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1 The actions of lignocaine and benzocaine on transient and late Na+ current generated by large
diameter (550 mm) adult rat dorsal root ganglion neurones, were studied using patch-clamp
techniques.

2 Both drugs blocked whole-cell late Na+ current in a concentration-dependent manner. At
200 ms following the onset of a clamp step from 7110 to 740 mV, the apparent K for block of late
Na+ current by lignocaine was 57.8+15 mM (mean+s.e.mean, n=4). The value for benzocaine was
24.9+3.3 mM, (mean+s.e.mean, n=3).

3 The e�ect of lignocaine on transient current, in randomly selected neurones, appeared variable
(n=8, half-block from *50 to 400 mM). Half-block by benzocaine was not attained, but both whole-
cell (n=11) and patch data suggested a high apparent K,4250 mM. Transient current always
remained after late current was blocked.

4 The voltage-dependence of residual late current steady-state inactivation was not shifted by
20 mM benzocaine (n=3), whereas 200 mM benzocaine shifted the voltage-dependence of transient
current steady-state inactivation by 718.7+5.9 mV (mean+s.e.mean, n=4).

5 In current-clamp, benzocaine (250 mM) could block subthreshold, voltage-dependent inward
current, increasing the threshold for eliciting action potentials, without preventing their generation
(n=2).

6 Block of late Na+ current by systemic local anaesthetic may play a part in preventing ectopic
impulse generation in sensory neurones.
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Introduction

Many large diameter (450 mM) dorsal root ganglion (DRG)
neurones generate both transient and late Na+ current. A

portion of the late current fails to inactivate and gives rise to a
steady-state or `persistent' current (Baker & Bostock, 1997;
1998a). The late current is generated by Na+ channels

operating in at least three gating modes (c.f. Patlak & Ortiz,
1986; Alzheimer et al., 1993), characterized by two forms of
burst opening and ultra-brief, sporadic openings (Baker &

Bostock, 1998a). Late channel gating mode is probably pH
sensitive, acidi®cation promoting behaviours leading to
inactivation and reducing the number of late openings (Baker

& Bostock, 1999a). Late current activates about 20 mV more
negative than transient current, and can operate at, or close to,
the resting membrane potential. Because the current activates
rapidly, and is regenerative, it has been proposed to play a key

role in controlling membrane excitability. Whether the
transient and late components of Na+ current are generated
by one sub-type of Na+ channel with a wide repertoire of

gating modes, or by more than one sub-type is not known.
There is good evidence that late Na+ current in cerebellar
Purkinje neurones is generated by a di�erent molecular sub-

type from that which generates the transient Na+ current
(Raman et al., 1997; de Miera et al., 1997). The late and
transient current are hypothesised to be generated by

homologues of Scn8a (NaCh6) and rat brain type I,
respectively (de Miera et al., 1997). Large sensory neurones

also manufacture the mRNA for both of these channels (Black
et al., 1996) and by analogy this could allow a similar

delegation of function.
One potentially useful approach to characterizing late

current and investigating its function, would be to attempt to

®nd a selective blocker. For this reason the e�ects of local
anaesthetics were investigated, as they are known to bring
about their useful e�ects by blocking voltage-gated Na+

channels. The mechanism of channel block in axonal
preparations has been studied in detail; a charged local
anaesthetic molecule requires an open channel to access its

binding site, and once bound, stabilizes or promotes channel
inactivation (Strichartz, 1973; Hille, 1977; reviewed by Hille,
1992; Scheuer, 1999). There is a wide range of sensitivity to
local anaesthetics among Na+ currents. Some sub-types of

Na+ channel are particularly resistant to block by local
anaesthetics. Pharmacological characterization of the tetrodo-
toxin (TTX) -resistant channel, SNS, by Akopian et al. (1996)

revealed that 1 mM lignocaine reduced the peak current by less
than 50%. In contrast, the TTX-sensitive transient currents
recorded for some dorsal root ganglion (DRG) neurones are

half blocked by 40 ± 50 mM lignocaine during similar protocols
(Roy & Narahashi, 1992; Scholz et al., 1998). Intriguingly,
these currents are much more sensitive to the drug than

reported for currents recorded at voltage-clamped nodes of
Ranvier (reviewed by Hille, 1992) or CA1 pyramidal neurones
(Kaneda et al., 1989), and this di�erence seems surprising
given the functional similarity of the currents. One obvious

possibility is that molecular di�erences between channel sub-
types account for at least a part of the di�erence in sensitivity.*Author for correspondence; E-mail: mbaker@ion.ucl.ac.uk
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A second possibility is that because drug binding depends
upon the channel state, di�erent channel gating behaviours
might alter the propensity with which channels are blocked, by

changing the availability of a preferred state or states. For
example, block could depend upon channel open-time (Ju et
al., 1992).

Given that di�erences in molecular structure or gating

behaviour might be expected to a�ect drug-channel interac-
tion, the present experiments were conducted to ascertain
whether local anaesthetics can discriminate between transient

and late Na+ currents, already known to be similarly sensitive
to TTX (Baker & Bostock, 1997), and in so doing help to
de®ne the physiological role of the late Na+ current.

Methods

Cell culture

Primary cultures of neurones were prepared from lumbar

dorsal root ganglia of male Wistar rats (100 ± 300 g), using a
standard technique described elsewhere (Baker & Bostock,
1997). Dissociated neurones were plated upon poly-L-lysine

(Sigma, Poole, Dorset, U.K.) coated coverslips, previously
seeded with Schwann cells and ®broblasts obtained from
dissociated spinal roots, in the culture wells of 12-well plates

(Falcon, Becton Dickson & Co., NJ, U.S.A.). The neurones
were kept in a 378C incubator with a 5% CO2 atmosphere for
up to 3 days.

Electrophysiology

Coverslips with adherent neurones were placed within a

35 mm plastic Petri dish, which formed the recording chamber,
and mounted on the stage of an inverted microscope.
Experiments were carried out on neurones 450 mm in

apparent diameter. For voltage-clamp, the normal solutions
contained the following (in mM): extracellular, Na-gluconate
(135.6), K-gluconate (1), Na-HEPES (4.54), HEPES (5.46),

Ca-gluconate2 (1.1), Mg-gluconate2 (1.2), 4-aminopyridine (4-
AP) (5), CsCl (10), tetraethylammonium (TEA) Cl (10). 4-AP
was neutralized by the addition of gluconic acid; intracellular,
CsCl (143), (Na) EGTA (3), Na-HEPES (6.04), HEPES (3.96),

CaCl2 (1.21), MgCl2 (1.21). In some experiments internal CsCl
was replaced by CsF, and when external Na+ was reduced to
20 mM in order to control the large transient currents, external

Na-gluconate was equimolarly replaced by Tetramethylam-
monium (TMA)-gluconate. For current clamp, the normal
solutions contained the following (in mM):- extracellular, NaCl

(145.6), Na-HEPES (4.54), HEPES (5.46), CaCl2 (1.1), MgCl2
(1.2), KCl (2.5); intracellular, KCl (143), (Na) EGTA (3), Na-
HEPES (6.04), HEPES (3.96), CaCl2 (1.21), and MgCl2 (1.21).

The pH of solutions was 7.2 ± 7.3. Although the voltage-clamp
solutions were designed to block K+ currents, maximal block
usually took many minutes to occur in whole-cell recordings.
No attempt was made to block high-threshold voltage

activated Ca2+ currents normally generated by the neurones.
These currents did not contribute to those recorded at
740 mV or more negative, and late Na+ currents at more

positive potentials (recorded during h? protocols) were
recorded as TTX-sensitive di�erence currents. Superfusion of
solutions was gravity driven, and all experiments were carried

out at room temperature (20 ± 228C). Lignocaine (lidocaine)
and benzocaine were obtained from Sigma (Poole, Dorset,
U.K.). Benzocaine was made up as a 200 mM stock solution in
ethanol, and the vehicle was usually not more than 0.1% of the

experimental solution volume, commonly much less. Higher
concentrations of ethanol alone had small e�ects on transient
Na+ current amplitude.

Recordings were made using an Axopatch 200 ampli®er
(Axon Instruments, Foster City, CA, U.S.A.) with a CV202
headstage, and were ®ltered using the 4-pole Bessel ®lter on the
ampli®er; 73 dB at 2 KHz (whole-cell recordings) or 5 KHz

(membrane patch recordings). All electrodes were fabricated
using thin wall glass capillaries (GC150TF-15, Clark Electro-
medical, Pangbourne, U.K.), coated with Sylgard (Dow

Corning) and ®re-polished. Their initial resistance once ®lled
with recording solution was usually between 2 and 3 MO. The
whole-cell capacity current transient generated on an imposed

step in potential was routinely cancelled using the simple
resistance-capacitance (RC) circuit within the ampli®er. The
charging-time-constant prediction facility of the Axopatch

ampli®er was always used, allowing rapid charging of the cell
membrane capacity. In this way, the e�ective time constant for
charging the membrane in response to an imposed step was
reduced by up to 90%. Estimated Rs values at the start of

whole-cell recording sessions fell within the range 1.8 ± 5.8 MO
(n=34). Feedback series resistance (Rs) compensation was also
always used, and was set to at least 70%. When using external

gluconate solutions, the junction potential between the bath
and the KCl bridge was allowed for by o�setting the holding
potential by710 mV (e.g. Baker & Bostock, 1997). Control of

command pulse protocols and data collection was carried out
by a Dell PC running pClamp version 6 (Axon Instruments).

The voltage-dependent activation of Na+ channels in

outside-out patches occurred at a more negative potential
than that in the whole-cell, as previously reported (Baker &
Bostock, 1998a). One possible reason for an apparent potential
shift is a Donnan equilibrium potential that exists upon

attaining the whole-cell recording con®guration (e.g. Marty &
Neher, 1983). This potential is largest upon initially attaining
the whole-cell con®guration (perhaps amounting to 10 mV).

However, in the present experiments, the intracellular contents
of the neurones equilibrated with the pipette solution over
several 10s of minutes before recording began (to allow

outward recti®cation to be blocked maximally), and it
therefore seems unlikely that this e�ect could account for
anything but a small fraction of the shift in the potential-
dependence of channel gating. Activation of both late and

transient current occurred at potentials 20 mV more negative
than in whole-cell (in the presence of the same solutions), and
data on steady-state transient current inactivation in patches

indicates that the voltage-dependence was shifted even more
substantially in the negative direction, by up to 40 mV. The
mechanism was not investigated, but it was important to take

the e�ect into account because unless the holding potential was
su�ciently negative (to remove inactivation), then the
transient current in patches appeared more sensitive to local

anaesthetic than it did in the whole-cell, and the discrimination
between transient and late current was less marked.

Voltage-clamp protocols

Whole-cell late currents were commonly recorded using
voltage-clamp steps from a negative pre-pulse potential

(7110 mV) to a range of membrane potentials in 5 or 10 mV
increments. Families of membrane currents were elicited by
long duration clamp steps (e.g. 200 ms). Whole-cell leakage

and residual capacity currents were usually removed by
subtracting appropriately scaled currents evoked by reversed
polarity clamp steps. During particularly stable experiments, it
was possible to record su�cient data to subsequently compute
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`di�erence currents' from families of currents recorded before
and after the superfusion of TTX, benzocaine or lignocaine. In
membrane patches, leakage current and residual capacity

transients generated in response to imposed potential steps
were subtracted either by constructing records from traces
without channel activity, or by scaling responses to small,
negative going clamp steps. Voltage-clamp protocol repeat

frequencies did not usually exceed 1 Hz, and no signi®cant
frequency-dependent block using lignocaine was evident. In
one experiment using benzocaine, the protocol repeat

frequency was 2 Hz.

Data analysis

Plots of the value of steady-state current availability (h?) for
late Na+ current (measured after 2 s duration pre-pulses)

versus membrane potential (Em) were ®tted with a Boltzmann
relation of the form:

h1 � 1ÿ �A=f1� exp��E1=2 ÿ Em�=ah�g� �1�

using a least-squares procedure (SigmaPlot, Jandel); where A is

the maximum degree of inactivation, E1/2 is the membrane
potential at which inactivation is half maximal, ah is the
steepness parameter.

Late current amplitudes were measured as the mean current

over 10 ms, at the end of a long duration voltage-clamp step,
and the value of current (I) was converted to a permeability (P)
according to the Goldman-Hodgkin-Katz constant-®eld

current equation for a monovalent cation:

P �I=��EmF
2=RT�f�cin ÿ coutexp�ÿFEm=RT��=

�1ÿ exp�ÿFEm=RT��g�
�2�

where F is Faraday's constant; R is the gas constant; T is the
absolute temperature; and cin and cout are the concentrations of

Na+ in the internal and external solutions, respectively. Em is
as previously de®ned. Plots of Na+ permeability versus
membrane potential were ®tted by Boltzmann relations of the
form:

P � Pmax=f1� exp��E1=2 ÿ Em�=ap�g �3�

where Pmax is the limiting maximum permeability, E1/2 is the

membrane potential at 0.5 Pmax, and ap is the steepness
parameter.

Values of apparent equilibrium dissociation constant, K,

were determined by ®tting single rectangular hyperbolae to
current amplitude values, measured in the presence of a range
of drug concentrations. For late current amplitude values the

®t asymptote was not constrained to zero, which allowed for
the presence of residual outward recti®cation.

Wherever possible, experimentally determined values are

quoted as mean+s.e.mean.

Results

The actions of lignocaine

Transient and late inward currents were evoked by voltage-
clamp steps from a negative pre-pulse potential (7110 mV).
Superfusion of lignocaine (500 mM) reversibly abolished the late

current while the transient current, although slightly reduced in
amplitude, was clearly still present (Figure 1a and inset). The
data are shown without leakage subtraction, in order to

demonstrate clearly that the changes in late current cannot be
attributed to changes in input resistance. The block of late
current by lignocaine can exhibit time-dependence (Baker &

Bostock, 1998b). When subject to a su�ciently large depolariz-
ing step, late current normally declines, because it is subject to a
voltage-dependent, slow inactivation (Baker&Bostock, 1998a).
Superfusion of lignocaine increased the rate of decline, and this

e�ect was clearest at potentials close to the threshold for
activating the current, where the degree of native inactivation is
small (Figure 1b). The amplitude of the current blocked at a

latency of 190 ± 200 ms, in the same neurone, exhibited a
voltage-dependence similar to that previously reported for late
Na+ current (Figure 1c). The sensitivity of the transient current

was variable. Attempts were made to control the current in
randomly selected cells by reducing extracellular Na+ (see
Methods) or recording in a nonsaturating concentration of TTX

(15 nM). The results indicated that half-block could occur over a
wide range of concentrations (50 ± 400 mM; n=8), and that
transient current can still be present on exposure to 900 mM
lignocaine (data not shown). In other experiments, where block

of late current was studied, the transient current sensitivity
implied half-block at the upper end of this range, as reported for
transient Na+ current in hippocampal pyramidal neurones

(Kaneda et al., 1989). The wide range of sensitivities reported
here might partly be explained by variable rates of transient
channel activation, which depends upon the quality of the

voltage-clamp. Because of the di�culties involved in making
good recordings of large transient Na+ currents, in cells with a
considerable capacity (4100 pF), other possible sources of

variability were not investigated. Determining the late Na+

current amplitude at 740 mV as a fraction of the total current
subsequently abolished by the superfusion of 100 nM TTX, or
making allowance for the presence of residual outward

recti®cation in the analysis, allowed the estimate of K for block
of late Na+ current as 57.8+15 mM,mean+s.e.mean, n=4 (e.g.
Figure 1d).

The actions of benzocaine

Benzocaine appeared even better at discriminating between
transient and late Na+ current than lignocaine (Figure 2a).
Benzocaine was more e�ective than lignocaine at blocking late
current (K=24.9+3.3 mM at 740 mV, mean+s.e.mean,

n=3), and less e�ective at blocking transient current. A high
concentration of the drug (250 mM) seemed to be equally good
at blocking late current over its entire activation range (Figure

2b,c). The properties of the Boltzmann curve (Figure 2c),
drawn according to best-®t parameters through derived
permeability values, are similar to those previously published

for activation of late Na+ current isolated by other means
(Baker & Bostock, 1997) and this suggests that block does not
exhibit substantial voltage-dependence. The apparent K for

block of late current, shown in Figure 2d, was not di�erent at
760 mV (19.2 and 23.8 mM at 740 and 760 mV, respec-
tively), a potential nearer the activation threshold for late
current, and below the normal activation threshold for

transient current in these cells. Data from whole-cell
experiments (n=11) suggested a consistently high apparent K
for block of transient current (4250 mM). Excised patch data

indicates that with a pre-pulse potential su�cient to remove
inactivation, the value of K may actually exceed 700 mM (see
below).

Local anaesthetics have been proposed to stabilize or favour
fast inactivation of transient Na+ currents (e.g. Hille, 1977,
Scheuer, 1999), although the drug may actually associate with
a state on the activation pathway rather than the inactivated
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state (Vedantham & Cannon, 1999). However, exposure to a

near 50% blocking concentration of benzocaine (20 mM) did
not shift the residual late current h? relation in the
hyperpolarizing direction, which would be predicted for

favoured inactivation. Rather, it reduced the slope of the
relation, suggesting that drug binding does not promote
inactivation of late current, and may slightly retard it (Figure
2e). The data presented were derived from TTX-sensitive

records, and are compared with a Boltzmann relation
previously presented as a best-®t to control channel availability
data (Baker & Bostock, 1998a).

Benzocaine (300 mM) blocked late sodium currents in an
outside-out patch exhibiting both transient and late openings,
while transient current amplitude was only slightly reduced

(Figure 3a). It is di�cult to be certain from whole-cell
recordings whether late current is blocked before it activates,
or whether there is rapid block upon activation, during the
residual capacity current. However, block of late current in a

second membrane patch was present from very early in the
clamp-step (i.e. 1 ± 2 ms), consistent with block of closed
channels (Figure 3b and inset). Benzocaine (25 mM) block of

macroscopic late current at near threshold potentials, was also

present from early in the clamp-step (data not shown). The

ensemble-mean current blocked by benzocaine exhibits the
slow, partial inactivation previously reported for late current
(Baker & Bostock, 1998a). The e�ect of benzocaine upon

individual traces suggests that the drug may block late current
by reducing the number of late openings. In a third patch,
exhibiting channels giving rise to brief, sporadic openings (and
therefore more nearly conforming to an ideal where openings

are homogeneous and do not overlap), it was possible to count
the number of openings occurring over 100 ms (Figure 3c),
according to a simple (5pS) threshold-crossing rule. Benzo-

caine (200 mM) dramatically and reversibly reduced the
number of openings, suggesting that an important element of
its action is an interaction with late channels in non-

conducting states, which could include closed-states.

Benzocaine shifts the voltage-dependence of transient
Na+ channel inactivation

In patches, the maximal transient current evoked by a
sequence of incrementing clamp-steps was blocked by *20%

by 200 mM benzocaine (n=2). In these experiments, the pre-

Figure 1 Selective block of late Na+ current by lignocaine. (a) Transient and late Na+ currents evoked in response to 200 ms
duration clamp steps to 740 mV in the absence (light trace) and presence (heavy trace) of 500 mM lignocaine. No residual capacity
or leakage current subtraction. Zero current is represented by a broken line. Inset: (same records) most transient current remains in
the presence of drug. (b) Lignocaine (50 mM) can cause a decay in the late current, at a potential more negative than that at which
transient Na+ current activates. In the presence of drug, current becomes outward during the clamp step due to residual outward-
recti®cation. (c) Current-membrane potential plot for currents blocked by the superfusion of 50 mM lignocaine, at equilibrium.
Lignocaine sensitive current operates over same potential range as late Na+ current. Same cell as in (b). (d) Concentration-
dependence of block in another neurone at 740 mV and at 200 ms is well described by a single rectangular hyperbola (®t allows for
residual outward recti®cation). Apparent value of K is 47.8 mM.
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pulse potential was held su�ciently negative (7140 mV) to
remove control steady-state inactivation. Thus the transient

current, when activated from a negative holding potential, may
require more than 700 mM benzocaine to produce 50% block.
However, the e�ectiveness of benzocaine as a blocker of

transient Na+ current in both whole-cell or membrane patch
recordings was clearly a�ected by the holding or pre-pulse
potential. For this reason, the e�ect of 200 mM benzocaine

upon the voltage-dependence of steady-state fast inactivation
was investigated in other patches using a range of pre-pulse
potentials (Figure 4a). Block of the maximal transient current
when preceded by the most negative pre-pulse (to 7150 mV)

was by 18.5+1.9% (mean+s.e.mean, n=4); data obtained

from one neurone is shown in Figure 4a,b. The drug shifted the
voltage-dependence of inactivation by 718.7+5.9 mV

(mean+s.e.mean, n=4), Figure 4c.

Functional consequences of selective block of late Na+

current

In a neurone with a su�ciently negative resting membrane

potential, benzocaine spares the transient current (and hence
the action potential), while blocking the late current operating
at sub-threshold potentials (Figure 5a) (Baker & Bostock,
1999b). This discrimination probably occurs for the following

reasons. With a membrane potential near 770 mV there

Figure 2 Characteristics of current blocked by low concentrations of benzocaine. (a) Late and transient Na+ currents evoked by
clamp steps up to 760 mV (left hand traces). Late current abolished after superfusion of 250 mM benzocaine (currents subsequently
recorded in the presence of 200 nM TTX subtracted from original records). (b) Current-membrane potential plot for benzocaine
(250 mM) sensitive component, measured at the end of 200 ms duration voltage-clamp steps, for the same neurone as in (a).
Permeability-membrane potential plot (c), derived from the values of current in (b). Smooth curve is a Boltzmann relation, where,
Pmax=6.96 10711 cm3 s71, E1/2=751.8 mV and ap=4.6 mV. (d) Similar values of K found for block of late current at 740 mV
(where the current is maximal), and at 760 mV, at the end of 200 ms duration voltage-clamp steps: 19.2 and 23.8 mM respectively.
(e) E�ect of 20 mM benzocaine upon steady-state current availability (h?) after 2 s pre-pulses. TTX (200 nM)-sensitive currents
measured in three neurones between 60 and 70 ms after a clamp step to 720 mV (as indicated). Main intracellular anion was Cl7

rather than F7. Heavy curve is the Boltzmann relation with best-®t parameters for mean control data. Data obtained in the
presence of the drug diverge from control values at potentials more positive than 760 mV. Parameters for ®t to control data are:
E1/2=756.2 mV, ah=7.4 mV and A=0.86. Corresponding values for data in the presence of drug are, 753.1 mV, 12.5 mV and
0.79, respectively, but only a part of the curve is shown.
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should be *70% transient channel availability. The avail-
ability is high because in the whole-cell con®guration, the
voltage-dependence of control transient current inactivation

appears to be up to 40 mV more positive than that found in
patches (see Methods, data not shown). As a result, more than
250 mM benzocaine is required to half-block the transient Na+

current. Action potential latency is short, and transient
channel inactivation kinetics near the observed resting
potential are relatively slow, so that inactivation will not

increase very much before the transient channels activate. In
comparison, superfusion of 100 nM TTX, a concentration of
the toxin that would cause a similar degree of block of late
current as 250 mM benzocaine, prevents action potential

generation and anaesthetizes the neurone (n=2).
Because late Na+ current activates at more negative

potentials than transient current, it is hypothesized to

contribute to sub-threshold depolarizing events, amplifying

and prolonging them. The present experiments provide
evidence that in large sensory neurones late Na+ current can
indeed amplify sub-threshold depolarizations (Figure 5b), but

because this action is curtailed by stronger activation of fast
delayed recti®cation, the extra depolarization is not prolonged.
Thus, in the presence of fast K+ channels, late Na+ current

would be expected to be most e�ective at amplifying
depolarizations with a rapid rate of rise. The reversible e�ects
of 250 mM benzocaine and the e�ect of 100 nM TTX on sub-

threshold membrane potential changes were compared in the
same neurone as that in Figure 5b, and found to be similar.
Unfortunately, because benzocaine is not perfectly selective, it
is not possible to assign all the increase in threshold to block of

late current alone. However, a reasonable expectation is that
lower concentrations of benzocaine (e.g. 25 ± 50 mM) would
lower excitability in large sensory neurones almost exclusively

through an action on late current.

Figure 3 Selective block of late current in outside-out patches by benzocaine. (a) Benzocaine (300 mM) reversibly eliminated late
channel openings, while transient current amplitude was slightly reduced in the same patch. (b) Benzocaine (200 mM) reversibly
blocked late channel currents in another patch, throughout 200 ms duration clamp steps at potentials more negative than threshold
for transient current (upper two single example traces). Lower trace and inset, ensemble-mean di�erence current between recordings
in the absence and presence of drug (51 traces with drug, 31 traces during wash). Substantial current block apparent at 1 ± 2 ms
following the onset of the clamp step (inset). (c) Benzocaine (200 mM) reversibly reduced the number of late openings in a third
patch. Channel openings (su�cient to cross a 5 pS threshold) recorded during clamp steps to 740 mV, counted between 60 and
160 ms following the clamp step onset. The channel openings appeared homogeneous and of the brief, sporadic type. Gaps appear
in the histogram either where noise prevented analysis, or between recording sessions.
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Discussion

I have presented evidence showing that low concentrations of
lignocaine and benzocaine can act selectively upon late Na+

current in large dorsal root ganglion neurones. Both agents
exhibited a similar preference for late current, although
benzocaine appeared to be more selective, at least in voltage-
clamp. Lignocaine block of late current could exhibit time-

dependence, which was not observed for block by benzocaine.
These ®ndings, though novel for peripheral neurones, are
consistent with other recently published ®ndings for central

neurones. Pharmacological studies of late Na+ currents in
pyramidal neurones indicate that they can also be targeted
preferentially by local anaesthetics and anti-convulsants.

(HammerstroÈ m & Gage, 1998; Lampl et al., 1998). A subtle
though potentially important aspect of drug action on Na+

channels is revealed by these experiments, and they provide

further evidence for the non-homogeneous nature of Na+

current in mammalian neurones.

Possible mechanisms of selective block

Characterisation of Na+ currents in large sensory neurones
has revealed that the contributing channels, although all

sensitive to TTX, are not functionally uniform. Most, if not all

of the late and steady-state current recorded, appears to be

generated by a minor fraction of the total population of Na+

channels, and these channels undergo reopening (Baker &
Bostock, 1997). One simple explanation for the accumulation

of block by a low concentration of lignocaine, is that there is
an open channel requirement for access to the binding site, and
block proceeds slowly because channel open-probability is low
and channel openings are brief. Time dependent block of

inactivation-de®cient mutant and chemically modi®ed Na+

channels has been reported (e.g. Balser et al., 1996; Vedantham
& Cannon, 1999), which appears similar to the action of

lignocaine reported here. The current decay induced by
exposure to lignocaine could actually be due to an allosteric
e�ect, accelerating the slow inactivation (c.f. Balser et al.,

1996), rather than giving rise to an open-channel block.
However, in large sensory neurones, favoured inactivation of
the late current seems improbable, as strong enhancement of

late current inactivation (with a shift in the voltage-dependence
of the h? relation) does not occur on exposure to benzocaine.

Closed transient channels are resistant to block by local
anaesthetic, so that signi®cant block of transient channels can

only take place when channels have been activated by
depolarization. This is a result in agreement with descriptions
of the action of local anaesthetics on voltage-clamped nodes of

Ranvier, and in cardiac muscle (Hille, 1977; Bean et al., 1983).

Figure 4 Benzocaine block of transient Na+ current in membrane patches is achieved by promoting inactivation (a) Sequentially
recorded families of transient Na+ currents evoked by a clamp-step to 730 mV, following a 50 ms pre-pulse to a range of
membrane potentials. Currents were recorded in the presence of 200 mM benzocaine (left hand panel), during wash (centre panel),
and after re-exposure to the drug (right hand panel). (b) Potential-dependence of steady-state Na+ current availability (h?),
measured from the peak amplitudes of the currents shown in (a). Benzocaine reduces the maximal transient current (extrapolated
values from Boltzmann ®ts) by 14 ± 16%. From raw data, where pre-pulse is 7150 mV, block was521%. (c) Mean derived h?
relations from data obtained in four patches including that in (b). Benzocaine (200 mM) shifts E1/2 for steady-state inactivation by
719 mV. Smooth curves are Boltzmann relations, drawn according to best-®t parameters. E1/2 and ah=7100.8 and 11.4 mV, and
7119.9 and 15.3 mV, for control and drug values, respectively.
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In contrast, the evidence presented for benzocaine block of the

late current suggests that if channel-state dependent binding is
a factor, then it cannot be substantial, and it seems probable
that block of closed channels must occur. Block is associated

with a fall in the number of brief, sporadic channel openings,
suggesting an interaction with non-conducting channels. At
potentials near the activation threshold (where channel open-
probability is low), block of late current is present immediately

upon depolarization (e.g. Figure 3b), suggesting that the
channels do not have to open before they are blocked. Block of
late current at 200 ms does not appear to be substantially

voltage-dependent, and ®nally, there is no shift in the voltage-
dependence of the late current h? relation on exposure to the
drug.

While some aspects of the di�erential block of transient and
late currents may be ascribed to di�erences in channel gating,
selection on a molecular basis may also play a part and cannot

be ruled-out. The corresponding class I antiarrhythmic action
of lignocaine upon the heart may be attributable to a selective
action on persistent Na+ current (Ju et al., 1992). Block of
steady-state Na+ current is achieved at low, therapeutic

concentrations (Colatsky, 1982; Ju et al., 1992; Rosen, 1996),
that minimally a�ect transient current. Ventricular muscle
expresses a TTX-resistant transient current, and a TTX-

sensitive late current (Saint et al., 1992). As the binding of

TTX is well established to depend critically upon the channel

amino-acid sequence, it is probable that the channels
generating these two portions of the total Na+ current
represent at least two di�erent Na+ channel sub-types.

Late current and spontaneous impulse generation in
nerve

Following nerve transection, sensory nerve ®bres of all
diameters can become spontaneously active, impulses arising
at sites of nerve regeneration (sprouting) and from axotomized

DRG neurones (Wall & Gutnick, 1974; Wall & Devor, 1983;
Burchiel, 1984; reviewed by Devor, 1995). A minor subset of
normal DRG neurones can also generate spontaneous activity

(e.g. Burchiel, 1984). Devor et al. (1992) reported that after
injury the spontaneous, ectopic discharges in large diameter
®bres, arising at both sites, are ultra-sensitive to systemic

lignocaine. The discharges are suppressed by doses too low to
obviously a�ect axonal excitability to applied currents or
attributes of normal impulse transmission. These authors
report that a cumulative dose of approximately 1 mg kg71 was

su�cient to reduce activity arising within axotomized neurones
by 50%. Assuming the distribution and fate of the drug in rat
is comparable with those in man, the resulting plasma

concentration may have been less than 10 mM (c.f. Rosen,

Figure 5 Benzocaine can block sub-threshold Na+ current while sparing action potentials, whereas a matched concentration of TTX
renders neurones inexcitable. (a) Rectangular current pulses applied to a neurone in current-clamp elicits action potentials. Voltage
responses to three depolarizing current steps (upper insert) promoting sub-, just supra-threshold, and clearly supra-threshold
depolarizations under control conditions (left hand panel). Benzocaine (250 mM) reversibly raises the current threshold (440%) but
fails to prevent action potential generation (middle panels). A matched concentration of TTX, expected to block late current by490%
anaesthetizes the neurone (right hand panel). In the presence of TTX, the neurone remains inexcitable, even when applied current is
increased to 8.25 nA. Dotted lines and solid lines indicate 0 and 780 mV, respectively. (b) Sub-threshold potential changes in absence
(control) and presence of 250 mM benzocaine (di�erent neurone than in (a)). Benzocaine blocks ampli®cation of passive depolarizing,
electrotonic response (increasing threshold460%). All recordings corrected for series resistance errors, and residual artefacts have
been blanked.
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1996). In contrast, Ja�e & Rowe (1996) reported that 50%
conduction failure in rat dorsal root axons in vitro, when
stimulated at low frequency, occurs after exposure to 230 mM
lignocaine. The present ®ndings shed light upon these e�ects
and suggest a special role for the late current in the generation
of ectopic impulses in diseased sensory nerve, especially within
the soma of DRG neurones. Although Devor et al. (1992)

reported a di�erential e�ect of lignocaine on cell bodies and
sprouting a�erents (the soma being more sensitive to the drug),
this pharmacological discrimination does not necessarily imply

fundamentally di�erent mechanisms of electrogenesis because
the local relative densities of Na+ and K+ channels may di�er.
For example, accumulation of Na+ channels may occur at the

end of a regenerating nerve, and this has been suggested to
account for hyperexcitable nerve sprouts and neuromas (e.g.
Devor et al., 1989; England et al., 1994; 1996), although

whether K+ channels also accumulate is not known.
In demyelinated spinal root axons, spontaneous, ectopic

activity is driven by a pacemaker potential at the active site,
consistent with the operation of an inward current at sub-

threshold potentials (Baker & Bostock, 1992). The sponta-
neous ®ring (5 ± 20 Hz) can be highly regular, the rate being
controlled by kinetically slow K+ channels. Exposure to

tetraethylammonium (TEA) ions, that block the slow K+

channels, increase the rate of discharge. In demyelinated dorsal

column and sciatic nerve axons, spontaneous activity of a
similar type has also been reported (Kapoor et al., 1997). A
sinusoidal, slow membrane potential oscillation at near

threshold potentials appears to be responsible for the regular
excitation, and the oscillation can also be recorded in the
absence of action potential generation. Importantly, Kapoor et
al. (1997) discovered that the membrane potential oscillation

could be abolished by exposure to TTX, implicating a Na+

current in its generation. Thus, the inward current initiating
membrane potential instability and ectopic activity in

demyelinated nerve may be synonymous with late Na+

current. Consistent with this hypothesis, unitary currents
similar to those underlying at least a part of the late current

in DRG neurones (brief, sporadic activity; Baker & Bostock,
1997), have also been found in axonal membrane patches
(MitrovicÂ et al., 1993).

It is therefore probable that the e�ectiveness of systemic
local anaesthetics in the treatment of spontaneous, ectopic
impulse generation in diseased and damaged nerve is due, at
least in part, to a selective action on late Na+ current.

I would like to thank Hugh Bostock for reading and commenting
upon a version of this manuscript, and I am grateful to the reviewers
for their constructive criticism. This study was supported by a grant
from the Medical Research Council.
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