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Abstract

The effects of lidocaine on neonatal Nav1.3 (Nav1.3n) expressed alone and in combination with h1 and h3 subunits in Xenopus oocytes

were examined. Lidocaine reversibly inhibited the peak Nav1.3n current, shifted the steady-state inactivation curve to hyperpolarized

potentials and delayed recovery from inactivation. These effects were attenuated by the co-expression of the h subunits, with greater

attenuating effects being observed in oocytes co-expressing h1 compared to those co-expressing h3. Use-dependent block by lidocaine was

assessed at 1 Hz train frequency for 60 pulses. Lidocaine caused similar use-dependent block of current amplitude at pulse 60 for Nav1.3n

and Nav1.3n +h3. In oocytes co-expressing h1, these use-dependent actions were reduced. In conclusion, the effects of lidocaine on Nav1.3n

are differentially modulated by h1 and h3 subunits. Since these subunits exhibit a complementary distribution, this finding may have

importance in our understanding of lidocaine action.
D 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Lidocaine exhibits both local anaesthetic and antiarrhyth-

mic actions attributable to its inhibitory actions upon volt-

age-gated Na+ channels. Although lidocaine has a class I

antiarrhythmic properties, it is infrequently used in the

treatment of cardiac arrhythmias. However, the use of

lidocaine in the treatment of chronic neuropathic pain such

as diabetic neuropathic pain is extensive (Kastrup et al.,

1987; Mao and Chen, 2000).

Lidocaine produces a tonic (resting) block and a phasic

use-dependent block of Na+ channels (Hille, 1977; Honde-

ghem and Katzung, 1977). Tonic block results from binding

of lidocaine to the resting state of the channel with low

affinity, whilst during phasic block, lidocaine binds to the

inactivated state of the channel with a higher affinity (Bean

et al., 1983). Recent studies have proposed that lidocaine
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may affect transition states within the activation process

rather than mediate its effects by stabilizing or accumulating

the inactivated state (Hanck et al., 1994, 2000; Vedantham

and Cannon, 1999). Although the mechanisms by which

lidocaine mediates its actions are controversial, it is clear

that lidocaine has different affinities for the different Na+

channel isoforms. For example, neuronal Na+ channel alpha

subunits have been shown to exhibit different affinities for

lidocaine (Bottaro et al., 1986; Roy and Narahashi, 1992).

The cardiac specific isoform Nav1.5 has been shown to have

higher affinity for lidocaine in comparison to the skeletal

muscle specific isoform Nav1.4 (Makielski et al., 1999).

Such differences in affinities are probably due to differences

in channel-gating kinetics rather than to lidocaine-binding

site differences (Nuss et al., 2000).

Voltage-gated Na+ channels are composed of a pore-

forming a subunit and auxiliary subunits h1 (Isom et al.,

1992), h2 (Isom et al., 1995) and more recently, h3 (Morgan

et al., 2000). Although ion permeation and voltage sensing

are primarily determined by the a subunit, h subunits are

important modulators of Na+ channel function (Patton et al.,

1994) and have been shown to affect lidocaine action. For

example, h1 has been shown to modulate lidocaine affinity
ed.



Fig. 1. Tonic lidocaine block of Nav1.3n alone and co-expressed with h1 or h3 in oocytes (n= 7–9). Cells were depolarised from a holding potential of � 100

to � 10 mV for 150 ms before returning to � 100 mV. Control traces are shown as solid lines; effects of lidocaine are shown as broken lines. Lidocaine

(1 mM) was perfused for 3–5 min before the protocol was repeated. Under control drug-free conditions, current amplitude and decay were unchanged (data not

shown).
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of Nav1.4 and Nav1.5 channels expressed in Xenopus

oocytes. Co-expression of h1 with Nav1.5 was found to

decrease tonic block by lidocaine and to increase rate of

recovery from block (Makielski et al., 1996, 1999), whilst

h1 modestly increased tonic block for Nav1.4 (Makielski et

al., 1999). Thus, the auxiliary subunit h1 can differentially

modulate the pharmacology of Na+ channel function. As

both h1 and h3 have been shown to affect Na+ channel

kinetics, we hypothesised that h3 may also affect lidocaine

block.

An increase in Nav1.3 messenger ribonucleic acid

(mRNA) has been detected in small diameter dorsal root

ganglion neurones (c-fibres) following the chronic con-

striction model of neuropathic pain (Dib-Hajj et al., 1999;

Kim et al., 2001). Although it is not clear whether the

increase is a switching on of the neonatal splice variant, it

has been hypothesised by others that this may indeed be

the case (Waxman et al., 1994). In other diseases such as

epilepsy, seizure activity was found to reactivate the neo-

natal splicing event, inducing the expression of the neo-
Fig. 2. Concentration-dependent tonic block by lidocaine on Nav1.3n alone

or co-expressed with h1 or h3. Currents were elicited by a depolarising step
from a holding potential of � 100 to � 10 mV for 150 ms Current

amplitudes were normalised to peak currents recorded under drug-free

conditions. Values represent normalised meansF S.E.M. **P < 0.001;

*P < 0.05; unpaired t-test, compared with control n= 4 for each.
natal forms of both Nav1.3 and Nav1.2 (Aronica et al.,

2001). In addition, h3 mRNA (Shah et al., 2000) has been

shown to increase in small diameter dorsal root ganglion

neurones (c-fibres) following the chronic constriction

model of neuropathic pain. Interestingly, h1 mRNA, which

is expressed mainly in large Ah fibres, remains unchanged.

In view of this, we have examined the effect of lidocaine

on neonatal Nav1.3 (Nav1.3n), with particular interest in

the effects of co-expressing the h3 subunit. For compar-

ison, we also determined the effects of h1 subunit co-

expression, assessing both tonic and phasic block by

lidocaine.
2. Materials and methods

Rat neonatal Nav1.3 subunit complimentary deoxyri-

bonucleic acid (cDNA) was engineered into the pCI

vector (Promega, Southampton, UK.) and linearized using

Not1. Rat h1 and h3 cDNAs were engineered into the
Fig. 3. Use-dependent block of Nav1.3n alone or co-expressed with h1 or

h3. Currents were elicited by a 100-ms pulse from � 100 to + 10 mV at 1

Hz frequency for 60 pulses. Each peak Na+ current was normalised to

current amplitude at pulse 1. Values represent meansF S.E.M., Nav1.3n

(n= 5); h1 (n= 8) and h3 (n= 9).



P.W. Lenkowski et al. / European Journal of Pharmacology 467 (2003) 23–30 25
pBG7.2 vector and were linearized using Nde1. Capped

mRNA was transcribed in vitro from linearized cDNAs

using T7 MessageMachine (Ambion, Abingdon, Oxford-

shire, UK).

Xenopus laevis were anaesthetised by immersion in 0.3%

(w/v) 3-amino benzoic acid (Sigma), and ovarian lobes were

removed. Oocytes were dissociated enzymatically using

0.3% (w/v) collagenase (Sigma) in Ca2 +-free solution

 

Fig. 4. Effects of lidocaine on recovery from inactivation at � 100 mV. Recovery f

(open symbols) was studied by a two-pulse protocol consisting of a 500-ms condit

at � 100 mV) recovery time after which a test pulse to � 10 mV for 200 ms was

maximum peak current under drug-free conditions. To demonstrate the effects of

normalised to the respective peak currents for control and after lidocaine expo

exponential equation. See Table 1 for fitting data. Values represent meansF S.E.
(82.5 mM NaCl, 2.5 mM KCl, 1 mM MgCl2, 5 mM,

HEPES, pH 7.6). Prepared oocytes were microinjected with

50 nl of mRNAs dissolved in water. A 10:1 ratio of h1 and

h3 mRNA to Nav1.3n mRNA was used. Oocytes were

incubated at 18 jC in ND96 (96 mM NaCl, 2 mM KCl,

1.8 mM CaCl2, 1 mM MgCl2, 5 mM HEPES, pH 7.6).

Two-electrode voltage clamp recordings were per-

formed 3–6 days after microinjection of mRNAs using
 

rom inactivation in control (closed symbols) and from 1 mM lidocaine block

ioning prepulse from � 100 to � 10 mV followed by a variable (1–800 ms

applied. The peak current at each test pulse was expressed as a fraction of

lidocaine on recovery kinetics, the inset shows recovery from inactivation

sure. Recovery from inactivation data was fitted with a single or double

M.
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a GeneClamp 500 amplifier (Axon Instruments, CA,

USA) or Warner oocyte clamp (OC725C) interfaced to a

Digidata 1200 A/D board with Clampex software (v6,

Axon Instruments). Oocytes were continually perfused

with ND96 solution. Microelectrodes filled with 3 M

KCl had resistances between 0.5 and 1 MV. Capacitative,

leak and endogenous currents were removed by subtract-

ing currents recorded in the presence of 1 AM tetrodo-

toxin from those recorded in the absence of tetrodoto-

xin. All recordings were performed at room temperature

(23 jC).
Details of voltage protocols are provided with the data.

Voltage pulse protocols were applied from a holding poten-

tial of � 100 mV. Currents were filtered at 5 kHz and

digitised at 20 kHz. Lidocaine (Sigma) was dissolved in

ND96 and applied by continuous perfusion. Data analysis

was performed using Clampfit software (v6, Axon Instru-

ments) and Origin (v5, Microcal Software, MA, USA).

Statistical analyses were performed using a t-test for nor-

mally distributed data as determined by the Kolmogorov-

Smirnov test, or the Rank Sum test for non-normalised data

(Sigma Stat, Jandel). Averaged data are presented as mean-

sF S.E.M. Consistent with prior studies of Na+ currents in

RNA-injected oocytes, current decay was described as either

a sum of a single y =A1[1� exp(� t/s1)] or double expo-

nential function y = A1[1� exp(� t/s1)] + A2[1� exp(� t/

s2)]. The percentage of the current represented by the fast

time constant was calculated from the equation A1/(A1 +A2),

where A1 and A2 are the amplitudes of the fast and slow

gating modes. Steady-state inactivation curves were fitted

with a double Boltzmann function:

g=gmax ¼ A1=ð1þ expððV � V1=2Þ=kÞÞ
þ A2=ð1þ expððV � V1=2Þ=kÞÞ

where g/gmax is the ratio of conductance to maximum

conductance, V1/2 is voltage of half-maximal inactivation

and k is the slope factor. The percentage of the current

represented by component 1 was calculated from the equa-

tion A1/(A1 +A2), where A1 and A2 are the amplitudes of the

first and second Boltzmann function, respectively.
Table 1

Effects of lidocaine and h subunit co-expression on recovery from inactivation k

Subunit Control

A1 s1 A2 s2

Nav1.3n 0.36F 0.08 55.5F 10.7 0.64F 0.07 188.5F 12.9

Nav1.3nFh1 0.66F 0.07 16.8F 3.5 0.34F 0.11 123.4F 39.9

Nav1.3nFh3 0.67F 0.10 33.8F 6.3 0.33F 0.08 183.0F 20.1

Effects of lidocaine on the recovery from inactivation of Nav1.3n alone and co-exp

conditions and after 3 min of lidocaine (1 mM) perfusion. Parameters were calcula

(� t/s1)) or double exponential function: y =A1(1� exp(� t/s1)) +A2(1� exp(� t/
a P < 0.001; paired t-test compared with control.
b P< 0.05; paired t-test compared with control.
3. Results

3.1. Co-expression of b subunits with Nav1.3n accelerates

current decay

Sodium currents were elicited by step depolarisations

from a holding potential of � 100 to � 10 mV for 150 ms

(see closed lines in Fig. 1). Current decay was fit to a single

exponential for Nav1.3n alone (s1:18.6F 1.3 ms; n = 9). h1
subunit co-expression has been shown to reduce the pro-

portion of slow gating (Balser et al., 1996). Co-expression

with h1 and h3 subunits accelerated the current decay of

Nav1.3n, consistent with a reduction in slow gating. Time

constants were as follows: Nav1.3n +h1 s1: 1.5F 0.1 ms,

s2: 27.2F 1.7 ms (n= 9); Nav1.3n +h3 s1: 2.8F 1.1 ms, s2:
18.4F 2.9 ms (n = 7). The proportion of the current

described by the fast time constant for h1 co-expression

was significantly greater than those recorded for h3 co-

expression (h1 = 71F 5%; h3 = 48F 10%; P < 0.05).

3.2. Tonic block by lidocaine is attenuated by b subunit co-

expression

Lidocaine (1 mM) effect on tonic block was most pro-

nounced in oocytes expressing Nav1.3n alone (Fig. 1).

Current amplitude was depressed by 50F 5% and the decay

time constant was accelerated (s from 19.7F 1.2 to

16.4F 0.8 ms (P < 0.05; n = 9)). These effects were attenu-

ated by h subunit co-expression. Lidocaine decreased peak

current amplitude of Nav1.3n +h3 expressing oocytes by

31F 4% whilst having even less of an effect on oocytes

expressing Nav1.3n + h1 (11F1%). Current decay time

constants were not changed (Nav1.3n +h1 s1: 1.5F 0.1 ms

(P= 0.7), s2: 26.9F 2.7 ms (P= 0.8; n = 9); Nav1.3n +h3 s1:
2.3F 0.5 ms (P= 0.5), s2: 16.9F 1.2 ms (P= 0.7; n = 7)).

These effects of lidocaine were fully reversible on washout

for all conditions. Concentration-dependent tonic block by

lidocaine (0.1–10 mM) is shown in Fig. 2. Co-expression of

either h1 or h3 significantly attenuated the block by 1 mM

lidocaine compared to Nav1.3n alone. In addition, this

attenuation of block by h1 was significantly greater than that
by h3.
inetics

Lidocaine (1 mM) n

A1 s1 A2 s2

0.33F 0.08 40.3F 20.1 0.67F 0.08 197.2F 1.7 4

0.46F 0.03a 31.4F 4.4b 0.54F 0.03a 163.7F 11.8 4

1a 106.8F 1.6a 5

ressing h1 or h3. Recovery from inactivation was determined under control

ted by fitting either a single exponential function in the form y=A1(1� exp

s2)) to data shown in Fig. 4. Values represent meansF S.E.M.



Fig. 5. Effects of lidocaine on steady-state inactivation of Nav1.3n alone

and co-expressing h1 or h3. The protocol for steady-state inactivation

consisted of a conditioning pulse of 500 ms ranging from � 130 to + 10

mV in 5 mV increments followed by a test pulse to + 10 mV. Control data

are represented by the filled circles; effects of lidocaine are shown by the

open circles. Values represent meansF S.E.M. Nav1.3n (n= 9); h1(n= 9)
and h3 (n= 6).
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3.3. Use-dependent block by lidocaine is reduced by b1 but

not b3 co-expression

Use-dependent block by lidocaine (1 mM) is shown in

Fig. 3. Currents were elicited by a 100-ms pulse from � 100

to + 10 mV at 1 Hz frequency for 60 pulses. Each peak

Na+ current was normalised to the peak current during the

first pulse. Under control conditions, there was no reduction

in peak current as a result of the protocol (Fig. 3, open

symbols). Normalised current amplitude at pulse 60 for each

of the conditions were as follows: Nav1.3n: 0.99F 0.01

(n = 5); Nav1.3n + h1: 0.99F 0.01 (n = 8); Nav1.3n + h3:
0.98F 0.01 (n = 9). In the presence of lidocaine, use-de-

pendent block for both Nav1.3n alone and Nav1.3n +h3
were similar (current reduced at pulse 60 by 23F 2% and

25F 5% (P < 0.001), respectively). Co-expression of h1
greatly attenuated the use-dependent block by lidocaine.

Current amplitude at pulse 60 was blocked by only 6F 4%

and was not significantly different from control. These

effects were greatly attenuated compared to Nav1.3n alone

and even h3 co-expression (P < 0.05).

3.4. b subunit co-expression attenuates lidocaines effects on

recovery from inactivation

Since lidocaine has a higher affinity for the inactivated

state of the channel, these differential effects of lidocaine

could be explained by differences in recovery from inacti-

vation as a result of co-expressing h subunits. To test this

hypothesis, we determined whether lidocaine increased the

time required for recovery from inactivation.

Recovery from inactivation was determined using a two

pulse protocol consisting of a 500-ms conditioning pre-

pulse from � 100 to � 10 mV followed by a variable (1–

800 ms) recovery time at � 100 mV, after which, a test

pulse to � 10 mV for 200 ms was applied (Fig. 4).

Recovery from inactivation data was fitted with either a

single exponential or the sum of two exponentials, and the

fitting parameters are shown in Table 1. The actions of 1

mM lidocaine on recovery from inactivation were not only

to reduce the number of channels recovering but also the

rate at which they recovered. The most obvious result was

the fact that lidocaine reduced the number of channels that

recovered from inactivation compared to drug-free condi-

tions. In oocytes expressing the channel alone, 46F 2% of

channels failed to recover from inactivation after 800 ms

and were therefore considered to be blocked by lidocaine

(Fig. 4). In a similar manner to tonic block, the effects of co-

expressing either h1 or h3 were to attenuate this block

(h1 = 9F 1% and h3 = 26F 1%). Secondary to the blocking

actions of lidocaine were the effects on recovery kinetics.

Under control conditions, 36% of Na+ channels recovered

with the faster tau (s1) for Nav1.3n alone. Co-expression of

either the h1 or h3 subunits each significantly (P < 0.05)

increased the proportion of channels recovering with s1
(66% and 67%, respectively; see Table 1). Interestingly,

P.W. Lenkowski et al. / European Jo
the effects of lidocaine (1 mM) on recovery kinetics were

only observed in cells co-expressed with the h subunits. For

clarity, recovery from inactivation was normalised to the

respective peak current recorded at time point 800 ms for

control and lidocaine and shown as an inset for each figure

(Fig. 4). Lidocaine failed to affect the rate of recovery for

Nav1.3n alone. Recovery kinetics and percentage fast gating

were unchanged in the presence of lidocaine (Table 1). In
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contrast, lidocaine increased the proportion of slow recovery

in oocytes co-expressing either h1 or h3 subunits. In the

presence of lidocaine, s1 for h1 was significantly increased

and the percentage represented by the fast s was

significantly reduced by 20%. Recovery from inactivation

for h3 in the presence of lidocaine was best fit to a single

exponential with a s of 106.8F 1.6 ms.

3.5. Lidocaine shifts the steady-state inactivation curve

Since lidocaine has a higher affinity for the inactivated

state of the channel, the steady-state inactivation curve

would be expected to shift to greater negative potentials

as inactivated channels became blocked by lidocaine. We

have previously shown that the steady-state inactivation

curve of the adult isoform of Nav1.3 was best fit by a

double Boltzmann function with 35% being represented by

the more negative V1/2 value (Shah et al., 2001). In contrast,

97% of the steady-state inactivation curve of the neonatal

isoform, Nav1.3n was represented by the component with

the more negative V1/2 value. Co-expression of h1, but not
h3 subunit, caused a significant shift in the V1/2 of compo-

nent 1 of the steady-state inactivation curve (by 9.3F 1.9

mV; P < 0.001). Lidocaine caused a significant shift in the

V1/2 in the hyperpolarizing direction for all the conditions

when compared with drug-free conditions (Fig. 5 and Table

2). Interestingly, similar shifts were recorded for Nav1.3n

(shift by � 20.7F 2.0 mV; P < 0.001) and Nav1.3n +h3
(shift by � 21.7F 2.9 mV; P < 0.001). The shift in V1/2 seen

with h1 co-expression was attenuated, causing a shift of

only � 16.7F 1.6 mV (P < 0.001). In the presence of

lidocaine slope, values were significantly increased for

Nav1.3n, Nav1.3n +h1 and Nav1.3n +h3.
4. Discussion

To our knowledge, this is the first study to examine the

effects of the auxiliary subunits h1 and h3 on lidocaine

block of the embryonic Na+ channel Nav1.3n. The embry-

onic isoform occurs as a result of the splicing of exon 5 in

adult Nav1.3 causing a substitution of the negatively

charged aspartic acid residue at position 209 for a neutrally

charged serine residue (Gustafson et al., 1993). Since this

residue is immediately before the voltage sensor (S4) of

domain 1, this difference could account for discrepancies

between this study and previous studies on the adult Nav1.3

isoform (Shah et al., 2001).

In the present study, we have examined the effects of the

h subunits on this neonatal channel, with particular interest

in the h3 subunit since mRNA for the h3 and Nav1.3

increase in small diameter (c-fibre) dorsal root ganglion

neurones following the chronic constriction model of neuro-

pathic pain (Cummins and Waxman, 1997; Dib-Hajj et al.,

1999; Kim et al., 2001; Shah et al., 2000). Although no

studies to date have directly demonstrated that the increased
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expression of Nav1.3 is in fact the neonatal splice variant, it

has been suggested that this may be the case for at least

some neurones (Waxman et al., 1994). Indeed, in other

disease states such as epilepsy, neonatal splice variant forms

of both Nav1.3 and Nav1.2 are increased and have been

correlated with seizure activity (Aronica et al., 2001; Gas-

taldi et al., 1997; Whitaker et al., 2001).

Although h3 and h1 are highly homologous sharing 57%

sequence identity, the effects of lidocaine on oocytes co-

expressing the h3 subunit were less pronounced. In fact,

under conditions of use-dependent block and steady-state

inactivation, the effects of h3 co-expression were not differ-

ent from the expression of Nav1.3n alone. These differences

could be attributable to the acidic aspartic acid residue at

position 6, which is replaced by a neutral proline in h3
(Morgan et al., 2000). This residue is one out of the three

residues that are thought to be important in the modulation

Na+ channel gating by h subunits (McCormick et al., 1998).

The mechanisms by which lidocaine block is achieved

are not completely understood but are known to involve

tonic and use-dependent mechanisms. Studies have impli-

cated the involvement of the fast inactivation gate in the

use-dependent actions of lidocaine (Bennett et al., 1995;

Hille, 1977). Lidocaine has also been shown to interact with

residues Phe-1764 and Tyr-1771 in S6 of domain IV of

Nav1.2 (Bennett et al., 1995; Ragsdale et al., 1994). Other

studies have demonstrated the importance of residues

located in the SS1–SS2 regions (P loops) of each domain

in stabilizing the interaction between lidocaine and the pore

(Sunami et al., 1997, 2000). Since it has been proposed that

h1 binds within this region, its interaction may destabilize

this binding thereby attenuating block by lidocaine (Makita

et al., 1996; McCormick et al., 1998; Qu et al., 1999).

However, it is more likely that the attenuating effects of h
subunit co-expression result from changes in inactivation

gating. The h subunits reduce the proportion of slow gating

whilst lidocaine has a higher affinity for slow inactivated

channels (Balser et al., 1996; Chen et al., 2000; Kambouris

et al., 1998; Nuss et al., 1995, 2000).

Systemic lidocaine has been used for neuropathic pain

relief (Bach et al., 1990; Kastrup et al., 1987; Koppert et al.,

2000; Mao and Chen, 2000). Nav1.3 mRNA (Cummins and

Waxman, 1997) and h3 mRNA increase whilst h1 mRNA,

expressed mainly in large Ah fibres, remains unchanged

following the chronic constriction model of neuropathic

pain (Shah et al., 2000). Therefore, h3 is likely to couple

with Nav1.3 in small dorsal root ganglion neurones in

chronic pain states. Thus, the absence of abundant h1 in

these cells may be a possible reason for the higher affinity of

lidocaine to tetrodotoxin-sensitive channels during pain.

Neuropathic pain is associated with repetitive firing of

primary afferent fibres, and Na+ channel blocking local

anaesthetics have been shown to suppress neuropathic pain

at concentrations well below those reported for channel

inhibition (Strichartz et al., 2002). Interestingly, h3 co-

expression did not attenuate use-dependent block by lido-
caine and did reduce steady-state channel availability com-

pared with h1 co-expression. These results could provide

some insight as to why local anaesthetics are effective in

relieving neuropathic pain.

In summary, we have shown that the effects of both tonic

and use-dependent lidocaine block on neonatal Nav1.3 in

oocytes co-expressing the novel h3 subunit differ greatly

from oocytes co-expressing the h1 subunit. This difference

is likely a result of inactivation kinetic changes associated

with h subunit co-expression. This study demonstrates the

importance of h subunits in modulating drug effects and

should therefore be considered in future mechanistic studies.
References

Aronica, E., Yankaya, B., Troost, D., van Vliet, E.A., Lopes da Silva, F.H.,

Gorter, J.A., 2001. Induction of neonatal sodium channel II and III

alpha-isoform mRNAs in neurons and microglia after status epilepticus

in the rat hippocampus. Eur. J. Neurosci. 13, 1261–1266.

Bach, F.W., Jensen, T.S., Kastrup, J., Stigsby, B., Dejgard, A., 1990. The

effect of intravenous lidocaine on nociceptive processing in diabetic

neuropathy. Pain 40, 29–34.

Balser, J.R., Nuss, H.B., Romashko, D.N., Marban, E., Tomaselli, G.F.,

1996. Functional consequences of lidocaine binding to slow-inactivated

sodium channels. J. Gen. Physiol. 107, 643–658.

Bean, B.P., Cohen, C.J., Tsien, R.W., 1983. Lidocaine block of cardiac

sodium channels. J. Gen. Physiol. 81, 613–642.

Bennett, P.B., Valenzuela, C., Chen, L.Q., Kallen, R.G., 1995. On the

molecular nature of the lidocaine receptor of cardiac Na+ channels.

Modification of block by alterations in the alpha-subunit III– IV inter-

domain. Circ. Res. 77, 584–592.

Bottaro, D., Shepro, D., Peterson, S., Hechtman, H.B., 1986. Serotonin,

norepinephrine, and histamine mediation of endothelial cell barrier

function in vitro. J. Cell. Physiol. 128, 189–194.

Chen, Z., Ong, B.H., Kambouris, N.G., Marban, E., Tomaselli, G.F.,

Balser, J.R., 2000. Lidocaine induces a slow inactivated state in rat

skeletal muscle sodium channels. J. Physiol. 524 (Pt 1), 37–49.

Cummins, T.R., Waxman, S.G., 1997. Downregulation of tetrodotoxin-re-

sistant sodium currents and upregulation of a rapidly repriming tetro-

dotoxin-sensitive sodium current in small spinal sensory neurons after

nerve injury. J. Neurosci. 17, 3503–3514.

Dib-Hajj, S.D., Fjell, J., Cummins, T.R., Zheng, Z., Fried, K., LaMotte, R.,

Black, J.A., Waxman, S.G., 1999. Plasticity of sodium channel expres-

sion in DRG neurons in the chronic constriction injury model of neuro-

pathic pain. Pain 83, 591–600.

Gastaldi, M., Bartolomei, F., Massacrier, A., Planells, R., Robaglia-

Schlupp, A., Cau, P., 1997. Increase in mRNAs encoding neonatal II

and III sodium channel alpha-isoforms during kainate-induced seizures

in adult rat hippocampus. Brain Res., Mol. Brain Res. 44, 179–190.

Gustafson, T.A., Clevinger, E.C., O’Neill, T.J., Yarowsky, P.J., Krueger,

B.K., 1993. Mutually exclusive exon splicing of type III brain sodium

channel alpha subunit RNA generates developmentally regulated iso-

forms in rat brain. J. Biol. Chem. 268, 18648–18653.

Hanck, D.A., Makielski, J.C., Sheets, M.F., 1994. Kinetic effects of qua-

ternary lidocaine block of cardiac sodium channels: a gating current

study. J. Gen. Physiol. 103, 19–43.

Hanck, D.A., Makielski, J.C., Sheets, M.F., 2000. Lidocaine alters activa-

tion gating of cardiac Na channels. Pflugers Arch. 439, 814–821.

Hille, B., 1977. Local anesthetics: hydrophilic and hydrophobic pathways

for the drug-receptor reaction. J. Gen. Physiol. 69, 497–515.

Hondeghem, L.M., Katzung, B.G., 1977. Time- and voltage-dependent

interactions of antiarrhythmic drugs with cardiac sodium channels. Bio-

chim. Biophys. Acta 472, 373–398.



P.W. Lenkowski et al. / European Journal of Pharmacology 467 (2003) 23–3030
Isom, L.L., De Jongh, K.S., Patton, D.E., Reber, B.F., Offord, J., Charbon-

neau, H., Walsh, K., Goldin, A.L., Catterall, W.A., 1992. Primary struc-

ture and functional expression of the beta 1 subunit of the rat brain

sodium channel. Science 256, 839–842.

Isom, L.L., Ragsdale, D.S., De Jongh, K.S., Westenbroek, R.E., Reber,

B.F., Scheuer, T., Catterall, W.A., 1995. Structure and function of the

beta 2 subunit of brain sodium channels, a transmembrane glycoprotein

with a CAM motif. Cell 83, 433–442.

Kambouris, N.G., Hastings, L.A., Stepanovic, S., Marban, E., Tomaselli,

G.F., Balser, J.R., 1998. Mechanistic link between lidocaine block and

inactivation probed by outer pore mutations in the rat micro1 skeletal

muscle sodium channel. J. Physiol. 512 (Pt 3), 693–705.

Kastrup, J., Petersen, P., Dejgard, A., Angelo, H.R., Hilsted, J., 1987.

Intravenous lidocaine infusion—a new treatment of chronic painful

diabetic neuropathy? Pain 28, 69–75.

Kim, C.H., Oh, Y., Chung, J.M., Chung, K., 2001. The changes in expres-

sion of three subtypes of TTX sensitive sodium channels in sensory

neurons after spinal nerve ligation. Brain Res., Mol. Brain Res. 95,

153–161.

Koppert, W., Ostermeier, N., Sittl, R., Weidner, C., Schmelz, M., 2000.

Low-dose lidocaine reduces secondary hyperalgesia by a central mode

of action. Pain 85, 217–224.

Makielski, J.C., Limberis, J.T., Chang, S.Y., Fan, Z., Kyle, J.W., 1996.

Coexpression of beta 1 with cardiac sodium channel alpha subunits in

oocytes decreases lidocaine block. Mol. Pharmacol. 49, 30–39.

Makielski, J.C., Limberis, J., Fan, Z., Kyle, J.W., 1999. Intrinsic lidocaine

affinity for Na channels expressed in Xenopus oocytes depends on alpha

(hH1 vs. rSkM1) and beta 1 subunits. Cardiovasc. Res. 42, 503–509.

Makita, N., Bennett, P.B., George, A.L.J., 1996. Molecular determinants of

h1 subunit-induced gating modulation in voltage-dependent Na+ chan-

nels. J. Neurosci. 16, 7117–7127.

Mao, J., Chen, L.L., 2000. Systemic lidocaine for neuropathic pain relief.

Pain 87, 7–17.

McCormick, K.A., Isom, L.L., Ragsdale, D., Smith, D., Scheuer, T., Cat-

terall, W.A., 1998. Molecular determinants of Na+ channel function in

the extracellular domain of the beta1 subunit. J. Biol. Chem. 273,

3954–3962.

Morgan, K., Stevens, E.B., Shah, B., Cox, P.J., Dixon, A.K., Lee, K.,

Pinnock, R.D., Hughes, J., Richardson, P.J., Mizuguchi, K., Jackson,

A.P., 2000. Beta 3: an additional auxiliary subunit of the voltage-sensi-

tive sodium channel that modulates channel gating with distinct ki-

netics. Proc. Natl. Acad. Sci. U. S. A. 97, 2308–2313.

Nuss, H.B., Tomaselli, G.F., Marban, E., 1995. Cardiac sodium channels

(hH1) are intrinsically more sensitive to block by lidocaine than are

skeletal muscle (mu 1) channels. J. Gen. Physiol. 106, 1193–1209.
Nuss, H.B., Kambouris, N.G., Marban, E., Tomaselli, G.F., Balser, J.R.,

2000. Isoform-specific lidocaine block of sodium channels explained by

differences in gating. Biophys. J. 78, 200–210.

Patton, D.E., Isom, L.L., Catterall, W.A., Goldin, A.L., 1994. The adult rat

brain beta 1 subunit modifies activation and inactivation gating of mul-

tiple sodium channel alpha subunits. J. Biol. Chem. 269, 17649–17655.

Qu, Y., Rogers, J.C., Chen, S.F., McCormick, K.A., Scheuer, T., Catterall,

W.A., 1999. Functional roles of the extracellular segments of the so-

dium channel alpha subunit in voltage-dependent gating and modula-

tion by beta1 subunits. J. Biol. Chem. 274, 32647–32654.

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

ular determinants of state-dependent block of Na+ channels by local

anesthetics. Science 265, 1724–1728.

Roy, M.L., Narahashi, T., 1992. Differential properties of tetrodotoxin-

sensitive and tetrodotoxin-resistant sodium channels in rat dorsal root

ganglion neurons. J. Neurosci. 12, 2104–2111.

Shah, B.S., Stevens, E.B., Gonzalez, M.I., Bramwell, S., Pinnock, R.D.,

Lee, K., Dixon, A.K., 2000. Beta3, a novel auxiliary subunit for the

voltage-gated sodium channel, is expressed preferentially in sensory

neurons and is upregulated in the chronic constriction injury model of

neuropathic pain. Eur. J. Neurosci. 12, 3985–3990.

Shah, B.S., Stevens, E.B., Pinnock, R.D., Dixon, A.K., Lee, K., 2001.

Developmental expression of the novel voltage-gated sodium channel

auxiliary subunit beta3, in rat CNS. J. Physiol. 534, 763–776.

Strichartz, G.R., Zhou, Z., Sinnott, C., Khodorova, A., 2002. Therapeutic

concentrations of local anaesthetics unveil the potential role of sodium

channels in neuropathic pain. Novartis Found. Symp. 241, 189–201.

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

tivity filter regulates antiarrhythmic drug binding. Proc. Natl. Acad. Sci.

U. S. A. 94, 14126–14131.

Sunami, A., Glaaser, I.W., Fozzard, H.A., 2000. A critical residue for iso-

form difference in tetrodotoxin affinity is a molecular determinant of the

external access path for local anesthetics in the cardiac sodium channel.

Proc. Natl. Acad. Sci. U. S. A. 97, 2326–2331.

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

gate during lidocaine block of voltage-gated Na+ channels. J. Gen.

Physiol. 113, 7–16.

Waxman, S.G., Kocsis, J.D., Black, J.A., 1994. Type III sodium channel

mRNA is expressed in embryonic but not adult spinal sensory neurons,

and is reexpressed following axotomy. J. Neurophysiol. 72, 466–470.

Whitaker, W.R., Faull, R.L., Dragunow, M., Mee, E.W., Emson, P.C.,

Clare, J.J., 2001. Changes in the mRNAs encoding voltage-gated so-

dium channel types II and III in human epileptic hippocampus. Neuro-

science 106, 275–285.


	Lidocaine block of neonatal Nav1.3 is differentially modulated by co-expression of beta1 and beta3 subunits
	Introduction
	Materials and methods
	Results
	Co-expression of beta subunits with Nav1.3n accelerates current decay
	Tonic block by lidocaine is attenuated by beta subunit co-expression
	Use-dependent block by lidocaine is reduced by beta1 but not beta3 co-expression
	beta subunit co-expression attenuates lidocaines effects on recovery from inactivation
	Lidocaine shifts the steady-state inactivation curve

	Discussion
	References


