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ABSTRACT
Voltage-gated Na� channels (Na� channels) mediate the rising
phase of action potentials in neurons and excitable cells. Nine
subtypes of the � subunit (Nav1.1–Nav1.9) have been shown to
form functional Na� channels to date. Recently, anesthetic
concentrations of volatile anesthetics and ethanol were re-
ported to inhibit Na� channel functions, but it is not known
whether all subtypes are inhibited by anesthetics. To investi-
gate possible subtype-specific effects of anesthetics on Na�

channels, mRNA of Nav1.2, Nav1.4, Nav1.6, and Nav1.8 � sub-
unit-encoded genes were injected individually or together with
a � subunit mRNA into Xenopus oocytes. Na� currents were
recorded using the two-electrode voltage-clamp technique.
Isoflurane, at clinically relevant concentrations, inhibited the
currents produced by Nav1.2, Nav1.4, and Nav1.6 by �10% at
the holding potential of �90 mV and by �30% at �60 mV, but

it did not affect the Nav1.8-mediated current. An anesthetic
fluorocyclobutane (1-chloro-1,2,2-trifluorocyclobutane) also in-
hibited the Nav1.2 channel, whereas the nonanesthetic fluoro-
cyclobutane (1,2-dichlorohexafluorocyclobutane) had no ef-
fect. The perfluorinated heptanol [CF3(CF2)5CH2OH], which
produces anesthesia, inhibited the Nav1.2 channel like other
alcohols tested (ethanol, heptanol, and CF3CH2OH), even
though this compound does not affect GABA, glycine, �-ami-
no-3-hydroxy-5-methyl-4-isoxazole propionic acid, or kainate
receptors. In contrast, most intravenous anesthetics did not
have significant effects on the Nav1.2 channel at clinically rel-
evant concentrations although urethane inhibited. These results
show that isoflurane inhibits the Na� channel functions except
Nav1.8 in a voltage-dependent manner. These findings indicate
that the Na� channel is a neuronal target for anesthetic action.

Voltage-gated sodium channels (Na� channels) are respon-
sible for the rising phase of action potentials in neurons and
electrically excitable cells. They consist of an � subunit (ap-
proximately 260 kDa) in association with auxiliary � sub-
units (33–36 kDa). To date, nine subtypes of the � subunit,
designated Nav1.1 to Nav1.9, have been shown to form func-
tional Na� channels (Catterall, 2000; Goldin, 2001).

It has been thought that axonal conduction, and by infer-
ence voltage-gated Na� channels, are not affected by reason-
able concentrations of anesthetics (Franks and Lieb, 1994).
However, more recent studies show that anesthetics at clin-
ically relevant concentrations can suppress Na� channel
function in synaptosomes (Ratnakumari and Hemmings,
1998), neurohypophysial nerve terminals (Ouyang et al.,
2003), and in cells transfected with a rat neuronal sodium

channel, Nav1.2 channel (Rehberg et al., 1996). These studies
raise the possibility that Na� channel inhibition can contrib-
ute to anesthesia. In line with this, in vivo studies have
shown that Na� channel inhibitors, such as lidocaine, reduce
minimum alveolar concentration (MAC) values of volatile
anesthetics. This is at least consistent with inhibition of Na�

channels participating in anesthesia in vivo (Doherty and
Frazier, 1998; Hodgson et al., 1999). It is also important to
note that synaptosomal Na� channels can be inhibited by
several volatile anesthetics, including 1-chloro-1,2,2-trifluo-
rocyclobutane (F3), but they are not affected by the nonim-
mobilizer 1,2-dichlorohexafluorocyclobutane (F6; Ratnaku-
mari and Hemmings, 1998; Ratnakumari et al., 2000).

It is possible that the old ideas on axonal conduction can be
reconciled with anesthetic inhibition of Na� channel func-
tion, because there are nine different � subunits, which may
vary in their anesthetic sensitivity. Moreover, the old ideas
were mostly based on studies using molluscan axons. There
have been several studies of volatile anesthetics on cloned
Na� channels with conflicting results. Human cardiac chan-
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nels (Nav1.5) expressed in the HEK293 cells were inhibited
by isoflurane and halothane (Stadnicka et al., 1999), and rat
brain channels (Nav1.2) were also inhibited by halothane and
enflurane (Rehberg et al., 1996). However, others showed
that halothane inhibition of Nav1.2 and Nav1.4 required PKC
coexpression, and Nav1.5 was insensitive to halothane even
with the PKC (Patel et al., 2000). To study the effects of
various anesthetics on selected cloned Na� channels in the
same expression system, we chose the Xenopus oocyte expres-
sion system. Although the expression system has advantages
in studying channel subtypes specifically and mutated chan-
nels, other studies are required to configure physiological
relevance.

Genes encoding Nav1.1, Nav1.2, Nav1.3, and Nav1.7 are
located on chromosome 2 in mouse, and these channels share
similarities in DNA sequence, biophysical characteristics,
predominant expression in the brain, and sensitivity to te-
trodotoxin (TTX). Nav1.5, Nav1.8, and Nav1.9 are located on
mouse chromosome 9, and these are resistant to TTX. The
other isoforms, Nav1.4 and Nav1.6, are on mouse chromo-
some 11 and 15, respectively. From these Na� channels, we
selected the Nav1.2 subunit, which is predominantly ex-
pressed in brain; Nav1.4, which is the skeletal muscle chan-
nel; Nav1.6, which is widely expressed in the central nervous
system and peripheral nervous system; and Nav1.8, which is
expressed in dorsal root ganglion (DRG).

In this study, we used isoflurane, halothane, F3, and F6 as
volatiles, and we used two fluorinated alkanols, CF3CH2OH
(FC2) and CF3(CF2)5CH2OH (FC7), to study effects on the
Na� channels. Although these fluorinated alkanols produce
anesthesia in vivo, the mechanisms of the action are not
understood. FC2 potentiated the function of GABA receptors
like other anesthetics, whereas FC7 did not affect GABA,
glycine, AMPA, or kainate receptors (Ueno et al., 1999).
Moreover, these injectable anesthetics, ketamine, propofol,
and urethane, were tested on the Na� channel at their clin-
ically relevant concentrations. Propofol (1 �M) potentiates
the function of GABAA receptors by more than 100% (Sanna
et al., 1995), but it has only small effects on glycine and
NMDA receptors (Mascia et al., 1996). On the other hand,
ketamine strongly inhibits NMDA receptors, but it does not
have significant effects on GABAA, glycine, and AMPA recep-
tors (Yamakura et al., 2001). Urethane has been widely used
as an anesthetic in animal experiments, but its mechanisms
of action are still unclear. Urethane potentiated GABAA and
glycine receptors and inhibited NMDA and AMPA receptors
(Hara and Harris, 2002). But each of these effects was very
small at an anesthetic concentration (10 mM) of urethane.
For example, this concentration of urethane enhanced the
GABA and glycine receptor functions only by 23 and 33%,
respectively, although isoflurane and halothane potentiated
both receptors more than 100% at their anesthetic EC50

(Downie et al., 1996; Yamakura and Harris, 2000). Therefore,
it was of interest to determine whether the Na� channel is a
target for any of these injectable anesthetics.

Materials and Methods
Xenopus laevis female frogs were purchased from Xenopus Ex-

press, Inc. (Homosassa, FL). Isoflurane was from Marsam Pharma-
ceutical Inc. (Cherry Hill, NJ), and cyclopropane was from Ohio
Medical Product (Madison, WI). FC2 and FC7 were obtained from

TDC Research Inc. (Gainesville, FL). Halothane, lidocaine, propofol,
ketamine, urethane, tetrodotoxin, and other chemicals were ob-
tained from Sigma-Aldrich (St. Louis, MO). F3 and F6 were obtained
from Lancaster Synthesis Inc. (Windham, NH).

mRNA Synthesis. The cDNA encoding rat Nav1.2 � subunit (gift
from Dr. W. A. Catterall, University of Washington, Seattle, WA),
the cDNA of human Nav1.4 � subunit (gift from Dr. A. L. George,
Vanderbilt University, Nashville, TN), the cDNA of rat Nav1.6 �

subunit (gift from Dr. A. L. Goldin, University of California, Irvine,
CA), the cDNA of rat Nav1.8 � subunit (gift from Dr. A. N. Akopian,
The University of Texas Health Science Center, San Antonio, TX),
the cDNA of rat Nav �1 subunit (gift from Dr. A. L. Goldin, University
of California, Irvine), and the cDNA of human Nav �1 subunit (gift
from Dr. A. L. George, Vanderbilt University) were used for cRNA
synthesis using either T7 or SP6 RNA polymerase. In vitro tran-
scripts were prepared using the mMESSAGE mMACHINE kit (Am-
bion, Austin, TX). The quality and quantity of these RNAs were
determined by using the RNA 6000 Nano assay with Agilent 2100
bioanalyzer (Agilent Technologies, Palo Alto, CA).

Oocyte Expression. The use of experimental animals was ap-
proved by the Animal Care and Use Committees of the University of
Texas. Oocytes were isolated and placed in modified Barth’s saline
containing 88 mM NaCl, 1 mM KCl, 2.4 mM NaHCO3, 0.82 mM
MgSO4, 0.91 mM CaCl2, 0.33 mM Ca(NO3)2, and 10 mM HEPES
adjusted to pH 7.5. Oocytes were injected with 40 nl of a 10:1 mixture
of Na� channel � subunit and Na� channel � subunit mRNA or 40 nl
of a Na� channel � subunit alone, with the � subunit concentration
approximately 0.5 ng/nl of injected solution. The injected oocytes
were singly placed in Corning cell wells (Corning Glassworks, Corn-
ing, NY) containing incubation medium (sterile modified Barth’s
saline supplemented with 10 mg/l streptomycin, 100,000 units/l pen-
icillin, 50 mg/l gentamycin, 90 mg/l theophylline, and 220 mg/l pyru-
vate) and incubated at 15 to 19°C. One to 5 days after injection, the
oocytes were used in electrophysiological recording.

Two-Electrode Voltage-Clamp Recording from Oocytes. Oo-
cytes injected with the cRNA were placed in a rectangular chamber
(�100-�l volume) and continuously perfused (2 ml/min) with Frog
Ringer solution (115 mM NaCl, 2.5 mM KCl, 1.8 mM CaCl2, and 10
mM HEPES, pH 7.2) using a peristaltic pump (Cole-Parmer Instru-
ment Co., Chicago, IL). Two-electrode voltage-clamp recordings were
obtained from injected oocytes using a Warner Instruments model
OC-725C (Hamden, CT). The amplitude of expressed Na� currents
was typically 2 to 15 �A. These currents were completely blocked by
external applications of tetrodotoxin (200 nM) or replacement of Na�

(data not shown). Recording electrodes were made with a puller
(P-97; Sutter Instruments Company, Novato, CA) from borosilicate
capillary glass (Frederick Haer and Co., Bowdoinham, ME) and had
a final resistance of �0.5 M� when filled with 3 M KCl. All electro-
physiological recordings were carried out at a room temperature of
around 23°C. Pulses were applied, and data were acquired using
pClamp software (Axon Instruments, Foster City, CA). The tran-
sients and leak currents were subtracted using the P/N procedure
(Bezanilla and Armstrong, 1975). The actual bath concentrations of
the anesthetics (isoflurane, halothane, cyclopropane, and F3) and
nonanesthetic (F6) were determined by gas chromatography. Isoflu-
rane, halothane, ethanol, and FC2 were directly dissolved in the
Frog Ringer, whereas heptanol and FC7 was first dissolved in di-
methyl sulfoxide (DMSO) and then diluted in Frog Ringer to a final
concentration of DMSO not exceeding 0.05%. Saturated solutions of
F3 and F6 obtained by 100 �l of each compound in 20 ml of Frog
Ringer were equilibrated in a sealed glass syringe protected from
light for at least 24 h before use. A solution in a closed vial was
bubbled with 100% cyclopropane for at least 10 min at room temper-
ature to obtain saturated solution. The concentration of cyclopropane
in the chamber was quantified by gas chromatography, and the value
was 0.46 � 0.03 atm (Hara et al., 2002). This concentration corre-
sponds to 5 MAC of cyclopropane. Final solutions of those compounds
were prepared from the saturated solutions immediately before ap-
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plication. The loss of concentrations from prepared solution to bath
was approximately 50% for all compounds, except for ethanol and
FC2. All compounds were tested at a concentration corresponding to
MAC (or the predicted MAC for F6) in the final bath concentration.
MAC is the minimum alveolar concentration of anesthetic required
eliminating movement in response to a noxious stimulus in 50% of
subjects. Calculated 1 MAC for isoflurane, halothane, cyclopropane,
F3, F6, ethanol, FC2, heptano, and FC7 were 0.32 mM, 0.25 mM,
0.18 atm, 0.8 mM, 17.8 �M, 190 mM, 31 mM, 0.23 mM, and 26 �M,
respectively (Saidman et al., 1967; Mihic et al., 1994; Dildy-Mayfield
et al., 1996; Eger et al., 1999; Ueno et al., 1999). Regarding injectable
anesthetics, ketamine and urethane were first dissolved in water
and propofol was dissolved in DMSO to make stock solutions. Cal-
culated EC50 of propofol, ketamine, and urethane considering pro-
tein binding in serum were 1 �M, 2 �M, and 10 mM, respectively.

Data Analysis. Data were obtained from 4 to 20 oocytes taken
from at least three different frogs for each experiment. Data are
shown as means � S.E.M. Statistical analysis was conducted by
one-way analysis of variance (ANOVA) for multiple comparisons and
t test for comparisons between two groups, using GraphPad Prism
software (GraphPad Software Inc., San Diego, CA). Differences were
considered as statistically significant at P value less than 0.05.

Current-Voltage Relation and Conductance-Voltage Relation
(Steady-State Activation) of the Na� Channels. The currents were
elicited by 50-ms (200 ms for Nav1.8) depolarizing pulses from �80 to 50
mV in 10-mV increments from a holding potential of �90 mV or from
�60 to 50 mV in 10-mV increments from a �60 mV holding potential.
To calculate the conductance, following equation was used:

G � IP/�VR � V� , (1)

where G is conductance, IP is the sodium current, VR is the measured
reversal potential, and V is the test pulse voltage. Normalized conduc-
tance was fit with a single Boltzmann relationship of the following form:

G�V� � 1/	1 � exp�V1/ 2 � V�/k
 , (2)

where V1/2 is the half-maximal activation voltage and k is a slope factor.
Steady-State Inactivation of the Channels. The currents were

elicited by test pulse to the potential that induces maximal currents
obtained from current-voltage (I-V) relation after 200-ms prepulses
(500 ms for Nav1.8) to potentials varying from �140 to 20 mV. The

peak test pulse current was plotted as a function of prepulse poten-
tial, normalized, and fit with a Boltzmann function.

I/Imax � 1/	1 � exp�V � V1/ 2�/k
 , (3)

where I/Imax is normalized peak current, V1/2 is the voltage at which
one-half of the channels are available for opening, and k is a slope factor.

Anesthetic Effects on Na� Channels. All anesthetics were
tested at two different holding potentials, Vmax and V1/2, to see
holding potential-dependent effects on Na� channels. Vmax indicates
a holding potential at which most of the channels are available for
activation, V1/2 means a prepulse potential that induces half-maxi-
mal current. Vmax and V1/2 were obtained from steady-state inacti-
vation curves.

Currents were elicited by a 50-ms depolarizing pulse to a potential
that causes maximal conductance obtained from the conductance-
voltage relation curve from a holding potential (Vmax or V1/2) every
10 s. During the recording, anesthetics were applied for 2 min.
Effects of anesthetics on steady-state activation and inactivation of
the channels were also studied.

Results
Characteristics of Nav1.2, Nav1.4, Nav1.6, and Nav1.8

Currents. No measurable Na� currents were detected in
noninjected oocytes under our experimental conditions. Na�

currents were normally activated at a threshold around �50
mV in oocytes expressing Nav1.2, Nav1.4, and Nav1.6. Peak

Fig. 1. A, time course of isoflurane-induced
suppression on Nav1.2 � �1-mediated cur-
rents. The currents were elicited by a 50-ms
depolarizing pulse to �20 mV from a holding
potential of either �60 or �90 mV every 10 s.
Peak currents were normalized to the initial
control current. The open bar indicates du-
ration of 1 MAC isoflurane treatment. B,
representative tracings of the peak Na� cur-
rents before (control) and after application of
isoflurane (1 MAC) elicited from two differ-
ent holding potentials. In this case, a
�60-mV holding potential caused half-max-
imal current (V1/2). C, summary of isoflurane
inhibition at Vmax (open column) and V1/2
(closed column) on Nav1.2, Nav1.4, Nav1.6,
and Nav1.8 channels with or without �1 sub-
units. Open columns indicate percentage of
inhibition by 1 MAC isoflurane at the hold-
ing potential of �90 mV. Closed columns
indicate percentage of inhibition by 1 MAC
isoflurane at holding potentials, which in-
duce half-maximal currents in single oo-
cytes. Data were obtained from 4 to 20 oo-
cytes on each experiment and are
represented as means � S.E.M. �, P � 0.05;
��, P � 0.01; ���, P � 0.001, compared with
control using one-way ANOVA.

TABLE 1
Effects of isoflurane on Na� channel gating
All channels are coexpressed with �1 subunits. Values are shown as mean � S.E.M.

Activation Inactivation

Control V1/2 Isoflurane V1/2 Control V1/2 Isoflurane V1/2

mV

Nav1.2 �32.7 � 5.4 �32.4 � 6.5 �58.7 � 3.8 �67.6 � 3.0*
Nav1.4 �37.4 � 3.0 �38.0 � 2.3 �56.3 � 3.3 �64.3 � 4.7*
Nav1.6 �33.8 � 3.9 �32.2 � 4.0 �60.1 � 2.5 �68.8 � 2.8*
Nav1.8 �3.2 � 3.0 �3.9 � 1.9 �35.3 � 4.8 �36.1 � 3.9

* P � 0.05, compared with control using paired t test.
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inward currents were normally elicited by depolarizing
pulses to �20 mV from a holding potential of �90 mV for
Nav1.2, Nav1.4, and Nav1.6. These currents were completely
blocked by 200 nM tetrodotoxin (data not shown). Nav1.8
currents were activated at a threshold about �10 mV and
peak inward currents were elicited by a depolarizing pulse to
20 mV. The currents were eliminated by replacement of
external Na� (data not shown). Steady-state activation
curves were obtained (see Materials and Methods) and the
V1/2 of Nav1.2, Nav1.4, and Nav1.6 were approximately �30
mV. Steady-state inactivation curves were also obtained and
half-maximal currents were elicited by a step pulse from
holding potentials of approximately �60 mV on Nav1.2,
Nav1.4, and Nav1.6. The current profile of Nav1.8 was dis-
tinct from other channels tested (Table 1).

Effects of Isoflurane on Amplitudes of the Na� Chan-
nel-Induced Inward Currents. Effects of 1 MAC of isoflu-
rane on peak amplitude currents induced by Nav1.2, Nav1.4,
Nav1.6, or Nav1.8 expressed in oocytes with or without �1

subunits were tested. Nav1.2-mediated currents were elicited
by a 50-ms depolarizing pulse to �20 mV from either �90 mV
(Vmax) or �60 mV (V1/2) every 10 s. Isoflurane at 1 MAC
(2-min treatment) inhibited the currents by 8 � 2 and 28 �

5% at the Vmax and V1/2, respectively (Fig. 1, A and B).
Isoflurane also inhibited the currents induced by Nav1.2 with
�1 subunits by 6 � 2 and 27 � 8% at the Vmax and V1/2; thus,
Na� channel �1 subunits did not affect the inhibition by
isoflurane. Likewise, Nav1.4- and Nav1.6-mediated currents
were inhibited by isoflurane, and these actions also did not
depend on expression of �1 subunits (Fig. 1C). Isoflurane
reduced the currents caused by Nav1.4 and Nav1.6 with �1

subunits by 32 � 2 and 36 � 3% at the V1/2, respectively;
however, Nav1.8-mediated currents were not inhibited by
isoflurane with or without �1 subunits even at the V1/2 (Fig.
1C). As a positive control, lidocaine (100 �M) inhibited the
currents induced by Nav1.8 with �1 by 26 � 4 and 49 � 17%
at the Vmax and V1/2, respectively. Thus, isoflurane sup-
pressed the function of the voltage-gated Na� channels,
which are expressed in brain (Nav1.2 and Nav1.6), skeletal
muscle (Nav1.4), and peripheral nerves (Nav1.6) but not the
channel expressed in dorsal root ganglion (Nav1.8).

Effects of Isoflurane on the Steady-State Activation
and Inactivation of the Na� Channels. These experi-
ments were carried out with coexpression of �1 subunits, and
the steady-state activation curve of Nav1.2 was calculated by
a family of currents elicited by 50-ms depolarizing pulses

Fig. 2. A, representative INa traces of Nav1.2 with �1 subunits expressed in Xenopus oocytes, using the two-electrode voltage-clamp. The currents were
elicited by 50-ms depolarizing pulses from �80 to 50 mV in 10-mV increments from a holding potential of �90 mV with or without 2 MAC isoflurane
exposure (2 min). Leak currents were subtracted by P/5 procedure. B, I-V relations of the channel in these three conditions. Currents were elicited by
50-ms depolarizing pulses from �60 to 50 mV in 10-mV increments from a holding potential of �60 mV to observe the isoflurane effects at the more
depolarized holding potential. C, activation curves for control (closed circle) and 2 MAC of isoflurane (open circle). Normalized conductance was
calculated from B and the curve was fit with a single Boltzmann relationship. D, control and isoflurane modulated steady-state inactivation of the
channel. Currents were elicited by 50-ms test pulses to �20 mV after 200-ms prepulses to potentials varying from �140 to 0 mV. Normalized peak
amplitudes of the currents were plotted as a function of prepulse potential to obtain steady-state inactivation curves in control (closed circle) and 2
MAC isoflurane (open circle). The curves were fit with the Boltzmann relationship.
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from �60 to 50 mV in 10-mV increments from a �60 mV
holding potential (Fig. 2, A–C). Isoflurane (2 MAC) inhibited
the current amplitudes (Fig. 2B) but did not alter the steady-
state activation curve of the channel (Fig. 2C). In contrast to
activation, the steady-state inactivation curve of Nav1.2 was
shifted to left by �9 mV by isoflurane (Fig. 2D). Isoflurane
had similar effects on Nav1.4 and Nav1.6 channels (Table 1).
However, isoflurane did not have significant effects on the
steady-state activation or inactivation of the Nav1.8 channel
(Fig. 3 and Table 1).

Effects of Inhaled Anesthetics on Nav1.2. Isoflurane,
halothane, and cyclopropane (2 MAC) were tested to the
Nav1.2 plus �1 subunits (Fig. 4). Isoflurane inhibited the
channel by 6 � 1 and 32 � 3% at the Vmax and V1/2, respec-
tively. Inhibition by halothane was smaller than by isoflu-
rane but statistically significant. The inhibition was 2.4 � 1
and 11 � 2% at the Vmax and V1/2, respectively. The nonha-
logenated alkane cyclopropane also inhibited the channel by
6.6 � 1.5 and 20 � 3% at the Vmax and V1/2, respectively. It
was of interest to determine whether the Na� channel could
distinguish between the anesthetic (F3) and nonimmobilizer
(F6) cyclobutanes. F3 at 2 MAC inhibited the channels by 7 �
2 and 34 � 5% at the Vmax and V1/2, respectively, whereas F6
had no effects.

Effects of n- and Perfluorinated Alcohols on Nav1.2.
The fluorinated alkanols FC2 and FC7 produce anesthetic
effects in vivo. Ethanol (C2) and heptanol (C7) were also
tested to compare the effects on Nav1.2 (with coexpression of
�1 subunits). In this experiment, FC2 and FC7 inhibited the
Nav1.2 induced currents in a concentration-dependent man-
ner (Fig. 5). All alcohols and fluorinated alkanols had similar
effects, �30% inhibition, on the channel at 1 MAC.

Effects of Injectable Anesthetics on Nav1.2. Propofol,
ketamine, and urethane were tested to the Nav1.2 plus �1

subunits. Propofol and ketamine weakly inhibited the Nav1.2
channel, but these small effects were not statistically signif-
icant. The inhibition of the channel by propofol was 3 � 2 and
7 � 1% at 1 and 2 �M, respectively, and that by ketamine
was 3 � 2 and 9 � 2% at 2 and 4 �M, respectively. Propofol
at higher concentration (10 �M) suppressed the Na� channel
function by 25 � 4% with an IC50 of 30 �M. In contrast,
urethane at the anesthetic concentration significantly sup-
pressed the Na� channel function (Fig. 6).

Discussion
The aim of this study was to identify subtype differences of

Na� channels to isoflurane and to investigate effects of other

Fig. 3. A, representative INa traces of Nav1.8 with �1 subunits expressed in Xenopus oocytes, using the two-electrode voltage-clamp. The currents were
elicited by 200-ms depolarizing pulses from �80 to 50 mV in 10-mV increments from a holding of �90 mV. Leak currents were subtracted by P/5
procedure. B, I-V relations of the channel in these two conditions. Currents were elicited by 200-ms depolarizing pulses from �80 to 50 mV in 10-mV
increments from a holding potential of �90. C, steady-state activation of the channel. Normalized conductance was obtained (n � 7), and the curve
was fit with a single Boltzmann relationship. D, steady-state inactivation of the channel. Currents were elicited by 200-ms test pulses to 20 mV after
500-ms prepulses to potentials varying from �120 to 30 mV. Normalized peak amplitudes of the currents were plotted as a function of prepulse
potential to obtain steady-state inactivation curves (n � 7). The curves were fit with the Boltzmann relationship.
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anesthetics and alcohols on these channels. We evaluated the
effects of isoflurane on several types of voltage-gated Na�

channels in the same expression system (Xenopus oocytes).
The channel-gating properties were very similar among all of
the channels that we have tested (except Nav1.8), and isoflu-
rane at 1 MAC inhibited the peak amplitude of the currents
mediated by Nav1.2, Nav1.4, and Nav1.6 to around 30%.
Others report that isoflurane suppresses firing frequencies of
rat hippocampal neurons at clinically relevant concentra-
tions (Yoshimura et al., 1985; Fujiwara et al., 1988). More-
over, recent studies showed that 30 �M lidocaine reduced
firing frequency to 21 Hz from a control frequency of 35 Hz in
DRG neurons (Scholz et al., 1998b; Scholz and Vogel, 2000).
Importantly, 10% inhibition of the Na� currents by 30 �M
lidocaine reduced the number of action potentials to 10 from
a control response of 21 in 750 ms. Therefore, 10% inhibition
at Vmax holding potential and 30% inhibition at V1/2 holding
potential of the Na� channel function by anesthetics in our
study would be expected to affect action potentials. This
action of isoflurane was not affected by coexpression of �1

subunits, and the effect of isoflurane on Nav1.2 was dose-
dependent. The inhibition of the Na� channels by isoflurane
varied with holding potential; at the more depolarized hold-
ing potential, the effect of isoflurane was greater. In other
words, the isoflurane effect was much greater when the frac-
tion of the channels in the inactivated state was increased.
Most of the channels were in the resting state that are ready
for activation at the holding potential of �90 mV, whereas
one-half of the channels were in the inactivated state at
around �60-mV holding potential. These results are mostly
consistent with other publications. For example, Stadnicka et
al. (1999) showed that isoflurane, as well as halothane, sup-
pressed heart sodium channels expressed in HEK293 cells by
acceleration of the transition from the open to the inactivated
state and stabilization of the inactivated states (Stadnicka et
al., 1999). Moreover, isoflurane inhibited voltage-gated Na�

currents in a concentration- and voltage-dependent manner
in isolated rat neurohypophysial nerve terminals, and the
inhibition by isoflurane had no significant effects on V1/2 of
the activation curve, but the V1/2 of the inactivation curve
was consistently shifted in a negative direction (Ouyang et
al., 2003).

In our experiments, we found that Nav1.8 was insensitive
to isoflurane. One group reported that halothane (Scholz et
al., 1998a) blocked TTX-resistant Na� channels in DRG neu-
rons, but the IC50 of halothane used was around 6 mM, which
corresponds to about 24 MAC. We tested only 1 and 2 MAC of

isoflurane on the Nav1.8 channel and did not observe signif-
icant inhibition at pharmacologically relevant concentra-
tions, but it is possible that isoflurane blocks the Nav1.8
channel at much higher concentrations. There are other re-
ports that volatile anesthetics suppress Na� channel func-
tions in DRG neurons (Duch et al., 1998; Ratnakumari et al.,
2000), but it is unclear whether the inhibitions are mediated
by Nav1.8 channels because DRG neurons express several
types of Na� channels, including TTX-sensitive and -insen-
sitive channels (Caffrey et al., 1992; Novakovic et al., 2001).
The local anesthetic lidocaine is known to inhibit Na� chan-
nels in DRG neurons in a voltage- and use-dependent man-
ner. The IC50 of lidocaine on TTX-resistant Na� currents is
almost 200 �M (Roy and Narahashi, 1992; Scholz et al.,
1998b). These results are consistent with our finding of 25%
inhibition at 100 �M. One possible explanation for the insen-
sitivity of Nav1.8 channels to anesthetics is that they do not
bind to the Nav1.8 channel (but bind to other Na� channels).
Another possibility is the differences in channel gating be-
tween Nav1.8 and the others. The Nav1.8 channel activates
and inactivates slowly and does not inactivate completely.
Because the isoflurane inhibition requires at least a fraction
of the channels to be in the inactivated state and the reduced
inactivation seen with the Nav1.8 channel may reduce action

Fig. 4. Summary of inhibition produced by 2 MAC of halothane, cyclo-
propane, isoflurane, F3, and F6 on Nav1.2 � �1 channels at V1/2 holding
potentials. Data are represented as means � S.E.M. from four to 10
oocytes on each experiment. �, P � 0.05; ���, P � 0.001, compared with
control using one-way ANOVA.

Fig. 5. Effects alcohols on Nav1.2 � �1 channels at V1/2 holding
potentials in comparison with the isoflurane effects. FC2, heptanol
(C7), and FC7 were tested at concentrations of 1, 2, and 4 MAC.
Ethanol (C2) was tested at 50, 100, and 200 mM, which correspond to
0.25, 0.5, and 1 MAC. Data are represented as means � S.E.M. from
four to nine oocytes on each experiment. ���, P � 0.001, compared with
control using one-way ANOVA.

Fig. 6. Effects of injectable anesthetics on Nav1.2 � �1 channels at V1/2
holding potentials. Percentage of inhibition by propofol, ketamine, and
urethane at concentrations corresponding to 1 and 2 MAC are shown.
Data are represented as means � S.E.M. from four to six oocytes on each
experiment. ��, P � 0.01, compared with control using one-way ANOVA.
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of isoflurane. In other words, isoflurane may affect preferen-
tially the inactivated state.

Halothane, cyclopropane, and F3 inhibited Nav1.2 channel
functions at clinically relevant concentrations, although the
inhibitions by halothane and cyclopropane were smaller than
that of isoflurane. Many channels, such as GABAA, glycine,
and NMDA receptors have been reported to be targets of the
action of volatile anesthetics to date (Mihic et al., 1994;
Harris et al., 1995; Downie et al., 1996; Hollmann et al.,
2001). But not all of anesthetics can affect these receptors, for
example, cyclopropane has no effect on GABAA receptors and
has only 39% potentiation at 1 MAC on glycine receptors
(Hara et al., 2002). Importantly, all volatile anesthetics we
tested inhibited the Na� channel function. Furthermore, the
immobilizer F3, which produces anesthesia in vivo, and non-
immobilizer F6, are both predicted by their lipid solubilities
to be anesthetic. They are structurally similar, but have
distinct effects on the channel. This result suggests that the
Na� channel could be a target relevant to the immobilizing
action of inhaled anesthetics. This is consistent with studies
of synaptosomal Na� channels (Ratnakumari et al., 2000).

Moreover, n-alcohols and perfluorinated alkanols were
tested, because these alcohols can produce anesthesia in vivo
(Eger et al., 1999). We used ethanol (C2) and heptanol (C7) as
n-alcohols and FC2 and FC7 as fluorinated alkanols, and all
of these compounds showed similar inhibition pattern at 1, 2,
and 4 MAC. FC7 does not enhance GABAA or glycine recep-
tors, even though FC2 and the n-alcohols potentiate those
channels (Ueno et al., 1999).

Propofol was reported to inhibit Na� channels in Chinese
hamster ovary cells expressing Nav1.2 channels with an IC50

of about 10 �M in the range of the threshold potential of
action potential firing (Rehberg and Duch, 1999). Ouyang et
al. (2003) reported the IC50 value for propofol inhibition as
4.1 �M at a holding potential of �70 mV (more depolarized
holding potential in their experiments and the effects are
stronger), and 10 �M propofol inhibited Na� channels by
approximately 70%. Their results agree with ours, although
our effects are weaker. One possible reason for this difference
is that we used a heterologous expression system, whereas
they used neurohypophysial nerve terminals. Isoflurane sen-
sitivity that we obtained from our study was also lower than
that reported in their article. Na� channels can be modulated
by PKA- and PKC-mediated phosphorylation (Cantrell and
Catterall, 2001). Moreover, direct interaction of Na� chan-
nels with G proteins might also modulate the function of Na�

channels (Ma et al., 1994, 1997). Although propofol signifi-
cantly inhibited the Na� channels at the higher concentra-
tion, an important point is that propofol, at clinically relevant
concentrations, did not show significant inhibition of Na�

channels expressed in Xenopus oocytes. The free serum con-
centration of propofol during anesthesia is about 1 �M
(Smith et al., 1994). This is similar to the ketamine results,
where we did not find significant effects of ketamine at con-
centrations of 2 or 4 �M. There are reports of inhibition by
ketamine on Na� channels. For example, that S-(�)-ket-
amine and R-(�)-ketamine suppressed Nav1.2 and Nav1.4
channels expressed in HEK293 cells with IC50 values of 59 to
333 �M (Haeseler et al., 2003). Another study showed that
ketamine inhibited both TTX-sensitive and TTX-resistant
Na� channels with IC50 values of 150 to 850 �M in rat DRG
neurons (Zhou and Zhao, 2000). We estimated the anesthetic

EC50 of ketamine as 2 �M based on the free serum concen-
tration of ketamine measured in blood on awaking (Idvall et
al., 1979; Dayton et al., 1983), and we did not observe statis-
tically significant inhibition by ketamine at clinically rele-
vant concentrations. For urethane, we observed significant
inhibition by urethane at both 1 and 2 MAC. Urethane af-
fects many kinds of neurotransmitter-gated ion channels,
such as GABAA, glycine, NMDA, and AMPA receptors,
whereas the effects of urethane on these channels were rel-
atively small compared with volatile anesthetics (Hara and
Harris, 2002). In our experiments, 1 MAC (10 mM) of ure-
thane suppressed the Na� channel function at a similar
degree to isoflurane. Thus, the Na� channel might be a major
player in anesthetic action produced by urethane.

Volatile anesthetics have been suggested to produce a part
of anesthesia immobility by inhibiting Na� channels, be-
cause systemic injection of local anesthetics, which predom-
inantly reduce Na� channel functions, decreases MAC values
in animals (DiFazio et al., 1976; Doherty and Frazier, 1998).
More recently, Hodgson et al. (1999) showed that lidocaine
epidural anesthesia reduced the MAC value of sevoflurane
from 1.18 to 0.52% (Hodgson et al., 1999). Thus, Na� chan-
nels may be a target for the action of many anesthetics
(Sonner et al., 2003). Although further experiments are nec-
essary to understand the mechanism, the resistance of
Nav1.8 channels to anesthetics produces an opportunity to
comprehend the molecular action of anesthetics on these
channels.
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