recovery from inactivation after in-
creasing repriming intervals was assessed using a test pulse
(P2). As shown previously (42), FQ channels recover from in-
activation very rapidly (, 10 ms, open circles) in the absence
of drug. In the presence of lidocaine (filled squares), complete
recovery from inactivation was delayed for z 500 ms. This
delay in recovery was greater than that seen in drug-free solu-
tions even for wild-type (a 1 b1) channels with intact fast inac-

tivation (43). Thus, lidocaine not only accelerates FQ inactiva-
tion (Fig. 1 A), but also stabilizes inactivation, causing a delay
in recovery from inactivation and enhanced use dependence.

Lidocaine effects on single FQ channels. Single-channel re-
cordings are the most sensitive and direct means to examine
open channel block. In the absence of drug, cell-attached
single-channel recordings (Fig. 4 A) reveal that, relative to
wild-type channels, FQ channels open much more frequently
during each depolarization. The ensemble average currents as-
sembled from single-channel records (Fig. 4 B) reconstitute
the slow decay seen in whole-cell FQ recordings (Fig. 1 A).
Application of 300 mM lidocaine to FQ channels accelerated
the decay of ensemble average current (Fig. 4 B), confirming
the results from whole-cell recordings. Inspection of single-
channel activity during individual FQ records (Fig. 4 A) re-
veals that reopenings were less frequent in patches exposed to
lidocaine. The mean number of openings per FQ channel dur-
ing 100 consecutive depolarizing pulses (excluding blank
sweeps) was reduced by lidocaine from 16.360.8 to 8.760.5
(P , 0.0001).

Mean open times for FQ single channels were prolonged
relative to wild-type (31, 35, 42), but were still well-described
by a single exponential (31, 42). Drug association with the
open channel at a rate comparable to intrinsic wild-type inacti-
vation should be apparent as a reduction in the mean open
time. Fig. 5 A shows that FQ mean open time was minimally
altered by 300 mM lidocaine over a wide range of membrane
potentials (260 to 110 mV). At 210 mV, the mean open time
was 2.4760.1 ms in control solutions (n 5 4), and 2.1360.4 ms

Figure 3. Lidocaine delays re-
covery from FQ 1 b1 inactiva-
tion. (A) FQ 1 b1 currents mea-
sured during two consecutive 
50-ms depolarizing pulses sepa-
rated by a 100 ms recovery in-
terval at 2100 mV. In the ab-
sence of drug (left), channels 
recover fully from inactivation 
during the repriming interval, so 
that the measured currents are 
nearly identical. With lidocaine 
(1 mM) in the bath solution, the 
peak current measured during 
the second pulse is significantly 
reduced. (B) Recovery from in-
activation was assessed in 
greater detail using the paired-
pulse voltage-clamp protocol 
shown. After depolarizing oo-
cytes for 50 ms (P1), fractional 
recovery during a subsequent 
test pulse (P2) was assessed af-
ter an intervening recovery in-
terval. Drug-free channels re-
covered rapidly in less than 50 
ms (n 5 4 oocytes), but lido-
caine delayed recovery of FQ 
channels for $ 500 ms (n 5 6 
oocytes).
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in lidocaine (n 5 4). To exclude the possibility that b1 subunit
coexpression modifies the effect of lidocaine on FQ open time
through a mode shift, we performed additional cell-attached
patch experiments with FQ a subunits coexpressed with b1. At
210 mV, mean open times were minimally reduced from
2.3060.1 ms in control solutions (n 5 3) to 2.2260.5 ms in 300
mM lidocaine (n 5 3). These results suggest that the lidocaine-
induced decay of FQ whole-cell current does not result from
either an open-channel block mechanism (for review see refer-
ence 41) or a shift in gating modes.

A reduction in unitary current amplitude was apparent in
the single-channel records from patches exposed to lidocaine
(Fig. 4 A), consistent with very rapid open-channel block with
kinetics faster than the bandwidth of our recording apparatus
(44). Unitary FQ current amplitudes recorded in the absence
and presence of lidocaine are plotted as a function of mem-
brane potential in Fig. 5 B (left). While the absolute reduction
in unitary current amplitude by lidocaine is similar at each
voltage, the fractional reduction in unitary current increased
with depolarization in the manner predicted for intrapore
binding of a cation moving in the membrane electric field from
the cytoplasmic face (45). A logarithmic transformation of the
blocked and unblocked current amplitudes (Fig. 5 B, right) al-
lowed estimation of an electrical distance to the binding site
(d) of 0.68 from the cytoplasmic face, and an affinity at 0 mV
(Kd0) of 877 mM. This low affinity for the open pore differs
from estimates of lidocaine affinity for the inactivated state
(Kd z 1–12 mM) (4, 9, 46), but is consistent with other analyses
of fast voltage-dependent block of the open channel (47).
Rapid intrapore block reduces the unitary current amplitude
and scales the ensemble average current to some degree, but
would not accelerate the macroscopic current decay.

Rapid block of FQ channels by QX-314. At neutral pH, lido-
caine exists as a mixture of charged and uncharged species.
The charged species is responsible for the rapid low-affinity in-
trapore block (Fig. 4 A), and does not explain the lidocaine-

induced FQ current decay. Must this time-dependent effect of
lidocaine then result exclusively from the uncharged species?
To assess this, the permanently charged lidocaine derivative
QX-314 was studied in inside-out patches containing FQ chan-
nels. We reasoned that if the “hydrophobic pathway” (2) was
solely responsible for the time-dependent effect of lidocaine
on FQ current, QX-314 should exhibit rapid, low-affinity pore-
blocking characteristics, but should not accelerate ensemble
average current decay or significantly reduce the probability of
channel opening. Fig. 6 A shows selected sweeps at step poten-
tials from 260 mV to 0 mV before (left) and during (right) ex-
posure to 2 mM QX-314. The single-channel records suggest
that QX-314 blocks the open pore in a manner qualitatively
similar to lidocaine. Unitary current amplitudes from a patch
sequentially exposed to control solutions and two concentra-
tions of QX-314 are plotted as a function of transmembrane
potential (Fig. 6 B) and analyzed as for lidocaine in Fig. 5 B.

The affinity of the channel for QX-314 at 0 mV was low (Kd0 5
2.0–2.4 mM), and the estimated electrical distance to the bind-
ing site was similar to that of lidocaine (d 5 0.51–0.62, Fig. 6 B).
QX-314 block of excised FQ channels expressed in HEK-293
cells was similar to that measured in oocytes (data not shown,
d 5 0.51, Kd0 5 2.0 mM).

We next examined whether QX-314 blocks the open channel
with slower kinetics, on the order of the wild-type inactivation
rate. Fig. 7, A and B show open time histograms constructed
from oocyte data obtained before and during exposure to QX-
314. Similar to the results with lidocaine (Fig. 5 A), there was
no significant effect of 0.5 mM QX-314 on the mean open time
at 240 mV (control 5 1.4 ms, QX-314 5 1.3 ms) or at 260 mV
(control 5 0.8 ms, QX-314 5 0.9 ms; data not shown). How-
ever, while 0.5 mM QX-314 produced minimal open-channel
block effects (see also Fig. 6 B left, filled squares), the effect on the
probability of channel opening was substantial. Fig. 7 C is a diary
from an experiment showing the probability of channel opening
during repeated depolarizing steps to 240 mV. At 0.5 mM,

Figure 4. Representative single-
channel currents recorded from 
cell-attached patches in Xeno-

pus oocytes. (A) Wild-type 
(left), FQ (middle), and FQ with 
300 mM lidocaine in the patch 
electrode (right). Currents were 
elicited by membrane depolar-
ization from 2120 mV to 220 
mV at a frequency of 0.67 Hz. 
The wild-type patch contained 
two channels, the FQ patch con-
tained one channel, and the FQ-
lidocaine patch contained two 
channels. (B) Normalized en-
semble average currents were 
derived from the patches shown 
in A. The ensemble currents 
were assembled from (left to 
right) 516, 1000, and 518 ideal-
ized records, respectively.
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QX-314 significantly reduced the channel activity, and increas-
ing to 2 mM QX-314 actually made channel openings rare. The
drug effect was partially reversible (Fig. 7 C). Fig. 7 D shows the
effect of 0.5 mM QX-314 on ensemble average current at 240
mV. Similar to lidocaine (Fig. 1 A), QX-314 hastened the de-
cay and reduced the plateau of the ensemble average current.
Although QX-314, like lidocaine, exhibits rapid pore block, the
effect is small at doses which substantially reduce the probabil-
ity of channel opening and accelerate the decay of ensemble
average current. These results suggest that the charged lido-
caine species contributes to both low affinity open channel block
as well as a higher affinity inactivation-enhancing mechanism.

A model for lidocaine block. Modulated receptor models
for local anesthetic block that are based on a simple 3-state Na
channel gating model (Eq. 1) only consider drug binding to
channels that are fully activated (open) or inactivated; hence,

any rapidly developing block component is explained by high
affinity for the open-channel (4).

Drug-free: Rested  Open  Inactivated
(1)

Drug-associated: *Rested  Open  Inactivated

In their original work, Hodgkin and Huxley (48) deduced that
distinct processes control Na channel opening and inactiva-
tion. Later single-channel measurements confirmed that Na
channels need not open to inactivate (49, 50); while some
channels may inactivate after opening, a significant fraction in-
activate directly from closed states during the channel activa-
tion process. However, Na channel gating current measure-
ments (51) and structure-function studies of paramyotonia
congenita mutations (52) have confirmed that inactivation is at
least partially coupled to activation. Contemporary models of
Na channel gating thus define the coupling between activation
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Figure 5. Analysis of open channel block by lidocaine. (A) Mean 
open times (mean6SD) determined from single-exponential fits to 
open-time histograms composed from unitary currents measured dur-
ing repeated step depolarizations to 220 mV. Data are shown for FQ 
(open squares, 3 patches) and FQ with lidocaine (filled squares, 4 
patches). (B, left) Unitary FQ currents (mean6SD) from the same 
patches as in A are plotted as a function of membrane potential in the 
absence (open squares) and presence (filled squares) of lidocaine. 
Dotted lines are linear fits to the mean data. (Right) The blocked (ib) 
and unblocked (i0) mean current amplitudes were replotted as y 5 ln 
[ib/(i0–ib)]. The slope and y intercept of the best linear fit to the trans-
formed data were then used to estimate the electrical distance to the 
binding site from the cytoplasmic face (d) and the affinity of the chan-
nel for lidocaine at 0 mV (Kd0) (45).

Figure 6. Open-state block of FQ channels. (A) Single FQ currents 
recorded from inside-out excised patches at four voltages are shown in 
the absence (left) and presence (right) of 2 mM QX-314. The effect 
of 2 mM QX-314 is a voltage-dependent reduction in unitary current 
amplitude. The sample rate was 10 kHz, and data were filtered at 2 
kHz. The patch contained 4 channels. (B, left) Unitary current ampli-
tudes measured from the same patch before exposure to drug (open 

circles), and during exposure to 0.5 mM (filled squares) and 2.0 mM 
QX-314 (filled triangles). The effects of QX-314 on unitary current 
amplitude were fully reversible. (Right) Fractional electrical distance 
to the site of block and the channel affinity for QX-314 were calcu-
lated as in Fig. 5 B. Calculations based on current amplitudes mea-
sured in 0.5 mM (open squares) and 2.0 mM QX-314 (open triangles) 
yielded similar results.
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and fast inactivation explicitly (16, 53, 54), allowing pharmaco-
logic or gating interactions throughout the activation process.

Mutagenesis experiments have suggested that fast inactiva-
tion of Na channels results from closure of the cytoplasmic III-IV
linker over the inner mouth of the pore (13, 55–59). Consistent
with this interpretation, a recent analysis treated fast inactiva-
tion as a particle-binding process coupled in parallel to activa-
tion (Eq. 2) (16). The activation process was modeled as move-
ment of four independent, identical voltage sensors, followed
by an additional opening step. The inactivation rate constants
were multiplied by a scaling factor (a) which increased the af-
finity of the channel for the inactivation particle as it pro-
gressed through the activation sequence, but at the same time
allowed a significant fraction of channels to inactivate early
from closed states. This type of coupling between activation
and inactivation closely resembles a gating model for calcium
channel activation and dihydropyridine agonist effects (60),
where activation and channel opening were coupled using a
Monod-Wyman-Changeux paradigm for cooperativity in allo-
steric proteins (61).

C1   C2   C3   C4   C5   Open

k1 k2 k1/a k2a k1/a k2a
2 k1/a

3 k2a
3 k1/a

4 k2a
4 k3 k4

C1I   C2I   C3I   C4I   C5I   I

a 5 [(k1/k2)/(k3/k4)]1/8 (2)
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Using this model we simulated wild-type and FQ macro-
scopic currents in the absence of drug (Fig. 8). The activation/
deactivation (a, b, g, d: horizontal) rate constants (Fig. 8, bot-

tom) for wild-type and FQ were identical, while the inactivation
rate constants (k1, k2, k3, k4: vertical) differed for wild-type
and FQ to reflect the dual effect of the mutation on the inacti-
vation gate association (k2 and k4) and dissociation (k1 and k3)
rates (31, 35, 62). For FQ, k1 and k3 are increased, while k4 is
decreased relative to wild-type. Based on these rate constants,
the predicted drug-free mean open times at 220 mV were 0.44
ms for wild-type and 1.7 ms for FQ, consistent with measured
values in cell-attached patches (31).

To examine whether local anesthetics alter Na channel gat-
ing by influencing coupling between gating processes, we first
tested whether modulated receptor schemes that ignore such
an effect could reproduce the effects of lidocaine on FQ cur-
rents (Fig. 9). Model A examines the possibility that lidocaine
binds to the activating channel as an independent blocking par-
ticle, with increasing affinity as the channel progresses toward
opening. This model is the analogue of the open-state block
model employing the classical Hodgkin-Huxley gating para-
digm. Kuo and Bean (16) simulated recovery from diphenylhy-
dantoin block in this manner, and imparted slower unbinding
kinetics to drug than to the native inactivation particle. Al-
though this framework was adequate for reproducing FQ currents
at particular lidocaine concentrations, Fig. 9 (bottom, left) shows
that it was not possible to simulate drug effects over a broad
range of drug concentrations with the same kinetic model.
Rate constants that reasonably simulate the currents measured
in 300 mM lidocaine cause an implausible overshoot at 30 mM

Figure 7. The effect of QX-314 
on mean open time and proba-
bility of channel opening. (A 
and B) QX-314 does not signifi-
cantly change channel open 
times. Open time histograms are 
shown for FQ in the absence 
and presence of 0.5 mM QX-314 
at 240 mV. The bin size 5 0.1 
ms, and the superimposed solid 
lines are least-squares single ex-
ponential fits. (C) Activity diary 
of an oocyte patch during a con-
trol period, after exposure to 0.5 
mM QX-314, then 2.0 mM QX-
314, followed by a washout pe-
riod. The patch was depolarized 
from 2120 mV to 240 mV for 
280 ms at a 1.5-s repetition in-
terval. The patch activity (N 3 
Popen) reflects the product of the 
probability of a single-channel 
opening and the number of 
channels in the patch; in this 
patch, n 5 4 channels. QX-314 
reduced the likelihood of chan-
nel opening in a concentration-
dependent manner and was par-
tially reversible. (D) Ensemble 
average of the nonidealized sin-

gle-channel current for the patch described in C. QX-314 at a 0.5 mM concentration hastens the ensemble average current decay. The control en-
semble average contains 16 sweeps; the drug-exposed ensemble average is from the same oocyte and contains 30 sweeps.
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(Fig. 1 A). Further, in order to simulate the effect of lidocaine
on macroscopic FQ at concentrations $ 300 mM, drug on-rates
were so high that they reduced the predicted mean open time
by 42%, inconsistent with our single-channel results (Fig. 5 A).

Model B (Fig. 9) examines high-affinity lidocaine binding
to the inactivated channel. The analogous modulated-receptor
model based on a traditional Hodgkin-Huxley gating scheme
is shown for comparison. This model has historical significance
as a successful paradigm for explaining use-dependence and
delayed recovery from inactivation for lidocaine-exposed Na
channels. In the limit (infinitely high lidocaine concentration),
such binding would render inactivation entirely absorbing. We
reproduced this limiting case by eliminating all return pathways
from inactivated states (Eq. 2: k1, k3 → 0). While this model of
lidocaine action enhanced the decay rate of FQ currents to
some degree (Fig. 9; bottom, middle), the acceleration of decay
was not adequate to simulate lidocaine effects at concentra-
tions $ 100 mM.

While Kuo and Bean (16) treated diphenylhydantoin bind-
ing and inactivation as independent and competitive processes,
our data (Figs. 1–3) suggest that lidocaine actually restores and
enhances the impaired FQ inactivation mechanism. The inabil-
ity of FQ channels to inactivate normally results partly from
destabilization of the inactivated state of the channel, such that
inactivation is no longer absorbing (35); in the hinged-lid
model of fast inactivation (13, 59), this effect of FQ would be
interpreted as a defect in the binding or latching mechanism
that holds the gate shut. However, the substantial increase in
mean open time for FQ relative to wild-type (Fig. 4 C) indi-
cates that the association rate of the inactivation gate with the
open channel is also reduced (31). In studies of cloned human
cardiac Na channels (35), the analogous III-IV linker muta-
tions also inhibited inactivation from closed states. Hence, if
lidocaine restores and stabilizes the fast inactivation mecha-
nism, it must increase the inactivation-gate association (for-
ward) rates from both the closed and open states (k2 and k4, re-
spectively), and at the same time augment inactivated-state
stability by decreasing the inactivation gate dissociation (re-
verse) rates (k1 and k3). A drug-induced reduction in free en-
ergy (DG) for the inactivated channel conformation would
produce these kinetic effects. This idea is depicted in the sim-
plified free energy diagram shown below.

To quantitatively examine this paradigm for drug action,
we assumed that drug affinity for the inactivated states (bot-

tom) exceeded that for the noninactivated states (top) in Eq. 2.
This assumption allows the rate constants controlling inactiva-
tion of drug-associated states to differ from those controlling
drug-free gating without violating thermodynamic principles.
To implement this effect using the model shown in Eq. 2, as a
first approximation we used scale factors to render dose-
dependent changes in the inactivation forward and reverse
rate constants constants as follows:

*k25k2(11Aon[Lidocaine]); *k45k4(11Aon[Lidocaine])
*k15k1(12Aoff[Lidocaine]); *k35k3(12Aoff[Lidocaine])

(3b)

In Eq. 3b, the influence of lidocaine on the free energy of
inactivation gate association and dissociation is embedded in
the scale factors Aon and Aoff respectively. Fig. 9 (Model C,
right) shows that this model for lidocaine action faithfully re-
produced the dose-dependent effects of lidocaine on FQ cur-
rents (compare with Fig. 1 A). When the inactivation rate con-
stants (k1, k2, k3, and k4) were modified by drug using Aon 5
9.85 3 1023 and Aoff 5 9.9 3 1024, the predicted drug-induced
change in FQ mean open time was 7% at 100 mM (1.61 ms),
and 15% at 300 mM (1.44 ms). These small changes in open
time are entirely consistent with our open-time measurements
in cell-patches (Fig. 5 A), where lidocaine (300 mM) caused a
small, but statistically insignificant, reduction in mean open
time at membrane potentials $ 230 mV.

Figure 8. A contemporary gating model for inactivation-disabled Na 
channels. Simulated macroscopic currents are shown for wild-type 
(left) and FQ (right) Na channels using a model described by Kuo and 
Bean (16) (Eq. 2). The model was iteratively adjusted to find an opti-
mal set of rate constants using a stiff differential equation solver and 
a Simplex parameter search algorithm as described previously (30). 
The parameter search was constrained by the peak open-channel 
probabilities (data not shown) and mean open times (31) to produce 
simulations consistent with kinetic parameters determined from sin-
gle-channel data. These constraints provided simulated currents with 
peak open probabilities of 0.21 and 0.54 for wild-type and FQ chan-
nels, respectively (the simulations as shown are normalized to match 
the two peaks). The resultant wild-type and FQ model rate constants 
are shown at the bottom; note that only the inactivation rates (verti-
cal rate constants, Eq. 2) were allowed to differ for the wild-type and 
FQ models.
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Through lowering the reverse inactivation rate constants
(k1, k3) and increasing the forward inactivation rate constants
(k2, k4), lidocaine altered the allosteric coupling relationship
between activation and inactivation, causing channels to inacti-
vate more readily from closed states in the activation se-
quence, as well as from the open state. For Model C, the prob-
ability that a channel reaching state C4 (Eq. 2) will inactivate
directly to C4I is only 0.04 in the absence of drug, but increases
to 0.15 in 300 mM lidocaine. Alteration in activation-inacti-
vation coupling may also underlie the difference in lidocaine
action between FQ and QQQ (Fig. 2, B and C). Nearly 75% of
wild-type channels inactivate from closed states (rather than
open) during a depolarization to 220 mV (31, 35), causing null
sweeps in cell-attached patch recordings. In our model, the FQ
rate constants for inactivation from early closed states (Eq. 2,
state C1) were markedly enhanced over wild-type (k2 increased
100-fold over wild-type, see table in Fig. 8). While a recent sin-
gle-channel analysis of FQ and QQQ-hH1 channels suggested
that closed state inactivation was rare for these mutants (35),
the lack of null FQ and QQQ sweeps relative to wild-type may
only imply that FQ and QQQ inactivated states are less ab-
sorbing. Consistent with this idea, the FQ model return rate
constant (Eq. 2, k1) from the earliest closed-inactivated state
(CI1) was exceptionally large (Fig. 8, z 106 s21) compared to
wild-type. Assuming an even greater effect on QQQ closed
state inactivation forward and reverse rate constants, a sub-
stantial number of QQQ openings during the initial depolar-
ization period may derive from channels that briefly transit
through closed inactivated states before opening, and there-
fore contribute to the peak whole-cell current. If lidocaine
speeds entry into the closed inactivated states and also en-
hances their absorbing character (as Model C suggests), then a

greater effect of lidocaine on the QQQ peak current might be
anticipated. Such a mechanism would predict a delayed com-
ponent in the first latency distribution for QQQ channels.

Discussion

Lidocaine restores inactivation of FQ channels. Site-directed mu-
tagenesis of hydrophobic residues in the III-IV linker of the
Na channel a subunit produces channels with impaired fast in-
activation (13). Whole-cell currents from FQ channels exhib-
ited slow decay, with z 50% reduction from the peak after 100
ms at 220 mV. Lidocaine hastened the decay of FQ current in
both whole-cell recordings (Fig. 1) and ensemble-average cur-
rents from cell-attached patches (Fig. 4). Further, lidocaine re-
stored use dependence to FQ channels by delaying recovery
from inactivation (Fig. 3), apparently restoring wild-type inac-
tivation gating characteristics. The IC50 for lidocaine block of
FQ plateau current (74 mM) approached the lidocaine Kd val-
ues recently reported for steady state block of wild-type chan-
nels fully inactivated by long depolarizing prepulses (12 mM)
(46), and differed markedly from the low (z mM) affinities re-
ported for open-pore lidocaine block (47).

It is well established that the rate of decay of wild-type
whole-cell Na current is delayed by a prominent bursting
mode, and that saturating coexpression of b1 subunit in Xeno-

pus oocytes essentially eliminates this gating mode (36–39) and
accelerates the decay of whole-cell current (23, 24). The pres-
ence of an analogous bursting mode in FQ single channel
records without b1 coexpression (31) prompted us to evaluate
whether lidocaine may act selectively on such channels, and
thus enhance the decay of ensemble average FQ current. The
prominent acceleration of FQ whole-cell current decay by

Figure 9. Comparison of three 
gating models for lidocaine ef-
fects on inactivation-disabled Na 
channels (see text). Models A 
and B are traditional modulated-
receptor models for high-affin-
ity open and inactivated-chan-
nel block, respectively. In model 
C, lidocaine possesses enhanced 
affinity for the inactivated chan-
nel, and also functions as an ef-
fector of allosteric gating by al-
tering coupling between 
activation and inactivation. 
Only model C was capable of ac-
curately simulating FQ macro-
scopic currents (see Fig. 1 A) 
over the full range of lidocaine 
concentrations tested.
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lidocaine (Fig. 2) even with b1 subunit coexpression (which es-
sentially eliminates bursting openings [31]) suggests that lido-
caine must accelerate FQ current decay primarily through an
effect on channels gating in the predominant, nonbursting
mode. We did observe a striking rightward shift in the FQ-
lidocaine dose response curve with b1 coexpression. This b1-
induced shift in the FQ dose-response curve is nearly identical
to that reported recently for lidocaine block of human heart
(hH1) wild-type Na channels (40). The basis of this shift is
poorly understood, but may reflect an effect of b1 on the
lidocaine binding site (40).

The effect of lidocaine on FQ current decay could result
from drug-induced stabilization or acceleration of inactivation;
alternatively, accelerated decay of whole-cell current could be
due to lidocaine block of the open pore in a manner analogous
to block of delayed rectifier potassium currents by tetraethyl-
ammonium ion derivatives (41). This uncertainty reflects long-
standing controversy over the relative importance of the open-
state and the inactivated-state in local anesthetic-induced use
dependence. The decay acceleration seen with FQ was mark-
edly attenuated in QQQ, a mutation with more defective inac-
tivation (Fig. 2 E). Given the similarity in FQ and QQQ single
channel conductance (35), it is unlikely that the increased sen-
sitivity of the QQQ peak whole cell current to lidocaine (and
the relative sparing of FQ and wild-type peak current) results
from enhanced sensitivity of the open QQQ channel to drug.
Rather, we suggest that the more severe inactivation lesion may
allow some channels to inactivate transiently from closed states
and then open early during depolarization, thereby increasing
the lidocaine sensitivity of peak whole-cell QQQ current.

To examine more directly the effects of local anesthetics on
the open pore, single FQ channels were examined. A low-
affinity voltage-dependent reduction in unitary current ampli-
tude was identified for both lidocaine (Fig. 5 B) and QX-314
(Fig. 6 B), consistent with a rapid flicker-block mechanism,
with an estimated electrical distance to the binding site from
the cytoplasmic side (d 5 0.5–0.7). This electrical distance is
similar to that measured in recent work with single cardiac Na
channels and permanently charged lidocaine derivatives (d 5
0.70) (8). The rapid kinetics of this block process would only
scale the ensemble average current; further, both lidocaine
(Fig. 4 B) and QX-314 (Fig. 7 D) enhance macroscopic inacti-
vation at concentrations below the Kd’s for flicker block, sug-
gesting that these drug effects are mechanistically distinct.
While these experiments cannot discern the relative impor-
tance of the charged and uncharged local anesthetic species,
the charged congener is certainly capable of enhancing inacti-
vation in FQ channels.

A slower mode of open-channel block may appear as a re-
duction in mean open time in single-channel experiments. We
detected a small but statistically insignificant change in FQ
mean open time in cell-attached patches using lidocaine con-
centrations that markedly reduced the number of reopenings
during a depolarizing clamp step (Fig. 4). Although these re-
sults differ from the reduction in mean open time by lidocaine
originally reported by Nilius for Na channels in guinea pig ven-
tricular myocytes (63), our results are nonetheless consistent
with those of Grant et al. (64) in rabbit ventricular myocytes,
as well as recent studies of inactivation-disabled human car-
diac Na channels and lidocaine (14). The invariance of the
mean open time would suggest that binding to the open chan-
nel with association kinetics similar to the wild-type fast-inacti-

vation process does not occur. In a setting of coexistent open-
channel flicker block that is rapid relative to intrinsic gating,
measured open times may be prolonged by an amount that de-
pends on the drug binding kinetics (65). This effect could mask
a discrete lidocaine-induced shortening of the open-state dwell
time. However, lidocaine accelerated the decay of macroscopic
FQ current at doses well below 100 mM (Fig. 1); in contrast,
the Kd for lidocaine rapid block of the open pore was 877 mM
(Fig. 5 B). Hence, rapid open-channel block would have little
effect on the measured open time at low lidocaine doses that
are sufficient to accelerate FQ current decay. Nonetheless, on
the basis of these single-channel experiments we cannot ex-
clude the possibility that drug associates with the open channel
very slowly, as the associated change in mean open time would
undoubtedly fall below our detection threshold. Open-channel
block on this time scale (seconds) may scale the FQ macro-
scopic current, but should not restore wild-type decay during a
100 ms depolarizing pulse.

A revised model for local anesthetic action. Using a contem-
porary model of Na channel gating (Eq. 2) which considers fast
inactivation as a particle-binding process allosterically coupled
to activation (16), we simulated the effects of lidocaine on FQ
channels using modulated-receptor models of open or inacti-
vated state high-affinity binding (Fig. 9, A and B). When con-
strained by the single channel data from cell-attached patches, we
found both models to be inadequate to reproduce the effects
of lidocaine on FQ currents over a range of concentrations.
The inability of the modulated receptor models to reproduce
the experimental data challenges the traditional paradigm for
local anesthetic action which relies heavily on the formation of
nonconducting drug-associated open or inactivated states. The
notion of a drug-induced reduction in the free energy for inac-
tivation (Fig. 9 C) enabled us to simulate the effects of lido-
caine on FQ current using only two additional parameters
(Aon, Aoff). As an effector of allosteric coupling, this paradigm
for local anesthetic action bears general similarity to a recently
proposed mechanism for dihydropyridine agonist action on
the L-type Ca channel (60).

Many sites in the Na channel influence binding of the inac-
tivation particle (the III-IV linker) to the intracellular face of
the pore. On the III-IV linker itself, in addition to the hydro-
phobic IFM triplet, deletion of nearby residues (KPQ) disrupts
cardiac Na channel inactivation (66). In addition, mutation of
particular residues on the intracellular ends of transmembrane
segments S4-S6 on domains III and IV attenuate fast inactiva-
tion, perhaps through disrupting the receptor or latch for the
inactivation gate (67–70). The effects of these mutations on lo-
cal anesthetic block are varied. The paramyotonia mutation
T1313M on the III-IV linker reduced use-dependent block of
skeletal muscle Na channels by lidocaine (71). However, low
doses of the lidocaine derivative mexilitine blocked the non-
inactivating plateau current generated by intracellular S4/S5
mutations that disrupt the putative inactivation gate receptor
(68). When considered in light of our data, a compelling hy-
pothesis is that lidocaine, when bound to the channel, strength-
ens the latch mechanism. In this manner, drug would similarly
enhance inactivation of wild-type and inactivation-disabled
channels.

While binding in the pore may underlie low-affinity volt-
age-dependent block by charged local anesthetics, the higher-
affinity binding site that influences Na channel inactivation re-
mains uncertain. However, our results showing high-affinity
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block of channels in excised inside-out patches by QX-314
(Fig. 7) suggests an intracellular locus. Although mutation of
the IV-S6 phenylalanine (F1764A) attenuated use-dependent
block by etidocaine in rat brain type IIA Na channels (11), this
mutation also disrupted inactivation gating (67). Such an effect
on inactivation can indirectly influence local anesthetic action;
hence, the reduction in use-dependent block by this mutation
may not specifically define the location of the local anesthetic
receptor. The profound influence of externally positioned mu-
tations on fast inactivation (30, 52, 72) suggests that the struc-
tural characteristics of the inactivation-gate docking site are
sensitive to remote allosteric effects. Recent work suggests
that the externally bound a-scorpion and sea anemone toxins
(44) disrupt fast inactivation through a conformational change
transmitted through the S3 and S4 transmembrane repeats
(73). Additionally, the externally positioned IV-S4 paramyoto-
nia mutation R1448C, which uncouples activation from fast in-
activation (52), renders skeletal muscle Na channels more sen-
sitive to lidocaine block (71). Hence, inactivation is sensitive to
induced conformational changes that modify coupling be-
tween activation and inactivation, and lidocaine may enhance
inactivation as an effector of this allosteric gating mechanism.
While it is possible that alternative models may fit our data
equally well, these studies suggest that a contemporary theory
of local anesthetic action should incorporate coupling between
gating process. Although nontraditional as a model for local
anesthetic action, an analogous indirect mechanism has been
proposed for Ca21-sensitive inactivation in L-type Ca chan-
nels, where the divalent cations bind to an EF-hand motif and
secondarily inhibit channel opening through an induced con-
formational change (74).
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