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Despite widespread use of volatile general anesthetics for well
over a century, the mechanisms by which they alter specific CNS
functions remain unclear. Here, we present evidence implicating
the two-pore domain, pH-sensitive TASK-1 channel as a target
for specific, clinically important anesthetic effects in mammalian
neurons. In rat somatic motoneurons and locus coeruleus cells,
two populations of neurons that express TASK-1 mRNA, inhala-
tion anesthetics activated a neuronal K1 conductance, causing
membrane hyperpolarization and suppressing action potential
discharge. These membrane effects occurred at clinically rele-
vant anesthetic levels, with precisely the steep concentration
dependence expected for anesthetic effects of these com-

pounds. The native neuronal K1 current displayed voltage- and
time-dependent properties that were identical to those mediated
by the open-rectifier TASK-1 channel. Moreover, the neuronal K1

channel and heterologously expressed TASK-1 were similarly
modulated by extracellular pH. The decreased cellular excitability
associated with TASK-1 activation in these cell groups probably
accounts for specific CNS effects of anesthetics: in motoneu-
rons, it likely contributes to anesthetic-induced immobilization,
whereas in the locus coeruleus, it may support analgesic and
hypnotic actions attributed to inhibition of those neurons.
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The mechanisms by which inhalation anesthetics alter the behavior
of central neurons have been scrutinized for many years. Early
hypotheses based on nonspecific interactions of lipid-soluble anes-
thetics with membrane bilayers have largely given way to the
current idea that membrane-associated proteins, particularly ion
channels, are specifically modulated by anesthetics (Franks and
Lieb, 1994). Indeed, a number of ion channel targets of anesthetics
have been identified, and prominent among these are the inhibitory
GABAA and glycine receptor channels (Daniels and Smith, 1993;
Franks and Lieb, 1994; Mihic et al., 1997). It now seems certain that
enhancement of chloride currents gated by GABA and glycine
contributes to effects of inhalation anesthetics.

In addition to the well known potentiation of GABAA and
glycine channels, accumulating evidence indicates that neuronal
background K1 channels are also activated by volatile general
anesthetics (Nicoll and Madison, 1982; Takenoshita and Takahashi,
1987; Franks and Lieb, 1988; Sugiyama et al., 1992; Winegar et al.,
1996; Sirois et al., 1998; Winegar and Yost, 1998a,b; Ries and Puil,
1999). Anesthetic activation of background K1 channels in central
neurons causes membrane hyperpolarization and increases neuro-
nal input conductance, providing an additional inhibitory mecha-
nism that could contribute to the overall central depressant effects
of these compounds. However, the molecular identity of neuronal
background K1 channels, including those native K1 channels
sensitive to volatile anesthetics, has remained obscure.

Over the last few years a new gene family of background K1

channels has been identified. Members of this family exhibit func-
tional properties that suggest their classification as background K1

channels and present structural features that suggest a dimeric
arrangement, with each subunit comprising four transmembrane
segments and two pore-forming regions (for review, see Goldstein

et al., 1998; Lesage and Lazdunski, 1999). TASK-1 (also called
KCNK3) is a member of this gene family that generates a pH-
sensitive, weakly rectifying K1 current (Duprat et al., 1997; Kim et
al., 1998, 1999; Leonoudakis et al., 1998; Lopes et al., 2000); it is
called an “open rectifier” because it exhibits no time dependence
(and/or extremely fast kinetics; Lopes et al., 2000), and its weak
rectification in physiological asymmetric K1 solutions can be ac-
counted for entirely by constant field considerations (Duprat et al.,
1997; Kim et al., 1998, 1999; Leonoudakis et al., 1998; Lopes et al.,
2000). Importantly, TASK-1 is activated by clinical concentrations
of inhalation anesthetics (i.e., 0.1–0.4 mM) after its heterologous
expression in mammalian cells (Patel et al., 1999).

We recently found that TASK-1 contributes to a prominent
background K1 current with the properties of a pH-sensitive,
open-rectifier in rat motoneurons (Talley et al., 2000), and we
earlier reported that inhalation anesthetics (i.e., halothane, isoflu-
rane, and sevoflurane) activate a weakly rectifying K1 current in
those same neurons (Sirois et al., 1998). Together, these convergent
observations suggested that TASK-1 could be an anesthetic-
sensitive K1 channel in motoneurons. Here, we have taken advan-
tage of its pH- and voltage-dependent properties to demonstrate
that TASK-1 represents a native K1 channel activated by clinically
appropriate concentrations of inhalation anesthetics in hypoglossal
motoneurons (HMs). Moreover, we find a similar anesthetic-
sensitive K1 current in locus coeruleus neurons, where TASK-1
transcripts are also expressed (Talley et al., 2000). Activation of
TASK-1 in these brainstem neurons could account, in part, for
immobilizing and hypnotic effects of anesthetics. Thus, these data
provide a molecular identification of a native neuronal and
anesthetic-activated background K1 channel that likely contributes
to these specific, clinically important anesthetic actions.

MATERIALS AND METHODS
In situ hybridization. In situ hybridization was performed for detection of
TASK-1 mRNA, exactly as described (Talley et al., 2000). Briefly, trans-
verse brain sections (fresh–frozen, 10 mm) were obtained from Sprague
Dawley rats (Hilltop), thaw-mounted on charged slides, and fixed, dehy-
drated, and delipidated. Sections were hybridized to a [ 33P]UTP-labeled
cRNA probe transcribed from HindIII-digested rTASK1-pcDNA3 (Leo-
noudakis et al., 1998; Talley et al., 2000) using SP6 RNA polymerase (these
and other enzymes obtained from Promega, Madison, WI) in a hybridiza-
tion buffer (50 3 10 6 cpm/ml) containing 50% formamide, 43 SSC (13
SSC: 150 mM NaCl and 15 mM sodium citrate, pH 7), 13 Denhardt’s
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solution (0.02% each of Ficoll, polyvinylpyrrolidone, and bovine serum
albumin), 10% dextran sulfate, 100 mM DTT, 250 mg/ml yeast tRNA, and
0.5 mg/ml salmon testes DNA. After hybridization, sections were rinsed in
SSC and treated with RNase A (Boehringer Mannheim, Indianapolis, IN;
0.1 mg/ml in 10 mM Tris, 500 mM NaCl, and 1 mM EDTA, pH 7, 30 min
at 37°C) and exposed to film (Hyperfilm bMAX; Amersham, Arlington
Heights, IL) for 4 d. Subsequently, they were dipped in liquid emulsion
(NTB-2; Eastman Kodak, Rochester, NY) and exposed for 3 weeks. The
specificity of the hybridization signal obtained with this probe has been
documented (Talley et al., 2000).

Electrical recordings. Transverse brainstem slices from neonatal rats
(7–14 d postnatal) were prepared as described (Sirois et al., 1998; Talley et
al., 2000). Rats were anesthetized with ketamine and xylazine, brainstems
were removed after rapid decapitation, and transverse slices (200 mm) were
cut with a microslicer (DSK 1500E; Dosaka, Tokyo, Japan) in an ice-cold
Ringer’s solution consisting of (in mM) 260 sucrose, 3 KCl, 5 MgCl2, 1
CaCl2, 1.25 NaH2PO4, 26 NaHCO3, 10 glucose, and 1 kynurenic acid.
After cutting, slices were incubated for 1 hr at 37°C and subsequently at
room temperature in a Ringer’s solution of 130 NaCl, 3 KCl, 2 MgCl2, 2
CaCl2, 1.25 NaH2PO4, 26 NaHCO3, and 10 glucose. Ringer’s solutions
were bubbled with 95% O2 and 5% CO2. Slices were visualized with
infrared differential interference optics, and neurons in the hypoglossal
nucleus and locus coeruleus (LC) were targeted for recording based on
anatomic location and characteristic size and shape (Amaral and Sinna-
mon, 1977; Viana et al., 1990). Neurons close to the surface of the slice
were chosen for recording to minimize effects of endogenous pH buffering
within the slice (Voipio and Kaila, 1993; Chesler et al., 1994).

Human embryonic kidney (HEK) 293 cells were transfected with
rTASK1-pcDNA3 by calcium phosphate precipitation. Cells were cotrans-
fected with a modified green fluorescent protein (GFP; pGreenLantern;
Life Technologies, Gaithersburg, MD) at a ratio of rTASK-1 to GFP of
6:1. One day after transfection, cells were plated onto glass coverslips;
individual transfected cells were visualized using a standard FITC filter
set, and those with green fluorescence were chosen for recording.

Electrical recordings of neurons and HEK 293 cells were obtained in a
bath solution of (in mM): 130 NaCl, 3 KCl, 2 MgCl2, 2 CaCl2, 10 HEPES,
and 10 glucose, with pH adjusted using HCl or NaOH. Tetrodotoxin
(TTX, 0.75–1 mM; Calbiochem, La Jolla, CA) was included in the bathing
solution for all voltage-clamp experiments in neurons. Bath solutions were
bubbled vigorously with a room air gas mixture (21% O2/balance N2);
halothane and sevoflurane were added to the perfusate via calibrated
vaporizers (Ohmeda, Austell, GA). Solutions equilibrated with anesthetic
were covered tightly with parafilm and superfused at ;2 ml/min. Aqueous
concentrations of anesthetic solutions were determined by gas chromato-
graphic analysis from samples collected at the point of presentation to the
preparation (Sirois et al., 1998).

Patch electrodes with a DC resistance of 1.8–3.0 MV were pulled from
borosilicate glass (Warner Instruments) and coated with Sylgard 184 (Dow

Corning Corporation). Pipette solution contained (in mM): 120 KCH3SO3;
4 NaCl; 1 MgCl2; 0.5 CaCl2; 10 HEPES; 10 EGTA; 3 MgATP; 0.3
GTP-Tris, with pH buffered to 7.2. To block Ih, ZD 7288 (Tocris Cookson)
was included in the pipette solution at concentrations of 12–100 mM. To
block GABAA and glycine receptor channels in some experiments, bicu-
culline (10 mM) and strychnine (30 mM; both from Research Biochemicals
International, Natick, MA) were added to the perfusate.

Data acquisition and analysis. Recordings were obtained under whole-
cell conditions using an Axopatch 200A amplifier and digitized with a
Digidata 1200 analog-to-digital converter (Axon Instruments, Foster City,
CA). Series resistance (4–15 MV) was compensated by 70–75%, and a
liquid junction potential (;10 mV) was corrected offline. Voltage and
current commands were applied, and recordings were made and analyzed
with pClamp software (Axon Instruments). In current clamp, membrane
potential was adjusted by DC current injection; membrane potential was
initially set to 260 mV for determining concentration-dependent effects on
membrane potential and input conductance. Input conductance was calcu-
lated from voltage responses to constant amplitude current pulses applied
at 5–10 sec intervals. Under voltage clamp, cells were held at 260 mV, and
membrane currents were recorded at constant intervals of 10–15 sec.
Current–voltage ( I–V) relationships were obtained in neurons using hy-
perpolarizing voltage steps (to 2130 mV, in 10 mV increments). In HEK
293 cells expressing TASK-1, depolarizing ramps from 2130 to 1 40 mV
(;0.2 V/sec) were used to obtain I–V curves; slope conductance was
determined from linear fits to currents between 260 and 280 mV. Data
are presented as mean 6 SEM. Curve fitting was accomplished using the
least squares method.

RESULTS
Halothane induces a pH-sensitive membrane
hyperpolarization in TASK-1-expressing
hypoglossal motoneurons
TASK-1 is a pH-sensitive member of the two-pore domain gene
family of weakly rectifying neuronal background K1 channels
(Duprat et al., 1997; Kim et al., 1998, 1999; Leonoudakis et al.,
1998; Lopes et al., 2000) that is activated by inhalation anesthetics
and inhibited by extracellular acidification when expressed in mam-
malian cells (Patel et al., 1999). As shown in the dark-field auto-
radiograph from an in situ hybridization experiment in Figure 1A,
TASK-1 transcripts are present at high levels in hypoglossal mo-
toneurons (see also Talley et al., 2000). In all hypoglossal motoneu-
rons tested under current clamp, halothane induced a membrane
hyperpolarization that was associated with increased input conduc-

Figure 1. Halothane hyperpolarizes mo-
toneurons at clinically relevant concentra-
tions. A, Dark-field photomicrograph of
emulsion-dipped section hybridized with a
[ 33P]-labeled cRNA probe specific to
TASK-1. Note the high density of silver
grains overlaying neurons in the hypoglos-
sal nucleus (nXII ); labeling is also appar-
ent in the vagal motor nucleus (dmnX ).
Scale bar, 250 mm. B, Current-clamp re-
cording of a hypoglossal motoneuron ex-
posed to halothane (1.25 mM) and then to
an acidified extracellular solution, pH 6.5,
in the continued presence of halothane.
Note that halothane caused a membrane
hyperpolarization that was reversed by ac-
idosis. The resting potential of the mo-
toneuron was 273 mV; it was induced to
fire repetitively under control conditions
by current injection (360 pA, DC; action
potentials are truncated by the chart re-
corder). C, Current-clamp recording of
membrane potential in a hypoglossal mo-
toneuron exposed to increasing concen-
trations of halothane. Membrane hyper-
polarization was evident even at 0.1 mM
and increased further in a concentration-
dependent manner. The hyperpolariza-
tion induced by halothane was reversed
when the acidified bath solution was intro-
duced during halothane exposure. Control membrane potential in this motoneuron (and all cells tested with this protocol) was set at 260 mV by DC
current injection. D, Concentration–response curves for membrane effects of halothane. The halothane-induced hyperpolarization from 260 mV was
measured in individual cells exposed to multiple concentrations of halothane. Averaged data (6 SEM) were plotted as a function of the aqueous
concentrations of halothane solution (6 SEM), determined from gas chromatographic analysis of replicate samples taken from the point of presentation
to the slice. Data were well fitted with the logistic equation: DEm 5 max DEm/(1 1 ([halothane]/EC50 )n), with an EC50 of 260 mM, a Hill coefficient (n)
of 22.9, and a maximum hyperpolarization (max DE m) of 13 mV. Inset, Input conductance determined at each halothane concentration was normalized
to control input conductance (G halothane/G control) and fitted to a logistic equation of similar form, with an EC50 of 220 mM, n of 23.3, and a maximum
G halothane/G control of 1.5 (i.e., 50% increase in conductance).
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tance, as reported previously (Sirois et al., 1998). Consistent with
the possibility that the acid-sensitive TASK-1 channel mediates
these effects of halothane in motoneurons, we found that the
hyperpolarization was completely reversed in extracellular solu-
tions acidified to pH 6.5 (Fig. 1B). This level of acidification
maximally inhibits the pH-sensitive resting K1 conductance in
motoneurons (Talley et al., 2000), as it does TASK-1 in heterolo-
gous expression systems (Duprat et al., 1997; Leonoudakis et al.,
1998; Lopes et al., 2000; Talley et al., 2000).

In mammalian cells, activation of recombinant TASK-1 by halo-
thane is concentration-dependent in the clinical range; current was
increased by ;10% at halothane concentrations as low as 0.1 mM,
with an apparent EC50 near ;0.3–0.4 mM and a maximal increase
of ;60% (Patel et al., 1999). Likewise, we found effects of halo-
thane on membrane potential in motoneurons at 0.1 mM, with
increasing concentrations of halothane evoking additional hyper-
polarization (Fig. 1C). The membrane hyperpolarization and in-
creased conductance induced by halothane were similarly dose-
dependent (Fig. 1D), both with EC50 values remarkably close to
those expected for anesthetic effects of halothane (;250 mM;
Franks and Lieb, 1994). The fit to these data indicate a maximal
hyperpolarization of ;13 mV from 260 mV, with a 50% increase
in input conductance.

Clinically appropriate concentrations of anesthetics
activate a pH-sensitive K1 current in
hypoglossal motoneurons
Whole-cell voltage-clamp recordings were performed to determine
whether the K1 current in HMs has the properties expected of the
pH-sensitive TASK-1 channel. To study the anesthetic-sensitive
K1 current in relative isolation, ZD 7288 was included in the
pipette solution to block the hyperpolarization-activated cation
current (Ih) that contributes to anesthetic effects in motoneurons

(Sirois et al., 1998) and that may also be modulated by changes in
pH (Munsch and Pape, 1999).

Under these conditions, acidification of the extracellular solution
(from pH 7.3 to pH 6.5) induced an inward shift in holding current
at 260 mV (Fig. 2A), as expected from block of the pH-sensitive
TASK-1 channel in motoneurons (Talley et al., 2000). After wash
to normal extracellular pH, increasing concentrations of halothane
applied via the perfusate induced stepwise outward shifts in hold-
ing current; concordant with current-clamp data, the anesthetic-
induced current was completely reversed by bath acidification to
pH 6.5 (Fig. 2A). At all concentrations tested, the halothane-
induced current was associated with an increase in conductance
and displayed a weakly outwardly rectifying current–voltage ( I–V)
relationship that reversed near EK (Fig. 2B, inset). Activation of
this K1 current was steeply dependent on halothane concentration
(Hill slope, 23.3) with an EC50 of 230 mM (Fig. 2B), similar to that
determined for membrane hyperpolarization (Fig. 1D) and again
nearly identical to that reported for anesthetic effects of halothane
(Franks and Lieb, 1994).

As expected from our previous work with isoflurane and sevoflu-
rane (Sirois et al., 1998), activation of this K1 current was not
limited among inhalational anesthetics to halothane. The fluori-
nated ether anesthetic sevoflurane also induced a concentration-
dependent and pH-sensitive outward shift in holding current (Fig.
2C), with weakly rectifying voltage-dependent characteristics (Fig.
2D, inset) that were indistinguishable from the halothane-sensitive
K1 current. As shown in Figure 2D, and similar to the halothane
current, the sevoflurane-induced current activated with steep con-
centration dependence (Hill slope, 24) and an EC50 of 290 mM,
very close to that expected for anesthetic effects of sevoflurane
(;280 mM; Park et al., 1996).

Inhalation anesthetics can enhance chloride currents through

Figure 2. Inhalation anesthetics activate
a pH-sensitive K 1 current at clinically
relevant concentrations. A, Voltage-clamp
recording of membrane current in a hypo-
glossal motoneuron held at 260 mV. Bath
acidification to pH 6.5 caused an inward
shift in holding current. After wash into a
neutral pH solution, halothane caused the
development of an outward current in a
concentration-dependent manner. The
current induced by halothane was com-
pletely suppressed when acidified bath
solution was reintroduced during halo-
thane exposure. B, Concentration–re-
sponse curve for current activation by
halothane. The halothane-induced cur-
rent at 260 mV was measured in individ-
ual cells exposed to multiple concentra-
tions of halothane and normalized to the
current obtained with maximal concentra-
tions of halothane (.0.9 mM). Averaged
normalized data (6 SEM) were plotted as
a function of measured aqueous halo-
thane concentrations (6 SEM). These
concentration–response data were well
fitted by using a logistic equation of the
form I/Imax 5 1/(1 1 ([halothane]/
EC50 )n), with an EC50 of 230 mM and a
Hill coefficient (n) of 23.3. Inset, Note
that at submaximal and supramaximal
halothane concentrations, the I–V rela-
tionship of the halothane-induced current
rectified weakly in the outward direction,
with a reversal potential near EK. C,
Voltage-clamp recording of membrane
current in a hypoglossal motoneuron held
at 260 mV. Sevoflurane caused the devel-
opment of an outward current in a
concentration-dependent manner; the

current was suppressed when acidified bath solution was introduced during exposure to the anesthetic. D, Concentration–response curve for current
activation by sevoflurane. The sevoflurane-induced current at 260 mV was measured in individual cells exposed to multiple concentrations of sevoflurane
and normalized to the current obtained with maximal concentrations of sevoflurane (;0.7 mM). Averaged normalized data (6 SEM) were plotted as a
function of the aqueous concentrations of sevoflurane (6 SEM). These concentration–response data were well fitted by using a logistic equation of the
form I/Imax 5 1/(1 1 ([sevoflurane]/EC50 )n), with an EC50 of 290 mM and a Hill coefficient (n) of 24. Inset, At all concentrations, I–V relationships of the
sevoflurane-induced current rectified weakly in the outward direction, with a reversal potential near EK (inset).
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GABAA and/or glycine receptor channels, especially at high con-
centrations (Daniels and Smith, 1993; Franks and Lieb, 1994; Mihic
et al., 1997). However, we found no evidence for a contribution
from those receptors to observed membrane effects of anesthetics
in motoneurons; after blocking GABAA and glycine receptors with
bicuculline (10 mM) and strychnine (30 mM), the current induced by
high concentrations of halothane (1.25 mM) was not different in
magnitude, voltage dependence or reversal potential (n 5 7, data
not shown).

Extracellular acidification blocks a halothane-induced
open-rectifier K1 current in HMs
Extracellular acidification induced an inward shift in holding cur-
rent at 260 mV, and that pH-sensitive current was increased in the
continued presence of halothane (Fig. 2A). Because the increase in
pH-sensitive current amplitude was essentially the same magnitude
as the halothane-induced current itself, it appeared that the same
K1 channel activated by halothane was completely blocked by bath
acidification. Indeed, even a supramaximal concentration of halo-
thane (1.25 mM), which induced a large outward current under
control conditions, was entirely ineffective when delivered with an
extracellular solution titrated to pH 6.5 (Fig. 3A). At 260 mV, the
current induced by 1.25 mM halothane averaged 160.0 6 30.7 pA
under control conditions and 213.9 6 13.7 pA in acidified extra-
cellular solution (n 5 7; p , 0.005).

In addition to its pH sensitivity, the TASK-1 currents have time-
and voltage-dependent properties that characterize it as an “open-
rectifier” (Duprat et al., 1997; Kim et al., 1998, 1999; Leonoudakis
et al., 1998; Lopes et al., 2000; Talley et al., 2000). That is, TASK-1
currents show instantaneous and/or extremely fast activation ki-
netics, together with a slight outward rectification under physiolog-
ical asymmetric K1 concentrations that is predicted by the Gold-
man–Hodgkin–Katz (GHK) constant field equation (Hille, 1992).
We took advantage of the pH sensitivity of the halothane current to
determine whether the native anesthetic- and pH-dependent K1

current in hypoglossal motoneurons has the properties of TASK-1
(Fig. 3). I–V relationships were obtained from current responses to
voltage steps applied at the indicated time points (Fig. 3A, inset);
currents evoked by hyperpolarizing voltage steps displayed no
appreciable time-dependent activation or inactivation, indicating
that they were instantaneous and persistent. The I–V relationship
of the halothane-induced current at pH 7.3 rectified mildly in the
outward direction and reversed near the expected EK (Fig. 3B,
diamonds); only a small residual halothane-sensitive current re-
mained in pH 6.5 that was not investigated further (Fig. 3B,
squares). The component of halothane current blocked by acidifi-
cation was derived by subtracting I–V curves from the two pH
conditions (Fig. 3C). Those data were well fitted by using the GHK
constant field equation, indicating that an open rectifier K1 con-

Figure 3. The pH-sensitive halothane-activated K 1 current in motoneurons has the properties of an open-rectifier. A, Voltage-clamp recording of
membrane current in a hypoglossal motoneuron held at 260 mV. A supramaximal concentration of halothane (1.25 mM) induced an outward current
under control conditions that was completely inhibited after blocking the pH-sensitive background K 1 current with an acidified extracellular solution. Inset,
Sample current responses to voltage steps (260 to 2130 mV) obtained at the indicated time points; I–V relationships were determined from currents
measured immediately after the capacitive transient (arrowhead). B, Averaged I–V relationships (6 SEM, n 5 5) of the halothane-induced current in
motoneurons at pH 7.3 (diamonds) and pH 6.5 (squares). C, Averaged data depicting the I–V relationship of the pH-sensitive component of halothane-
induced current in motoneurons. The data were derived by subtraction of the I–V data obtained in pH 6.5 from that in pH 7.3 (6 SEM, n 5 5) and were
well fitted by using the GHK constant field equation. D, Voltage-clamp recording of membrane current in a hypoglossal motoneuron held at 260 mV. An
acidified solution, pH 6.5, induced an inward shift in current that reversed after wash, whereas halothane (1.25 mM) evoked an outward shift. When retested
in the continued presence of halothane, the current induced by acidified solution was enhanced by an amount essentially identical to the size of the
halothane current itself. E, Averaged I–V relationships (6 SEM, n 5 12) of the pH-sensitive currents recorded under control conditions (diamonds) and
in the presence of halothane (squares). F, Averaged data depicting the I–V relationship of the halothane-induced component of pH-sensitive current. The
I–V data were derived by subtraction of currents induced by acidification under control conditions from those in the presence of halothane (6 SEM, n 5
12) and were well fitted by using the GHK constant field equation.
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ductance underlies the pH-sensitive halothane current in hypoglos-
sal motoneurons.

We performed similar I–V analyses, but with a reverse order of
application, to reveal the voltage-dependent profile of the compo-
nent of pH-sensitive current that was enhanced by halothane (Fig.
3D–F). I–V relationships of the pH-sensitive current obtained
under control conditions (i.e., before halothane application; Fig.
3E, diamonds) and in the presence of halothane (Fig. 3E, squares)
indicated that the inward shift in holding current induced by the pH
6.5 solution was associated with a decrease in a weakly rectifying
conductance that reversed near EK. Subtracting I–V data in halo-
thane from that in control yielded the halothane-induced compo-
nent of pH-sensitive current, which was well fitted by using the
GHK equation (Fig. 3F), again indicating that halothane activated
an open rectifier K1 conductance that was blocked by acidification.

K1 current activation by halothane and alkalization are
not occlusive
Maximal activation of the motoneuronal K1 current by inhalation
anesthetics did not prevent further current activation by extracel-
lular alkalization. As shown in Figure 4A, an outward shift in
current was evoked when the pH of the extracellular solution was
increased (from pH 7.3 to 8.4). In previous work, we found that
further alkalization beyond this level did not cause additional
activation of the pH-sensitive K1 conductance in motoneurons or
of TASK-1 in heterologous expression systems (Talley et al., 2000)
(see also Duprat et al., 1997; Leonoudakis et al., 1998; Lopes et al.,
2000). Nevertheless, in these experiments, the current induced by
halothane (241.2 6 37.8 pA at 260 mV) was always larger than that
evoked by alkalization to pH 8.4 (51.6 6 9.0 pA; n 5 10; p ,
0.0005) and, in the continued presence of halothane, alkalization
always caused a further increase in holding current that was often
enhanced in amplitude (Fig. 4A). The mechanism for this current
enhancement was not explored, but it was clear that the current
induced by alkalization in the presence of halothane once again
had the open-rectifier properties of TASK-1 (Fig. 4B).

Permissive pH conditions are necessary for halothane
activation of rTASK-1 in HEK 293 cells
The results presented to this point indicate that the anesthetic-
induced K1 channel in motoneurons has the voltage-dependent
properties of TASK-1 and is sensitive to extracellular pH. There-
fore, we investigated the pH dependence of anesthetic effects on
TASK-1 channels expressed heterologously in mammalian cells.

Slow depolarizing voltage ramps were applied to HEK 293 cells
transfected with the rat TASK-1 channel, and the slope conduc-
tance was determined by linear fit to the resultant I–V curve over
the voltage range between 260 and 280 mV. As expected from
previous reports with the human TASK-1 channel (Patel et al.,
1999), halothane increased conductance in rTASK-1-expressing
HEK 293 cells at pH 7.3 (data not shown), confirming the anes-
thetic sensitivity of the rTASK-1 channel under physiological pH
conditions. Alkalization of the extracellular solution induced an
increase in conductance, and under these conditions of maximal
TASK-1 channel activation by alkalization (Duprat et al., 1997;
Leonoudakis et al., 1998; Lopes et al., 2000; Talley et al., 2000),
halothane was able to induce an additional increase in conductance
(Fig. 4C). So, as with the native current in motoneurons, effects of
halothane and alkalization were not occlusive in these rTASK-1-
expressing HEK 293 cells. Note that the I–V relationship of the
halothane-induced current was well fitted by the overlaid GHK
equation (Fig. 4D), reflecting the open rectifier characteristics of
the cloned rTASK-1 channel (Leonoudakis et al., 1998). In addi-
tion, the rTASK-1 conductance was completely blocked after
switching to a pH 6.5 solution (Leonoudakis et al., 1998; Talley et
al., 2000), and as in motoneurons, halothane was without any effect
under this condition of maximal channel block by extracellular
acidification (Fig. 4C).

Thus, rat brainstem motoneurons express TASK-1 and an
anesthetic-activated K1 current with time- and voltage-dependent
properties essentially identical to TASK-1. Further consistent with
a mediating role for TASK-1, we found that both the motoneuronal

Figure 4. Currents activated maximally
by extracellular alkalization and halothane
are not occlusive in motoneurons or in
rTASK-1-expressing HEK 293 cells. A,
Membrane current in a hypoglossal mo-
toneuron held at 260 mV was shifted out-
ward by an alkalized solution, pH 8.4, and
by halothane (1.25 mM). In the continued
presence of halothane, the current induced
by pH 8.4 solution was still evident (and
indeed enhanced). B, Averaged data (6
SEM, n 5 10) depicting the I–V relation-
ship of the current induced by alkalized
solution in the presence of halothane. The
data were derived by subtraction of cur-
rents induced by halothane from those ob-
tained in the pH 8.4 solution in the contin-
ued presence of halothane (inset). This
additional current evoked by extracellular
alkalization was well fitted by using the
GHK constant field equation. C, The con-
ductance in HEK 293 cells expressing
rTASK-1, determined by using ramp volt-
age commands, was increased by halothane
(1.25 mM) when the pH-sensitive current
was enabled by an alkalized extracellular
solution (pH 8.4), but not after blocking
the pH-sensitive conductance with an
acidic solution (pH 6.5). Inset, Averaged
data (6 SEM, n 5 6), depicting the
halothane-induced conductance (G halo-
thane) as a percentage of the total pH-
sensitive conductance (G pH 5 G8.4 2
G6.5 ), show the complete block of halo-
thane effect in acidified extracellular solu-
tion. D, The I–V relationship of the
halothane-sensitive current in alkalized so-
lution was derived from ramp voltage com-
mands and was well fitted by using the
GHK constant field equation.
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anesthetic-sensitive K1 current and the anesthetic effects on
rTASK-1 were similarly dependent on the prevailing pH; in both
settings, the anesthetic-sensitive current was blocked in solutions
acidified to levels that completely inhibit TASK-1 but enhanced in
neutral or alkalized conditions when the TASK-1 channel is en-
abled. The fact that channel activation by permissive pH conditions
and by halothane did not obstruct each other suggests that distinct
mechanisms mediate these two forms of modulation, but this issue
was not examined in further detail.

Locus coeruleus neurons express TASK-1 and a
halothane-sensitive current with the properties
of TASK-1
To determine whether TASK-1 expression correlates with effects of
inhalation anesthetics on K1 channels in other neurons, we tested
effects of halothane in LC neurons, which express moderately high
levels of TASK-1 mRNA (Fig. 5A). Qualitatively, the results from
LC neurons were remarkably similar to those described above in
motoneurons, although the maximal anesthetic current in LC neu-
rons was smaller in amplitude. This is consistent with lower levels
of TASK-1 expression in LC neurons, as assessed by high power
microscopic examination of silver grains overlying individual cells
(data not shown; Talley et al., 2000). Despite evoking a smaller
current, halothane was nonetheless able to induce a membrane
hyperpolarization and decrease the spiking activity in every LC
neuron tested (n 5 12; Fig. 5B). This inhibition of neuronal firing
was observed at clinical concentrations of halothane (i.e., 0.3 and
0.4 mM; n 5 4 each) and was not a result of activation of GABAA
or glycine receptors because it occurred in the presence of bicu-
culline and strychnine (10 and 30 mM). Importantly, as in motoneu-
rons, the halothane-induced inhibition was reversed when the ex-
tracellular solution was acidified (Fig. 5B).

Under voltage clamp, extracellular acidification evoked an in-
ward shift in holding current. Unlike motoneurons, in which this
pH-sensitive current was essentially entirely attributable to a K1

conductance with properties of TASK-1 (Fig. 2E) (see also Talley
et al., 2000), it appeared that multiple ionic conductances were

involved in LC neurons (data not shown). Nevertheless, similar to
motoneurons, halothane induced an outward current in LC neu-
rons, and this additional halothane-sensitive current was com-
pletely suppressed in acidified bath solution (Fig. 5C). This was also
apparent when the order of presentation was reversed; the current
induced by halothane under control pH conditions was completely
blocked in acidified extracellular solutions (Fig. 5D,E, inset). The
averaged I–V relationships of the pH-sensitive component of halo-
thane current in LC neurons rectified weakly in the outward
direction and reversed near EK (Fig. 5E); again, as in motoneurons
and HEK 293 cells expressing rTASK-1, the rectification of the
halothane current was well described by the overlaid GHK constant
field equation (Fig. 5E).

DISCUSSION
We have characterized a pH-sensitive background K1 current in
neurons that is activated by inhalation anesthetics at precisely the
concentrations that produce clinical effects of these compounds.
This native neuronal K1 current has properties that identify it as
TASK-1, or a channel with properties of TASK-1. Its activation in
motoneurons and LC neurons suggest that TASK-1 represents a
molecular substrate for specific clinical actions of volatile anesthet-
ics mediated by these neurons.

Properties of anesthetic-activated K1 currents in
motoneurons and LC neurons are those of TASK-1
In motoneurons and LC neurons, which express native TASK-1,
and in HEK 293 cells expressing the cloned rTASK-1 channel, the
halothane-sensitive K1 currents were dependent on the prevailing
extracellular pH; halothane was able to activate K1 currents in
neutral and alkalized conditions, when the pH-sensitive K1 chan-
nel was enabled, but was ineffective in solutions acidified to levels
that completely block TASK-1. Furthermore, in both native and
heterologous systems, the pH-sensitive component of halothane
current had the properties of an open-rectifier. Of all K1 channels
yet identified by molecular cloning, including other anesthetic-
sensitive members of the two-pore domain K1 channel family (see

Figure 5. Halothane hyperpolarizes neurons of the locus coeruleus by activating a pH-sensitive, open-rectifier K 1 current. A, Dark-field photomicrograph
of emulsion-dipped section hybridized with a [ 33P]-labeled cRNA probe specific to TASK-1. Note the high density of silver grains overlaying neurons in
the nucleus locus coeruleus (LC); labeling is also apparent in motoneurons of the trigeminal nucleus (MoV ). Scale bar, 250 mm. B, Current-clamp recording
of a locus coeruleus neuron exposed to halothane (0.3 mM) and then to an acidified extracellular solution, pH 6.5, in the continued presence of halothane.
Halothane caused a membrane hyperpolarization that was reversed by acidosis. Cell was recorded in the continuous presence of bicuculline (10 mM) and
strychnine (30 mM), to block GABAA and glycine receptors. C, Voltage-clamp recording of net membrane current in a locus coeruleus cell held at 260
mV. An acidified solution, pH 6.5, induced an inward shift in current that reversed after wash, whereas halothane evoked an outward shift. When retested
in the continued presence of halothane, the change in current induced by acidified solution was enhanced. D, Effects of halothane on membrane current
in a locus coeruleus neuron held at 260 mV under voltage clamp. Halothane induced an outward current that was completely blocked in solution acidified
to pH 6.5. E, Averaged data (6 SEM, n 5 4) showing the pH sensitivity of halothane-induced current in locus coeruleus neurons. I–V data were derived
by subtraction of the halothane current obtained in pH 6.5 from that in pH 7.3, and were well fitted by using the GHK constant field equation. Inset,
Halothane current at 260 mV in control, pH 7.3, and acidified, pH 6.5, solutions.
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below), the combined properties of pH sensitivity in the physiolog-
ical range and open rectification are unique to TASK-1 (Duprat et
al., 1997; Kim et al., 1998, 1999; Leonoudakis et al., 1998; Lopes et
al., 2000; Talley et al., 2000).

It is noteworthy that, of the eight functional mammalian two-
pore domain background K1 channels identified to date, three are
known to be activated by inhalation anesthetics: TASK-1, TASK-2,
and TREK-1 (Patel et al., 1999; Gray et al., 2000). Of these,
however, only TASK-1 has the properties of pH sensitivity and
open rectification described for the anesthetic-sensitive back-
ground K1 current in motoneurons and LC neurons. The recently
characterized rat TASK-3 channel is a pH-sensitive open-rectifier,
but it has a pK of ;6.7 (Kim et al., 2000), clearly lower than
TASK-1 or the pH-sensitive current we found in motoneurons (pK,
;7.2–7.4; Duprat et al., 1997; Leonoudakis et al., 1998; Lopes et
al., 2000; Talley et al., 2000) and its anesthetic sensitivity has not
been reported. The TREK-1 two-pore domain channel is activated
by inhalation anesthetics, but only at higher concentrations (Patel
et al., 1999). Furthermore, it displays outward rectification (Fink et
al., 1996), is sensitive to intracellular rather than extracellular pH
and is activated, not inhibited, by acidification (Maingret et al.,
1999). The anesthetic-sensitive TASK-2 channel is inhibited by
extracellular acidification and activated by alkalization (Gray et al.,
2000), but TASK-2 currents have a pK of ;8.5 (Reyes et al., 1998),
much higher than TASK-1 or the pH-sensitive current in motoneu-
rons (Duprat et al., 1997; Leonoudakis et al., 1998; Lopes et al.,
2000; Talley et al., 2000). Moreover, TASK-2 generates a time-
dependent current that rectifies outwardly (Reyes et al., 1998),
unlike TASK-1 and the anesthetic current in motoneurons and LC
neurons (Duprat et al., 1997; Kim et al., 1998, 1999; Leonoudakis
et al., 1998; Lopes et al., 2000; Talley et al., 2000). Nevertheless,
both TREK-1 and TASK-2 are expressed in the mammalian CNS
(Fink et al., 1996; Reyes et al., 1998) and it is therefore possible that
they could contribute to anesthetic-activated K1 currents de-
scribed in other neuronal cell groups. Furthermore, given the size
of this K1 channel gene family in other species (i.e., .50 genes in
Caenorhabditis elegans and 11 in Drosophila melanogaster; Wang et
al., 1999; Littleton and Ganetzky, 2000), it is likely that additional
members of this gene family will be identified in mammalian
species, and some of those could also be anesthetic-sensitive.

Clinical relevance of TASK-1 activation by anesthetics in
motoneurons and LC neurons
The activation of native neuronal pH-sensitive K1 currents by
anesthetics occurs with exactly the concentration dependence ex-
pected for anesthetic effects (Franks and Lieb, 1994) and is of
particular interest because of the well described physiology of
motoneurons and LC neurons and their potential involvement in
mediating specific anesthetic effects. TASK-1 transcripts are ex-
pressed at high levels in cranial and spinal motoneurons (Talley et
al., 2000). Motoneurons directly control muscle activity, and it is
therefore likely that TASK-1 activation contributes to the inhibi-
tion of motoneuron excitability and immobilization known to ac-
company inhalation anesthesia (Zhou et al., 1997, 1998). LC neu-
rons are the major source of norepinephrine in the CNS and have
long been implicated in control of vigilance and arousal (Aston-
Jones et al., 1991). Halothane depresses LC neuronal activity
in vivo (Camproux et al., 1996), and in halothane-anesthetized rats,
activation of LC neurons converts EEG activity from a sleep-like,
large amplitude, slow-wave pattern to the small-amplitude, high-
frequency pattern associated with waking (Berridge and Foote,
1991). Moreover, LC neurons mediate hypnotic and supraspinal
analgesic effects of a2-adrenoceptor agonist anesthetic compounds
such as clonidine and dexmedetomidine (Correa-Sales et al., 1992;
Aantaa and Scheinin, 1993; Guo et al., 1996; Lakhlani et al., 1997),
which suppress LC firing by activation of a distinct, G-protein-
coupled inwardly rectifying K1 (GIRK) conductance (North,
1989; Lakhlani et al., 1997). The inhibition of LC firing that occurs
after halothane-induced TASK-1 activation would be expected to
produce similar hypnotic and analgesic effects. Furthermore, coac-

tivation in LC neurons of these two different K1 channels—
TASK-1 and GIRK—could account, at least in part, for the inter-
active effects of a2 agonists and inhalation anesthetics [i.e., the
ability of clonidine and dexmedetomidine to lower the minimum
alveolar concentration (MAC) of halothane; Aantaa and Scheinin,
1993; Lakhlani et al., 1997].

Because TASK-1 is activated by halothane, even in excised
patches (Patel et al., 1999), it seems likely that it could contribute
to previous reports of anesthetic-sensitive background K1 channels
in other neurons (e.g., cerebellar granule neurons, sensory relay
neurons of the intralaminar and ventrobasal thalamic nuclei; Sug-
iyama et al., 1992; Winegar and Yost, 1998a; Ries and Puil, 1999)
in which TASK-1 is also expressed (Leonoudakis et al., 1998;
Millar et al., 2000; Talley et al., 2000). The intrinsic pH sensitivity
of TASK-1 with a pK;7.2–7.4 (Duprat et al., 1997; Leonoudakis et
al., 1998; Lopes et al., 2000; Talley et al., 2000), together with the
pH dependence of TASK-1 activation by anesthetics that we have
demonstrated, provides a means to determine its contribution to
anesthetic-sensitive K1 channels in these other neurons. This pH
dependence also suggests that anesthetic effects mediated via this
channel in TASK-1-expressing neurons will be enhanced by alka-
lization and inhibited by acidification in the physiological range.
However, interpreting effects of global changes in CSF pH on
anesthetic sensitivity solely in the context of TASK-1 modulation is
problematic, not only because many other neural processes will
potentially be affected by changes in pH, but also because simply
lowering pH has narcotic effects on its own (Eisele et al., 1967).
This pH-dependent narcosis, which occurs with a MAC at a pH of
;6.9 (Eisele et al., 1967), would clearly confound any analysis of
effects of pH on anesthetic sensitivity caused by TASK-1, which is
completely inhibited only at a pH of ;6.5. Identification of the
precise contribution of TASK-1 to effects of anesthetic compounds
will likely require experiments using mice with targeted disruptions
of TASK-1 or mice that express TASK-1 channels lacking anes-
thetic sensitivity. Nevertheless, if the presence of TASK-1 indeed
predicts inhibitory effects of inhalation anesthetics, as our data
indicate, then its differential expression in neurons that subserve
unique functional roles provides the potential for specificity in
anesthetic actions mediated by TASK-1.
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