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Lidocaine Increases Intracellular Sodium Concentration
through Voltage-dependent Sodium Channels in an
Identified Lymnaea Neuron
Shin Onizuka, M.D.,* Toshiharu Kasaba, M.D.,† Toshiro Hamakawa, M.D.,‡ Shoichiro Ibusuki, M.D.,*
Mayumi Takasaki, M.D., Ph.D.§

Background: The local anesthetic lidocaine affects neuronal
excitability in the central nervous system; however, the mech-
anisms of such action remain unclear. The intracellular sodium
concentration ([Na�]i) and sodium currents (INa) are related to
membrane potential and excitability. Using an identifiable re-
spiratory pacemaker neuron from Lymnaea stagnalis, the au-
thors sought to determine whether lidocaine changes [Na�]i and
membrane potential and whether INa is related to these
changes.

Methods: Intracellular recording and sodium imaging were
used simultaneously to measure membrane potentials and
[Na�]i, respectively. Measurements for [Na�]i were made in nor-
mal, high-Na�, and Na�-free salines, with membrane hyperpo-
larization, and with tetrodotoxin pretreatment trials. Further-
more, changes of INa were measured by whole cell patch clamp
configuration.

Results: Lidocaine increased [Na�]i in a dose-dependent man-
ner concurrent with a depolarization of the membrane poten-
tial. In the presence of high-Na� saline, [Na�]i increased and the
membrane potential was depolarized; the addition of lidocaine
further increased [Na�]i, and the membrane potential was fur-
ther depolarized. In Na�-free saline or in the presence of tetro-
dotoxin, lidocaine did not change [Na�]i. Similarly, hyperpolar-
ization of the membrane by current injections also prevented
the lidocaine-induced increase of [Na�]i. In the patch clamp
configuration, membrane depolarization by lidocaine led to an
inward sodium influx. A persistent reduction in membrane
potential, resulting from lidocaine, brings the cell within the
window current of INa where sodium channel activation
occurs.

Conclusion: Lidocaine increases intracellular sodium concen-
tration and promotes excitation through voltage-dependent so-
dium channels by altering membrane potential in the respira-
tory pacemaker neuron.

LIDOCAINE is widely used for regional anesthesia and
postoperative pain relief, and these effects involve the
blockade of voltage-dependent sodium channels. When
used even within a clinical range, focally applied lido-
caine can enter the central nervous system to affect its
function. In a classic theory presented in most text-
books, this excitation exerted by local anesthetics is
thought to be the result of an initial blockade of inhibi-
tory pathways in the cerebral cortex.1,2 On the other

hand, the local anesthetic–induced excitation is believed
to result from an increase in the excitability of individual
neurons.3,4 In any case, the precise mechanisms remain
unclear.

Intracellular sodium concentration ([Na�]i) and so-
dium currents (INa) are prime indicators of neuronal
excitability. Depolarizing inputs alter membrane poten-
tial and open voltage-dependent sodium channels. In
addition, the activation of voltage-dependent sodium
channels in neurons increases sodium currents and ex-
cites neurons.5,6 In this process, Na� influx occurs from
the extracellular space via sodium–potassium or sodi-
um–calcium exchangers and by the activation of voltage-
gated sodium channels.7,8 Rodeau et al.9 reported that
10 mM procaine induces inward INa and depolarizes the
membrane potential through an inward current of pro-
caine itself. On the other hand, Castaneda-Castellanos et
al.10 reported that lidocaine (0.1 mM) maintains the volt-
age-dependent sodium channels in an open state, result-
ing in Na� influx and neuronal excitability. If lidocaine
increases inward INa or stabilizes the open state of
voltage-dependent sodium channels, lidocaine is also
expected to change [Na�]i. However, there are no pub-
lished reports to show that local anesthetics alter [Na�]i

concentration.
In this study, we isolated the identified neuron right

pedal dorsal 1 (RPeD1) from the fresh water snail Lym-
naea stagnalis. This giant neuron was used because it is
one of the pacemaker neurons involved in respiratory
pattern generation.11 This pacemaker neuron, like other
respiratory pacemaker neurons, has a slowly inactivating
component of the sodium current and can produce
spontaneous action potentials continuously.12–14 There
are few reports of the effect of local anesthetics on
respiratory pacemaker neurons, because to detect, iden-
tify, and isolate respiratory pacemaker neurons in the
central nervous system is difficult in mammalian prepa-
rations. In contrast, it is easy to isolate the snail brain and
remove individual neurons. An in vitro isolated neuron
is devoid of other confounding inputs such as other
neurons and glial cells, making it possible to observe
[Na�]i purely and clearly. Moreover, in the absence of an
extensive neuritic arbor, this neuron poses fewer cur-
rent clamp challenges. Ion channels, including voltage-
dependent sodium channels, which are similar to those
of humans and can be blocked by tetrodotoxin selec-
tively, have been previously investigated in RPeD1.15,16

Identified Lymnaea neurons have in the past been ex-
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tensively used to define the mechanisms by which both
inhalation and intravenous anesthetics affect neuronal
properties and synaptic transmission in the nervous
system.17–19

In individual RPeD1 neurons, the changes of mem-
brane potential and [Na�]i before and after lidocaine
administration were measured simultaneously by intra-
cellular microelectrode recording and sodium-binding
benzofuran isophthalate (SBFI) imaging. Furthermore, to
investigate the relation between [Na�]i and membrane
potential, the changes of INa before and after lidocaine
perfusion were measured by whole cell patch clamp
(voltage clamp) configuration.

Materials and Methods

Animal and Cell Culture
All animal experiments were approved by the Animal

Care Committee of Miyazaki Medical College (Kiyotake,
Miyazaki, Japan). The cell culture procedures were
adopted from Syed et al.11 Specifically, we used individ-
ually identifiable RPeD1 neurons from laboratory-raised
L. stagnalis (fresh water snail) at room temperature. For
this study, 2- to 3-month-old snails (shell length, 20–
30 mm) were selected. Snails were deshelled and trans-
ferred to a sterile dissection dish in antibiotic normal
saline (150 �g/ml Gentamicin [G3632; Sigma Chemical
Co., St. Louis, MO] in normal Lymnaea saline: 51.3 mM

NaCl, 1.7 mM KCl, 4.1 mM CaCl2, 1.5 mM MgCl2, 5.0 mM

HEPES, pH 7.9). The central ganglionic rings were iso-
lated using standard dissection procedures and subse-
quently pinned to the silicone rubber base of a tissue
culture plate. The outer connective tissue of the ganglia
was removed before enzymatic treatment. Ganglia were
treated in defined medium (serum-free 50% Leibovitz
L-15 medium [GIBCO-BRL Life Technologies, Burlington,
Ontario, Canada] with added inorganic salts, 20 �g/ml
gentamycin, pH 7.9) for 25 min with 0.2% trypsin (type
III; Sigma Chemical Co.). Subsequently, ganglia were
also treated with 0.2% soybean trypsin inhibitor (Sigma
Chemical Co.) for 15 min in the defined medium. Before
removal of identified neurons, the inner connective tis-
sue sheath was dissected with fine forceps from the
ganglia. Neurons were removed by gentle suction with a
siliconized, microforge fine-polished pipette with an out-
side diameter of 1.5 mm (IB-150 F; WPI, Sarasota, FL),
and then these neurons were maintained in a high-
osmolarity medium containing 30 mM glucose. After this,
neurons were transferred to poly-L-lysine–coated culture
dishes (Falcon Plastics, Los Angeles, CA) with 3 ml of the
defined medium.

Intracellular Recording and [Na�]i Imaging
The following neuronal activity was monitored using

conventional intracellular recording. A glass microelec-

trode, outside diameter of 1.0 mm (GC100-10; CEI, Lon-
don, England) was filled with a saturated solution of
K2SO4, yielding a tip resistance of 20–60 M�. A neuron
was observed under an inverted microscope (TE-300;
Nikon, Tokyo, Japan) and impaled by a microelectrode
using a manipulator (MM 202; M 204, Narishige, Japan).
Electrical signals were amplified (IR-283; Cygnus Tech-
nologies, Delaware Water Gap, PA), displayed on an
oscilloscope (VC-11; Nihon Kohden, Tokyo, Japan), and
stored on computer (G4; Apple Computer Inc., Cuper-
tino, CA) through an A/D converter (Powerlab; ADIn-
struments, Colorado Springs, CO) and a thermal alley
recorder (RTA1200; Nihon Kohden).

For the measurement of [Na�]i, the radiometric fluo-
rescent indicator, an acetoxymethyl ester form of sodi-
um-binding benzofuran isophthalate (SBFI-AM) (Molecu-
lar Probes, Eugene, OR) was used. SBFI-AM, 1 mM, in
dimethyl sulfoxide (DMSO) was mixed with the defined
medium containing the neuron at a volume of 0.1%.
After incubation at 20°C for 60 min, this defined medium
was removed, and the neuron was suspended in normal
saline for 1 h to take out hydrolysis of AM esters and
diacetates. Measurements were made by exciting this
indicator dye at 340 nm, where fluorescence is particu-
larly sensitive to the sodium ion concentration, and
390 nm, where is very close to the isosbestic point.20–22

Therefore, the intensity of intracellular SBFI fluores-
cence was measured at two quickly alternating excita-
tion wavelengths (340/390 nm) and continuously re-
corded at 510 nm by an inverted fluorescent microscope
(TE-300), a cooled high-speed charge-coupled device
video camera (C-6970; Hamamatsu Photonics, Hamamatsu,
Japan), and a fluorescence imaging system (Argus-Hisca;
Hamamatsu Photonics). The exposure time for a single
image was 159 ms, resulting in a total time of 600 ms
needed for a 340/390-nm pair image. Background fluores-
cent images were subtracted before analysis.

In Vivo Calibration for [Na�]i
Two fluorescence ratios with SBFI were converted into

using the calibration curve for RPeD1 in vivo.23–25 The
calibration curve for [Na�]i was constructed by plotting
the fluorescence ratio versus Na� concentration of the
calibration solutions (fig. 1). To equilibrate the [Na�]i

with extra ([Na�]o), 30 min before the experiment,
10 �M of the Na� ionophore gramicidin D (ICN Biomedi-
cals, Inc., Costa Mesa, CA) was added, and then RPeD1
neurons were exposed to Na�-free concentration saline
with gramicidin D solution for 30 min. Fluorescent im-
age pairs were taken, and then RPeD1 neurons were
exposed to salines of increasing sodium concentration
(1, 25, 50, 100, 150 mM) for 10 min each. Image pairs
were taken again at the end of each exposure.
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Experimental Procedure for Intracellular Recording
and [Na�]i Imaging
Neurons were divided into five trials: normal saline,

high-Na� saline, Na�-free saline, membrane hyperpolar-
ization, and tetrodotoxin (Sankyo, Tokyo, Japan; 30 �M)
pretreatment. For the membrane hyperpolarization tri-
als, the membrane potential was held at �80 mV by
current injection 2 min before lidocaine perfusion. In
the high-Na� saline trials, high-Na� saline (103 mM NaCl,
1.7 mM KCl, 4.1 mM CaCl2, 1.5 mM MgCl2, 5.0 mM HEPES,
pH 7.9) was used as the extracellular fluid. In the Na�-
free saline trials, Na�-free saline (0 mM NaCl, 50 mM

N-methyl-D-glucamine, 1.7 mM KCl, 4.1 mM CaCl2, 1.5 mM

MgCl2, 5.0 mM HEPES, pH 7.9) was used. In the normal
saline, membrane hyperpolarization, and tetrodotoxin
pretreatment trials, normal saline was used.

In the normal saline trials, lidocaine (0.01, 0.1, and
1 mM) was perfused into the culture dish after measure-
ments of baseline values. In the high-Na� saline, Na�-
free saline, membrane hyperpolarization, and tetrodo-
toxin pretreatment trials, 1 mM lidocaine was perfused.
In the tetrodotoxin pretreatment trials, tetrodotoxin
(30 �M) was perfused for 4–6 min before lidocaine
perfusion.

In the normal saline trials, membrane potential and
[Na�]i were measured for 5 min after each dose of
lidocaine. In the high-Na� saline and the Na�-free saline
trials, the normal salines were changed to either high-
Na� or Na�-free saline at 2 min, and membrane potential
and [Na�]i were measured for 7 min after lidocaine
administration. In the normal saline and membrane hy-
perpolarization trials, the baseline values were collected

during the 4 min before lidocaine perfusion (at 0 min in
the figures). In the high-Na� saline, Na�-free saline, and
tetrodotoxin pretreatment trials, the baseline values
were measured 2 min before lidocaine perfusion (at 0
min in the figures). In each trial, the membrane potential
was measured relative to the resting membrane potential
of �60 mV in RPeD1.

Whole Cell Patch Clamp Recordings
Whole cell voltage clamp recordings in RPeD1 neu-

rons26,27 were made using an EPC9 amplifier (HEKA
elektronik, Lambrecht, Germany). Patch electrodes (tip
diameter adjusted to 1.0 �m, resistance of 1–3 M�) were
pulled from glass tubing (outside diameter of 1.5 mm)
with no filament (PG-150T-7.5; Warner Instrument, Ham-
den, CT) on a vertical pipette puller (Kopf 750, Tujunga,
CA). For experiment control and data acquisition, an
A/D and D/A converter interface board (PCI-16; HEKA
elektronik) was inserted into a personal computer (G4).
Data acquisition and analysis were performed using
Pulse software (version 8.66; HEKA elektronik). The
current was filtered at 1 kHz using a four-pole Bessel
filter and digitized at a sampling frequency of 20 kHz. To
study INa, pipettes were filled with filtered (0.22-�m
filter) cesium pipette solution consisting of 50 mM CsCl,
5 mM EGTA, 5 mM MgCl2, 10 mM HEPES, 2 mM ATP-Mg,
and 0.1 mM GTP-Tris, and the pH was adjusted to 7.4
(with CsOH). The bath solution consisted of 40 mM

NaCl, 10 mM TEACl, 4.0 mM MgCl2, 1.0 mM CaCl2, 1.0 mM

4-aminopyridine, 1.0 mM CdCl2, and 10 mM HEPES (pH
7.9).26,27 All experiments were performed at room tem-
perature (20°–22°C). After obtaining a gigaohm seal, the
series resistance was compensated approximately 70–
80% using the series resistance compensation of the
pulse software, and the final series resistance revel was
compensated under 1 M�. The leak currents were sub-
tracted by leak compensation within the pulse software
for each experiment.

Experimental Procedure for Whole Cell Patch
Clamp Recordings
In whole cell voltage clamp recordings, neurons were

divided into three groups: control, 0.1, and 1 mM lido-
caine perfusion groups. Currents were measured 6 min
after each dose of lidocaine. The current–voltage curve,
steady state activation curve, and steady state inactiva-
tion curve were plotted.

Current–Voltage Curve
For the current–voltage curve, INa was measured in

response to 10-mV, 20-ms steps from a holding potential
of �120 mV (1 s) and 10-mV incremental steps to po-
tentials between �80 and �40 mV.26,27 Currents were
normalized to the maximum in control and plotted as a
function of membrane potential.

Fig. 1. The in vivo calibration curve of sodium-binding benzo-
furan isophthalate 340/390-nm intensity ratio versus intracel-
lular sodium concentrations ([Na�]i) in right pedal dorsal 1
neuron. Each value represents mean � SEM; n � 10.
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Steady State Activation Curve
For the steady state activation curve, peak INa was

measured in response to 20-ms, 10-mV incremental de-
polarizing steps from �120 to �40 mV from a holding
potential of �120 mV for 1 s. From the peak INa, the
conductance values (G) were calculated according to
the equation G � INa/(V � ENa), where INa was the
peak Na� current measured at each membrane potential
(V), and ENa is the reversal potential estimated by the
current–voltage curve.28 Calculated G values were nor-
malized to the maximum of the control or to the maxi-
mum of each group and plotted as a function of mem-
brane potential. Plots were fitted to Boltzmann relations
of the form y � Gmin � (Gmax � Gmin)/{1 � exp[(V�
V50)/K]}, where y is normalized GNa, Gmin is the G of
baseline, Gmax is the G of maximum, V is each membrane
potential, V50 is the membrane potential at which con-
ductance is halfway between Gmin and Gmax, and K is the
slope factor.10,28,29

Steady State Inactivation Curve
For the steady state inactivation curve, the membrane

potential was prepulsed from �120 to 40 mV at 10-mV
increments for 5 s. INa was measured with a 20-ms test
pulse to �10 mV. Currents were normalized to the
maximum in control and plotted as a function of pre-
pulse potential. Plots were fitted to Boltzmann relations
of the form y � Imin � (Imax � Imin)/{1 � exp[(V �
V50)/K]}, where y is normalized INa of the maximum in
control or in each group, Imin is the INa of baseline, Imax

is the INa of maximum, V is each prepulse potential, V50

is the membrane potential at which conductance is half-
way between Imin and Imax, and K is a slope factor.10,28,29

In steady state activation and inactivation curves, analy-
ses were performed using Kaleida graph (version 3.52;
Synergy Software, Reading, PA).

Statistical Analysis
Results are expressed as mean � SEM. The results of

repeated measurements in each dose in each group of
trials were analyzed by repeated-measurement one-way
analysis of variance, followed by the Scheffé test. Among
the three doses of lidocaine in the normal saline trials
and among the high-Na� saline, Na�-free saline, hyper-
polarized, and tetrodotoxin pretreatment trials, the three
groups in the current–voltage curve of whole cell patch
clamp recordings were analyzed by analysis of variance,
followed by the Scheffé test. Stat view (version 4.5;
Abacus, Berkeley, CA) was used for these analyses. P �
0.05 was considered statistically significant.

Results

Intracellular Recording and [Na�]i Imaging
Normal Saline Trials. To test whether lidocaine af-

fects neuronal excitability and intracellular Na concen-

tration, intracellular activity of individually isolated neu-
rons were monitored either in the absence or in the
presence of lidocaine.

The mean values of the fluorescence ratio and [Na�]i at
resting membrane potential were 2.4 � 0.1 and 9 � 6
mM, respectively. There was no difference in the initial
mean values of [Na�]i before lidocaine or tetrodotoxin
administration in each trial. Half of RPeD1 neurons have
spontaneous activity at resting membrane potentials.

Figure 2A shows experimental tracings of membrane
potential and [Na�]i before and after lidocaine adminis-
tration. After lidocaine perfusion, [Na�]i increased, and
membrane potential depolarized. Soon after a high dose
of lidocaine (1 mM), [Na�]i increased, membrane poten-
tial continued to be depolarized, and action potential
frequency increased (maximum frequency of action po-
tentials: from 5 � 5 to 37 � 9 rate/min at 0.01 mM, to 80
� 12 rate/min at 0.1 mM, and to 114 � 21 rate/min at 1

Fig. 2. (A) Simultaneous traces of membrane potential (top)
ratio and intracellular sodium concentrations ([Na�]i) (bottom)
in the normal saline trials. Lidocaine was perfused at 5 min
(0.01 mM), 10 min (0.1 mM), and 15 min (1 mM). (B) Data of
membrane potential (top) and [Na�]i (bottom). Results are pre-
sented as mean � SEM; n � 10. * P < 0.05 compared with
baseline values.
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mM). However, this initial increase in action potential
frequency was transient, lasting only a few seconds,
followed by a flat membrane potential. In the normal
saline trials, lidocaine significantly depolarized the mem-
brane potential (from �59 � 3 to �55 � 3 mV at
0.01 mM, to �50 � 3 mV at 0.1 mM, and to �21 � 3 mV
at 1 mM; fig. 2B). [Na�]i was significantly increased at
each lidocaine dose (from 9 � 6 to 14 � 6 mM at 0.01
mM, to 16 � 6 at 0.1 mM, and to 39 � 9 at 1 mM; fig. 2B).
Both the depolarization of the membrane potential and
the increase in [Na�]i after lidocaine perfusion were
dose dependent.

High-Na� Saline Trials. The membrane potential and
the [Na�]i were stabilized for 2 min before high-Na�

saline application, and also, these were allowed to sta-
bilize in high-Na� saline 2 min before lidocaine applica-
tion. High-Na� saline increased [Na�]i and depolarized
membrane potential. Subsequent application of lido-
caine, in the presence of high-Na� saline, further in-
creased [Na�]i and also further depolarized the mem-
brane. ([Na�]i: from 10 � 3 to 59 � 10 mM; membrane
potentials: from �58 � 6 to �14 � 4 mV; fig. 3). The
membrane potential and the intracellular sodium con-
centration after lidocaine perfusion were compared not

Fig. 3. (A) Simultaneous traces of membrane potential (top) and
intracellular sodium concentrations ([Na�]i) (bottom) in the
high-Na� saline trials. The normal saline was changed to high-
Na� saline from 2 to 14 min. Lidocaine was perfused at 7 min
(1 mM). (B) Data of membrane potential (top) and [Na�]i (bot-
tom) in the high-Na� saline. Results are presented as mean �
SEM; n � 9. * P < 0.05 compared with baseline values. † P < 0.05
compared with high-Na� saline perfusion. # P < 0.05 compared
with normal saline trials.

Fig. 4. (A) Simultaneous traces of membrane potential (top) and
intracellular sodium concentrations ([Na�]i) (bottom) in the Na�

free saline. The normal saline was changed to Na� free saline
from 2 min to 14 min. Lidocaine was perfused at 7 min (1 mM).
(B) The data of membrane potential (top) and [Na�]i (bottom) in
the Na� free saline. Results are presented as mean � SEM, n �
9, * P < 0.05 compared with baseline values. # P < 0.05 com-
pared with normal saline trials.
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only with the data of control but also with the data after
high-Na� saline perfusion during the same period.

Na�-free Saline Trials. In the Na�-free saline trials,
the increase in [Na�]i after lidocaine perfusion was sig-
nificantly lower than that of normal saline trials (from
7 � 4 to 5 � 3 mM; fig. 4). Membrane potential was
depolarized after lidocaine perfusion (from �58 � 4 to
�44 � 14 mV), and this increase was significantly less
than that of normal saline trials.

Membrane Hyperpolarization Trials. In the mem-
brane hyperpolarization trials, where membrane poten-
tial was reduced from �60 mV to �80 mV, spontaneous
action potentials ceased to occur. In the membrane
hyperpolarization trials, the increase in [Na�]i after lido-
caine perfusion was significantly lower than that of nor-
mal saline trials (from 8 � 4 to 17 � 6 mM; fig. 5).

Tetrodotoxin Pretreatment Trials. Tetrodotoxin
(30 �M) significantly suppressed the lidocaine-induced
increase in [Na�]i and membrane potential depolariza-
tion when compared with normal saline trials ([Na�]i:
from 9 � 2 to 11 � 3 mM; membrane potentials: from
�59 � 2 to �56 � 6 mV; fig. 6).

Whole Cell Patch Clamp Recordings
Characteristics of INa. In the presence of normal

saline, the threshold for INa was �40 mV, and the
maximum current response occurred at �10 mV, with
the mean value at �1.73 � 0.12 nA. The reversal poten-
tial of INa was �22 mV. The INa was blocked by 30 �M

tetrodotoxin at all potentials.
Effects of Lidocaine on INa. Lidocaine decreased

maximum current response of INa at �10 mV in a

dose-dependent manner as compared with control (to
76 � 4% at 0.1 mM, to 48 � 4% at 1 mM; figs. 7A–C).
However, the typical amount of membrane depolariza-
tion resulting from 1 mM lidocaine application (horizon-
tal gray arrow), from the resting membrane potential in
the control (shown as the INa at �60 mV in the control
with black arrow) to the decreased membrane potential
(usually �20 mV), should result in an inward sodium
current (vertical gray arrow) (40-fold increase in INa
between �60 and �20 mV).

Effects of Lidocaine on Steady State Activation
Curve. Lidocaine did not apparently effect the steady
state activation curve of INa. There was not a significant

Fig. 5. Data of membrane potential (top) and intracellular so-
dium concentrations ([Na�]i) (bottom) in the membrane hyper-
polarization trials. The membrane potential was hyperpolar-
ized and voltage clamped from �60 mV to �80 mV at 2 min.
Lidocaine (1 mM) was perfused at 4 min. Results are presented
as mean � SEM; n � 10. * P < 0.05 compared with baseline
values. # P < 0.05 compared with normal saline trials.

Fig. 6. (A) Simultaneous traces of membrane potential (top) and
intracellular sodium concentrations ([Na�]i) (bottom) in the te-
trodotoxin pretreatment. Tetrodotoxin (30 �M) was perfused
from 3 to 4 min. Lidocaine was perfused at 7 min (1 mM). (B)
The data of membrane potential (top) and [Na�]i (bottom) in the
tetrodotoxin pretreatment. Results are presented as mean �
SEM; n � 9. * P < 0.05 compared with baseline values. # P < 0.05
compared with normal saline trials.
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shift of the steady state activation curve with up to 1 mM

lidocaine (V50: �24.2 mV at control to �22.3 mV at
0.1 mM, to �19.6 mV at 1 mM); also, there was no
significant difference in the slope values up to 1 mM

lidocaine (K value: 6.4 � 0.3 at control to 6.5 � 0.2 at
0.1 mM, to 7.3 � 0.2 at 1 mM; figs. 8A–C).

Effects of Lidocaine on Steady State Inactivation
Curve. Lidocaine induced a hyperpolarizing shift in the
steady state inactivation curve in a dose-dependent man-
ner (V50: �55.3 mV at control to �62.3 mV at 0.1 mM, to
�71.9 mV at 1 mM; K value: 8.6 � 0.3 at control to
9.3 � 0.3 at 0.1 mM, to 9.5 � 0.3 at 1 mM; figs. 9A–C).
With the perfusion of 1 mM lidocaine, 20% of the inward
sodium current remained (approximately 80% inactiva-
tion) at the resting membrane potential of �60 mV (fig.
9C). From �60 to �20 mV, there are window currents
where the activation and inactivation curves overlap,
and thus a persistent inward sodium current can occur
(slight conductance and incomplete inactivation) (fig.
10). Note that the range of this window current corre-
sponds with the level of depolarization induced by 1 mM

lidocaine (fig. 2B).

Discussion

Our results show that lidocaine increases [Na�]i and
depolarizes the membrane potential of the isolated
RPeD1 respiratory pacemaker neuron at rest.

In the high-Na� saline trials, the increases in [Na�]i

after lidocaine treatment were significantly higher than
that of normal saline. However, in the Na�-free saline
trials, lidocaine did not produce an enhancement of
[Na�]i. Therefore, the increase in [Na�]i produced by
lidocaine is likely from the extracellular fluid. These
results indicate that the lidocaine-induced enhancement
of [Na�]i may result from the activation of Na channels.
Consistent with this conclusion are our results that dem-
onstrated that an increase in [Na�]i induced by lidocaine
was suppressed by hyperpolarization or after tetrodo-
toxin pretreatment. Therefore, one of the mechanisms
by which lidocaine causes an increase in [Na�]i may
involve tetrodotoxin-sensitive voltage-dependent so-
dium channels. These results are supported by patch
clamp data, which show that lidocaine increases INa
approximately 40 times greater than observed at resting
membrane potentials under control conditions.

In the current study, lidocaine decreased the maxi-
mum current response in a dose-dependent manner, and
these data are consistent with those reported previous-
ly.30–32 However, there were some variations with pre-
vious reports, one being that lidocaine increased inward
sodium currents when compared with the INa of a
resting membrane potential. This can be explained by
analyzing previous reports where the effects of lidocaine
on INa were compared at the same membrane potential.

Fig. 7. (A) Current traces of control sodium currents (INa) in
right pedal dorsal 1 neuron. Thirteen steps to potentials be-
tween �80 and �40 mV for 20 ms. (B) Current traces of INa after
lidocaine (1 mM) perfusion. (C) Closed circles � current–voltage
curves of INa in the control (n � 7); open triangles � 0.1 mM

lidocaine perfusion (n � 7); open squares � 1 mM lidocaine
perfusion (n � 7). Results are presented as mean � SEM. The
black arrow shows the INa at resting membrane potential (�60
mV) in the control. The horizontal gray arrow shows the di-
rection of membrane potential change from the resting level
(�60 mV) to the potential after lidocaine (1 mM) perfusion. The
vertical gray arrow highlights the inward sodium current gen-
erated by stepping the membrane potential to this depolarized
potential of �20 mV, in patch clamp configuration.
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For example, the INa was mostly compared at the mem-
brane potential with an induced maximum current re-
sponse of approximately �10 to 0 mV. However, there
was in fact a difference in membrane potential before

and after lidocaine treatments. Therefore, we reason that
the currents including INa must be compared for each
membrane potential before and after lidocaine or after
the blocker treatment. In addition, our results indicate
that lidocaine depolarizes membrane potential, increases
INa and induces more excitation to each neuron when
the membrane potential is in the window currents. How-
ever, in contrast, when the membrane potential is high,
outside of the window current, as would be the case
during an action potential, lidocaine would decrease
INa. In the steady state inactivation curve, lidocaine
induced a hyperpolarizing shift, which is similar to that
of previous reports.10,32,33 In these reports, it is con-
cluded that the hyperpolarizing shift in the steady-state
inactivation curve is one of the reasons that lidocaine
reduces INa. However, in RPeD1, the availability of volt-
age-dependent sodium channels at �60 mV remains 20%
after lidocaine perfusion (fig. 9C). In the range of �60 to
�20 mV, which is the same range depolarized by 1 mM

lidocaine (fig. 2B), activation and inactivation curves
overlap before and after lidocaine perfusion, which is
referred to as window currents. Therefore, in this range,
depolarization induced by lidocaine will trigger conduc-
tance through sodium channels as activation occurs, and
inactivation will be incomplete (fig. 10). Thus, depolar-
ization of RPeD1 into the range of the window current
allows for a small but persistent sodium influx with
slower inactivation, which corresponds with the sodium
imaging data of figure 2. In contrary, at maximum mem-
brane potentials (� �10 mV), the availability of voltage-
dependent sodium channels for persistent sodium influx
is minimum, because inactivation is almost complete
from �10 to �20 mV after a 5-s prepulse. This could be
one of the reasons why lidocaine shows both inhibition
and excitation in pacemaker neurons.

However, it is still unclear why lidocaine increases
membrane potential. In the current study, lidocaine in-
duced the hyperpolarizing shift in the steady state inac-
tivation curve. Therefore, it is difficult to consider that
INa through voltage-dependent sodium channels is the
main cause of depolarization by lidocaine. Rodeau et al.9

reported that procaine (10 mM), another local anesthetic,
increases membrane conductance and depolarizes mem-
brane potential. This study concluded that local anes-
thetics increase membrane conductance by physically
passing through channel pores. Procaine is an organic
cation, but it moves through the cell membrane in
“base” form, not “cation” form. Therefore, it is hard to
consider that procaine will produce a major current
itself. On the other hand, Ibuski et al.34 reported that the
intracellular concentrations of the ionic form of local
anesthetics increased to approximately 70% of the extra-
cellular concentration. Thus, depolarization of mem-
brane potential by local anesthetics could be caused by
an increase in the cation form of local anesthetics within
the intracellular space or the gap between intracellular

Fig. 8. (A) Current traces of control sodium currents (INa) and
after lidocaine (1 mM) perfusion at �60 mV. (B) Current traces of
INa control and after lidocaine (1 mM) perfusion at �10 mV. (C)
Effects of lidocaine in steady state activation curve in right pedal
dorsal 1 neuron normalized to the maximum INa in each group.
Closed circles � control (n � 7); open triangles � 0.1 mM lidocaine
perfusion (n � 7); open squares � 1 mM lidocaine perfusion (n �
7). Lines show the steady state activation curve fitted to Boltzmann
relations. Thick line � control; dotted line � 0.1 mM lidocaine
perfusion; thin line � 1 mM lidocaine perfusion.
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and extracellular concentration of lidocaine. Our results
indicate that lidocaine also depolarized membrane po-
tential when sodium was excluded from the extracellu-
lar fluid. However, this depolarization was significantly
less than that in normal saline trials. Also, tetrodotoxin
pretreatment suppressed membrane depolarization by
lidocaine. These results indicate that the lidocaine-in-
duced depolarization of the membrane potential is not
solely generated by lidocaine itself, but that Na� influx
via the tetrodotoxin-sensitive, voltage-dependent so-
dium channels promotes this depolarization. Komai and
McDowell35 reported that local anesthetics inhibit potas-
sium currents and induce depolarization. This also may
contribute to the initial membrane depolarization; how-
ever, potassium currents were not included in this study.

We choose concentrations of 0.01–1 mM lidocaine in
the study because it is reported that lidocaine at doses of
0.07–0.1 mM of blood concentration induce convulsions
in humans.36 In this study, we used SBFI-AM to measure
[Na�]i. To investigate the interference to SBFI-AM by
Lymnaea saline and lidocaine, we measured the fluores-
cent ratio using the same concentration of SBFI and
lidocaine solution, but no major interference or fluores-
cent loss was observed. In figure 2, the depolarized
membrane potential by lidocaine only lasts 3–4 min and
then has a tendency to come back to the base level even
during the application of lidocaine. Many factors contrib-
ute to the maintaining of membrane potential; thus, the
inhibitory effect of lidocaine on voltage-dependent so-
dium channels may not directly result in alternations in

Fig. 9. (A) Current traces of control sodium currents (INa) in right
pedal dorsal 1 neuron. INa was measured with a 20-ms test pulse
to �10 mV after each prepulse of 17 steps from �120 to �40 mV
with 10-mV increments for 5 s. (B) Current traces of INa after
lidocaine (1 mM) perfusion. (C) Effects of lidocaine in steady state
inactivation curve in right pedal dorsal 1 neuron normalized to
the maximum INa in each group. Closed circles � control (n � 7);
open triangles � 0.1 mM lidocaine perfusion (n � 7); open squares
� 1 mM lidocaine perfusion (n � 7). Lines show the steady state
inactivation curve fitted to Boltzmann relations. Thick line � con-
trol; dotted line � 0.1 mM lidocaine perfusion; thin line � 1 mM

lidocaine perfusion.

Fig. 10. Voltage dependence of activation and inactivation
curves normalized to the maximum conductance or current
of control group. Closed circles � control; open triangles �
0.1 mM lidocaine perfusion; open squares � 1 mM lidocaine
perfusion. Lines show the steady state activation or inactivation
curve fitted to Boltzmann relations. Shaded square shows the
membrane potential range of the window current. Gray arrow
shows the direction of membrane potential change from the
resting membrane potential (�60 mV) to approximately
�20 mV after 1 mM lidocaine perfusion.
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membrane potential. Other factors, such as sodium–
calcium exchangers and other ionic currents, may be
modified by lidocaine application. To determine how
lidocaine changes [Na�]i, more investigations that in-
clude these exchangers and sodium channels are neces-
sary. The major receptors and ion channels that have
been identified in L. stagnalis are similar to those found
in humans, and therefore, L. stagnalis represents an
excellent model to study the effects of lidocaine.

In conclusion, lidocaine increases intracellular sodium
concentration and promotes excitation in respiratory
pacemaker neurons through voltage-dependent sodium
channels by altering membrane potential. This depolar-
ization is enough to activate a persistent sodium influx
through the window current, an idea confirmed with
sodium imaging.
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