
Mechanisms underlying the reversible unconsciousness

and immobilization produced by general anaesthetics

have yet to be adequately defined, despite widespread use

of these agents in surgical procedures for over a century.

Although anaesthetics were initially believed to disrupt

protein function non-specifically through perturbation of

membrane lipid partitioning (Meyer, 1899; Janoff et al.
1981), current theories suggest that direct interactions

between anaesthetics and specific membrane protein

substrates underlie neuronal effects of anaesthetics. A

number of membrane ion channels, which are critical

determinants of neuronal excitability, figure prominently

in these new theories since they are targeted by general

anaesthetics in a clinically appropriate concentration

range. These include not only ligand-gated ion channels

that mediate fast synaptic transmission (Franks & Lieb,

1994; Mihic et al. 1997), but also other types of voltage-

dependent and subthreshold ion channels that regulate

neuronal excitability (Nicoll & Madison, 1982; Takenoshita

& Steinbach, 1991; Pancrazio et al. 1993; Sirois et al. 1998).

A major effort remains to attribute specific anaesthetic

actions to these different ion channel targets.

Immobilization, or the absence of movement in response

to a painful stimulus, is pre-eminent as an anaesthetic

end point (as encompassed in the concept of MAC,

the minimum alveolar concentration of anaesthetic at

which 50 % of patients are immobilized). In patients,

immobilizing anaesthetic effects are associated with

decreased motoneuronal excitability (Kawaguchi et al.
1996; Zhou et al. 1997, 1998). In this respect, we found that

inhalation anaesthetics act directly on rat brainstem

motoneurones at clinically relevant concentrations to cause
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Neurotransmitters and volatile anaesthetics have opposing effects on motoneuronal excitability

which appear to reflect contrasting modulation of two types of subthreshold currents.

Neurotransmitters increase motoneuronal excitability by inhibiting TWIK-related acid-sensitive

K+ channels (TASK) and shifting activation of a hyperpolarization-activated cationic current (Ih) to

more depolarized potentials; on the other hand, anaesthetics decrease excitability by activating a

TASK-like current and inducing a hyperpolarizing shift in Ih activation. Here, we used whole-cell

recording from motoneurones in brainstem slices to test if neurotransmitters (serotonin (5-HT)

and  noradrenaline (NA)) and an anaesthetic (halothane) indeed compete for modulation of the

same ion channels – and we determined which prevails. When applied together under current

clamp conditions, 5-HT reversed anaesthetic-induced membrane hyperpolarization and increased

motoneuronal excitability. Under voltage clamp conditions, 5-HT and NA overcame most, but not

all, of the halothane-induced current. When Ih was blocked with ZD 7288, the neurotransmitters

completely inhibited the K+ current activated by halothane; the halothane-sensitive neuro-

transmitter current reversed at the equilibrium potential for potassium (EK) and displayed

properties expected of acid-sensitive, open-rectifier TASK channels. To characterize modulation

of Ih in relative isolation, effects of 5-HT and halothane were examined in acidified bath solutions

that blocked TASK channels. Under these conditions, 5-HT and halothane each caused their

characteristic shift in voltage-dependent gating of Ih. When tested concurrently, however,

halothane decreased the neurotransmitter-induced depolarizing shift in Ih activation. Thus,

halothane and neurotransmitters converge on TASK and Ih channels with opposite effects;

transmitter action prevailed over anaesthetic effects on TASK channels, but not over effects on Ih.

These data suggest that anaesthetic actions resulting from effects on either TASK or

hyperpolarization-activated cyclic nucleotide-gated (HCN) channels in motoneurones, and

perhaps at other CNS sites, can be modulated by prevailing neurotransmitter tone.
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membrane hyperpolarization and decreased excitability

via effects on at least two classes of subthreshold ion

channels: anaesthetics enhance a pH-sensitive, TASK-like

leak K+ current and inhibit a hyperpolarization-activated

cationic current (Ih) (Sirois et al. 1998, 2000). Notably, a

number of neurotransmitters that are commonly associated

with behavioural arousal and increased motor output

(e.g. serotonin (5-HT) and noradrenaline (NA)) target

channels with similar properties in motoneurones, but

with effects opposite to those of anaesthetics (Larkman &

Kelly, 1992; Talley et al. 2000; Rekling et al. 2000). This

suggests the possibility that anaesthetics and neuro-

transmitters converge on the same leak K+ and Ih channels

with opposite actions.

Here, we tested this possibility directly by simultaneous

co-application of neurotransmitter and anaesthetic – and

we determined which effect of these modulators prevails

when both are present. We show that neurotransmitters

and halothane indeed target the same TASK-like leak K+

channels, and that inhibition by transmitter overcomes

channel activation by anaesthetic. Likewise, transmitters

and halothane converge on Ih, but in this case the effect of

the anaesthetic predominates. Inasmuch as these channels

are distributed throughout the CNS, the effects of

anaesthetics that we describe – and the modulation of

those effects by neurotransmitters – could have implications

for anaesthetic action that extend beyond the control of

motoneuronal excitability and anaesthetic immobilization.

METHODS
General preparation
Whole-cell recordings were obtained in vitro from brainstem
slices using procedures similar to those described previously
(Sirois et al. 1998; Talley et al. 2000). All procedures were
performed in accordance with National Institutes of Health and
University of Virginia Animal Care and Use Guidelines. Briefly,
rats (Sprague-Dawley, postnatal day 7–18) were anaesthetized
with ketamine/xylazine (200 and 14 mg kg_1, I.M., respectively)
and the brainstem removed following decapitation. Transverse
slices (200 µm) were cut with a microslicer (DSK-1000, Dosaka,
Kyoto, Japan) in an ice-cold solution containing (mM): 260
sucrose, 3 KCl, 5 MgCl2, 1 CaCl2, 1.25 NaH2PO4, 26 NaHCO3,
10 glucose and 1 kynurenic acid. Slices were incubated for ~1 h at
37 °C in a solution consisting of (mM): 130 NaCl, 3 KCl, 2 MgCl2, 2
CaCl2, 1.25 NaH2PO4, 26 NaHCO3 and 10 glucose. Slices were
maintained in this incubation solution at room temperature
(23–25 °C) for periods of up to 6 h. Cutting and incubation
solutions were bubbled continuously with 95 % O2 and 5 % CO2.

Recording
Patch electrodes with a DC resistance of ~3–5 MV were pulled
from borosilicate glass capillaries (Warner Instruments, Hamden,
CT, USA) on a two-stage puller (Sutter Instruments, Novato, CA,
USA) and coated with Sylgard 184 (Dow Corning, Midland, MI,
USA). Slices were submerged in a chamber mounted on a fixed-
stage microscope (Zeiss Axioskop FS) and visualized using
differential interference (DIC) optics. Hypoglossal motoneurones
were identified visually by their location (lateral and ventrolateral

to the central canal) and by their characteristic size and shape
(Viana et al. 1990). Electrical recordings were performed at room
temperature in a bath solution composed of (mM): 130 NaCl, 3
KCl, 2 MgCl2, 2 CaCl2, 1.25 NaH2PO4, 10 Hepes and 10 glucose.
The pH of bath solutions was adjusted using either NaOH or HCl.
All bath solutions contained tetrodotoxin (0.75 µM) and were
perfused continuously over the slice (~2 ml min_1). Internal
solution contained (mM): 120 KCH3SO3, 4 NaCl2, 1 MgCl2, 0.5
CaCl2, 10 Hepes, 10 EGTA, 3 Mg-ATP, 0.3 GTP-Tris, with pH
buffered to 7.2 using KOH. In a subset of experiments examining
effects of halothane and neurotransmitter on Ih during long term
exposure to acidified bath solutions, the internal Hepes
concentration was increased to 25 mM in order to minimize
changes in intracellular pH that might directly affect Ih (Munsch &
Pape, 1999; Zong et al. 2001). Osmolarity was maintained in these
experiments by reducing the concentration of KCH3SO3

accordingly. ZD 7288 (40 µM, Tocris Cookson, Ballwin, MO,
USA) was added to the internal solution to block Ih in some
experiments.

All solutions were bubbled with a room air gas mixture (21 %O2,
balance N2). Halothane was added to the perfusate by directing the
gas mixture through calibrated vaporizers (Ohmeda, Austell, GA,
USA) and equilibrating the bath solution with the halothane-
containing gas mixture. Halothane solutions were covered tightly
with Parafilm to prevent loss of anaesthetic to the atmosphere.
Aqueous concentrations of halothane were measured by gas
chromatography from samples collected at the point of solution
entry into the slice chamber (Sirois et al. 1998).

Data acquisition and analysis
Voltage commands were applied via an Axopatch 200B patch-
clamp amplifier and membrane currents were digitized using a
Digidata 1200 analog-to-digital converter (Axon Instruments,
Union City, CA, USA). Currents were filtered at 2 kHz with a
four-pole, low-pass Bessel filter. Series resistance was typically
< 20 MV and was compensated by 65–70 %. All data were
corrected for a liquid junction potential of 10 mV.

Cells were held at _60 mV and membrane currents in response to
a hyperpolarizing pulse (_40 to _50 mV) were recorded at a
constant interval (0.1 Hz). Current–voltage (I–V) relationships
were determined for various treatment protocols from
‘instantaneous’ currents (i.e. immediately following the capacitive
transient, before activation of the time-dependent Ih current)
obtained by hyperpolarizing the cell in 10 mV steps (to _130 mV).
The maximal amplitude of Ih was quantified as the size of the time-
dependent current during a step to _130 mV. The voltage
dependence of Ih activation was obtained from tail currents
measured during a step to _80 mV that followed the series of
hyperpolarizing steps; those data were normalized and fitted with
a Boltzmann function (Bayliss et al. 1994). Data analysis was
performed using the pCLAMP suite of programs (Axon
Instruments) and statistical analysis of data was performed in
Microsoft Excel, using Student’s paired t test, with significance
accepted if P < 0.05.

RESULTS 
We examined effects of simultaneous exposure to an

inhalational anaesthetic (halothane) and a neurotransmitter

(5-HT) on rat brainstem hypoglossal motoneurones

under current clamp conditions. As shown in Fig. 1, and

consistent with our previous studies (Sirois et al. 1998,

J. E. Sirois, C. Lynch and D. A. Bayliss718 J. Physiol. 541.3



2000), we found that clinical concentrations of halothane

(0.35 mM) caused membrane hyperpolarization and

decreased motoneuronal excitability. Upon application of

5-HT (2 µM) in the continued presence of halothane, the

motoneurone showed a brisk depolarization that evoked

repetitive spike discharge, and which dissipated after wash

of halothane and 5-HT. In three initially non-spiking cells,

halothane induced a 10.7 ± 3.2 mV hyperpolarization

from _48.7 ± 1.1 mV; the effect of halothane was

completely overcome by 5-HT, which in all cases caused a

depolarization well beyond the threshold for repetitive

firing. These results illustrate effects on motoneurones

that are typical of those described previously for halothane

and neurotransmitters (Sirois et al. 1998, 2000; Rekling et
al. 2000), and furthermore show that anaesthetic effects on

motoneuronal excitability can be reversed by co-

application of 5-HT.

In order to determine if transmitter-induced reversal of

anaesthetic effects, such as those just described, result from a

convergence of neurotransmitters and anaesthetics on the

same ion channels, we studied membrane currents induced

by neurotransmitters (5-HT and noradrenaline (NA)) and

halothane under whole-cell voltage clamp conditions. First,

we characterized effects of neurotransmitters and halothane,

either alone or when applied together. Then, we examined

interactions between transmitters and anaesthetic on two

prominent ion channel targets, a TASK-like, pH-sensitive K+

channel and a hyperpolarization-activated cationic (Ih)

channel, each in relative isolation from the other.

Serotonin and halothane elicit opposite effects on a
resting K+ current and Ih in motoneurones
At least two ionic conductances contributed to effects of 5-

HT on hypoglossal motoneurones, as illustrated in data

from the representative cell of Fig. 2. Under voltage clamp,

5-HT (5 µM, applied via the perfusate) produced a robust

and reversible inward shift in holding current at the

_60 mV holding potential (Fig. 2A), that averaged

_250.0 ± 70.0 pA (n = 7). Instantaneous current–voltage

(I–V) relationships were obtained under control conditions

(Fig. 2A, a) and at the peak of the 5-HT response (Fig. 2A,
b) by hyperpolarizing the cell in 10 mV increments from

the holding potential (Fig. 2B). The I–V relationship of the

current induced by 5-HT was derived by subtracting

control currents from those obtained in the presence of

5-HT (Fig 2C, b _ a). The 5-HT-sensitive current was

weakly rectifying, and associated with a net reduction in

membrane conductance that is evident in this cell as a

negative slope of the I–V curve. Note, however, the lack of

a clear reversal in the I–V relationship, which suggested

contributions from currents other than those carried by

K+.

An additional current that could contribute to effects of

5-HT in motoneurones is the hyperpolarization-activated

current, Ih. Indeed, previous work suggests that 5-HT

enhances Ih, primarily by promoting a depolarizing shift in

its voltage dependence of activation (for example see

Takahashi & Berger, 1990; Larkman & Kelly, 1992; Hsiao

et al. 1997; reviewed in Rekling et al. 2000). In order to test

effects of 5-HT on the voltage dependence of Ih activation,

tail currents were generated by stepping the membrane

potential to _80 mV after activating Ih with voltage steps

to increasingly hyperpolarized potentials (Fig. 2B, see

asterisks). These Ih tail currents were normalized, plotted

as a function of the membrane potential during the initial

hyperpolarizing steps, and fitted with a Boltzmann

function (Bayliss et al. 1994). As illustrated for this

representative cell (Fig. 2C, inset), the Ih activation curve

was shifted to more depolarized potentials in the presence

of 5-HT (filled circles), compared with the control period

before 5-HT application (open circles). These results were

borne out in grouped data, where the VÎ for Ih activation

averaged _100.6 ± 2.1 mV in control conditions and

_94.4 ± 1.7 mV in 5-HT, a depolarizing shift of ~6 mV

(P < 0.001; n = 7). We found no effect of 5-HT on

maximal Ih current amplitude, defined as the difference

between steady-state and instantaneous currents at

_130 mV test potential (_403 ± 70 pA in control vs.
352 ± 81 pA in 5-HT; P > 0.2, n = 7).

By comparison with effects of 5-HT, the current

modulation by halothane in hypoglossal motoneurones

was striking inasmuch as it appeared to be reciprocal to

that of the neurotransmitter. Thus, halothane (0.9 mM,

bath applied) evoked a prominent outward shift in

holding current at _60 mV (Fig. 2D) that averaged

225.1 ± 25.5 pA (n = 25). It is important to note that we

have previously shown effects of halothane on moto-

neurones within a clinically relevant concentration range

(Sirois et al. 1998, 2000). In most experiments described

herein, we chose to use this higher concentration of

halothane in order to demonstrate that the overriding

effect of neurotransmitters, described in detail below, can
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Figure 1. Serotonin reverses halothane-induced
membrane hyperpolarization in hypoglossal
motoneurones
Effect of halothane (0.35 mM) and 5-HT (2 µM) on a hypoglossal
motoneurone recorded under current clamp conditions.
Halothane caused a membrane hyperpolarization that was
reversed by 5-HT, even in the continued presence of halothane.
The motoneurone was induced to fire by depolarizing DC injection
(150 pA); action potentials were truncated by the chart recorder.



occur even in the presence of halothane at supramaximal

concentrations.

As described above for 5-HT, the I–V relationship of the

halothane-sensitive current component was derived by

subtraction of control currents (Fig. 2E, a) from those

obtained in the presence of halothane (Fig. 2E, b). This

current was outwardly rectifying and associated with a net

increase in conductance (Fig. 2F). As with the 5-HT

current, however, the lack of a clear reversal in the I–V
relationship suggested that additional conductances

contribute to the halothane-sensitive current. Accordingly,

and opposite to effects of 5-HT, we found that halothane

caused a hyperpolarizing shift in voltage dependence of Ih

activation (Fig. 2F, inset). On average, the hyperpolarizing

shift in Ih activation produced by halothane (DVÎ,

approximately _4 mV; control: _97.4 ± 1.1 mV; halothane:

_101.7 ± 1.2 mV; n = 24, P < 0.001) was of similar

magnitude to that reported previously (Sirois et al. 1998).

In addition, and in contrast to 5-HT, which did not affect

the magnitude of Ih, we found that halothane caused a

decrease in Ih amplitude. This is clearly evident in sample

records from the representative cell as a decrease in size of
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Figure 2. Serotonin and halothane elicit opposing actions on two distinct conductances in
hypoglossal motoneurones
A, representative time series depicting the change in holding current (at _60 mV) induced by serotonin
(5-HT, 5 µM); 5-HT caused an inward shift in holding current. B, sample current traces obtained at the times
indicated in A in response to hyperpolarizing voltage steps from _60 mV under control conditions (a) and in
the presence of 5-HT (b). Arrowheads indicate zero current level and open arrows indicate points used to
determine instantaneous I–V relationships. A fixed step to _80 mV followed each test pulse (asterisks) in
order to generate the tail currents that were used to derive the voltage dependence of Ih activation. C, the
5-HT-sensitive current was obtained by subtracting control currents (a) from those obtained in the presence
of 5-HT (b). This current was associated with a decreased conductance but showed no clear reversal,
suggesting modulation of multiple components. Inset, tail currents from control and 5-HT conditions were
normalized, plotted with respect to the potential during the preceding step and fitted with a Boltzmann
function to obtain the voltage dependence of Ih activation. 5-HT caused a depolarizing shift in Ih activation.
D, time series illustrating the outward shift of holding current (at _60 mV) induced by halothane (0.9 mM) in
a representative motoneurone. E, current traces obtained at the times indicated in D in response to
hyperpolarizing voltage steps from _60 mV under control conditions (a) and in the presence of halothane
(b). Note that tail currents are diminished in halothane (asterisks), reflecting decreased Ih amplitude. F, the
halothane-sensitive current was obtained by subtracting control currents (a) from those obtained in the
presence of halothane (b). This current was associated with an increased conductance, but with no clear
reversal. Inset, normalized tail currents from control and halothane were fitted with a Boltzmann function;
halothane caused a hyperpolarizing shift in the voltage dependence of Ih activation.



Ih tail currents (see asterisks in Fig. 2E); for quantification,

maximal Ih amplitude was taken as the time-dependent

current at _130 mV, which decreased from _455.7 ±

40.1 pA in control to _326.8 ± 15.2 pA (28 % decrease in

current amplitude; n = 24, P < 0.001).

These results indicate, as expected from previous work on

these and other neurons (Takahashi & Berger, 1990; Berg-

Johnsen & Langmoen, 1990; Larkman & Kelly, 1992; Hsiao

et al. 1997; Sirois et al. 1998; reviewed in Pape, 1996;

Rekling et al. 2000), that halothane and 5-HT each

modulate two distinct conductances in hypoglossal

motoneurones – a weakly rectifying K+ current and Ih –

but in reciprocal fashion. Thus, 5-HT inhibits a K+

conductance and produces a depolarizing shift in Ih

activation, whereas halothane activates a K+ conductance

and shifts Ih activation to more hyperpolarized potentials.

Effects of halothane and 5-HT were not completely

reciprocal because, of the two, only halothane affected

maximal Ih current amplitude. Subsequent experiments

were designed to examine concurrent regulation of these

separate conductances during simultaneous exposure to

halothane and neurotransmitters.

Halothane modulates multiple components of
neurotransmitter-sensitive current
To test potential interactions in effects of 5-HT and

halothane on motoneurones, we employed the experimental

protocol depicted for a representative cell in Fig. 3A. An

initial application of 5-HT under control conditions

(i.e. no halothane) produced an inward current and

reduction in conductance, as described above. Following

washout of 5-HT, cells were exposed to 0.9 mM halothane,

which produced an outward current and increased
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Figure 3. Halothane enhances net neurotransmitter-sensitive current

A, time series depicting the effect of halothane on 5-HT-sensitive current. Initially, 5-HT produced an
inward shift in holding current (at _60 mV) that was reversible upon wash. Subsequently, halothane induced
an outward current and in the continued presence of halothane, the 5-HT-induced inward current shift was
enhanced. Note, however, that the absolute current level obtained with both 5-HT and halothane did not
reach that observed with 5-HT alone (dashed line). B, averaged data depicting the magnitude of the 5-HT
current. As compared with control, the 5-HT current was significantly enhanced in the presence of
halothane. C, averaged I–V relationships of 5-HT-sensitive current obtained under control conditions (2)
and in the presence of halothane (•). In the presence of halothane, the 5-HT current was associated with a
greater reduction in conductance. D, mean data depicting the halothane-sensitive component of the 5-HT
current. I–V data were derived by subtracting the 5-HT current in the presence of halothane from the control
5-HT current. Note that this current reverses ~10 mV depolarized to EK (arrowhead).



membrane conductance. At the peak of the halothane

response, 5-HT was re-applied in the continued presence

of halothane. The resulting 5-HT-induced inward current

in the presence of halothane was enhanced compared with

that observed under control conditions. On average, as

shown in Fig. 3B, the 5-HT current measured in halothane

was significantly increased over that in the same cells tested

under control conditions (_373.9 ± 102.4 pA in halothane

vs. _250.0 ± 69.8 pA; P < 0.05; n = 7). Note, however, that

the reduction in membrane current produced by 5-HT in

the presence of halothane did not match the initial low

level produced by neurotransmitter application under

control conditions (Fig. 3A, dashed line). This suggests

either that a portion of the halothane-enhanced current is

insensitive to 5-HT or, alternatively, that halothane inhibits

a separate component of 5-HT current (see below).

In averaged data, the I–V relationship of control 5-HT

current (Fig. 3C, diamonds) was associated with a small

reduction in conductance and did not reverse within the

range tested. In the presence of halothane (Fig. 2C,

squares), the conductance decrease associated with 5-HT

application was enhanced, as expected if 5-HT inhibited

the halothane-activated K+ conductance. The halothane-

sensitive component of 5-HT current was obtained by

subtracting I–V data in halothane from that in control. As

shown in Fig. 2D, this component of current was weakly

rectifying but with a reversal potential ~10 mV depolarized

to EK (depicted by arrow), which again suggested

contributions from additional conductances. The 5-HT-

induced depolarizing shift in Ih activation was reduced in

the presence of halothane (~3 vs. ~6 mV), consistent with

the possibility that halothane interferes with 5-HT

modulation of Ih. This is explored in greater detail below,

under conditions when effects on TASK currents were

eliminated.

Halothane also modulated currents evoked by other

neurotransmitters, specifically noradrenaline (NA, 5 µM)

and thyrotropin-releasing hormone (TRH, 0.1 µM). As

with 5-HT, currents elicited by both NA and TRH were

enhanced significantly (P < 0.05) in the presence of

halothane (INA, _252.2 ± 40.2 pA in control vs. _382.4 ±

71.4 pA in halothane; ITRH, _134.7 ± 22.1 pA in control vs.
_235.4 ± 45.8 pA in halothane; n = 5 for both NA and

TRH). Like that of 5-HT, the current evoked by NA was

characterized by inhibition of a resting K+ conductance

coupled with a depolarizing shift in Ih activation (data not

shown). Results with TRH were somewhat surprising

inasmuch as we did not observe an enhancement of TRH-

sensitive current by halothane in an earlier study (Sirois et
al. 1998). In that previous work, however, we used a higher

concentration of TRH (1 µM), and it is possible that a

more pronounced receptor desensitization evoked by

those higher TRH concentrations masked any enhancement

in TRH current by halothane (Sirois et al. 1998).

A TASK-like component of halothane-sensitive
current, revealed in relative isolation after blocking
Ih, is inhibited by 5-HT
The joint neurotransmitter- and halothane-sensitive

current had properties consistent with inhibition of a K+

conductance, although the current did not reverse at EK.

We hypothesized that concomitant effects on Ih might

account for this deviation from results expected for

modulation of a pure K+ current and tested this possibility

by examining effects of 5-HT and halothane after blocking

Ih pharmacologically.

Intracellular application of the Ih blocker ZD 7288

(40 µM) produced essentially a complete block of the

hyperpolarization-activated, time-dependent current

within ~5–10 min after breaking into the cell (data not

shown). Under these conditions, 5-HT again produced an

inward current at _ 60 mV that was associated with a

decrease in conductance (Fig. 4C, diamonds). Similar to

experiments described above when Ih was not blocked, the

5-HT-induced inward shift in current in the presence of

halothane was enhanced relative to that in control

conditions (Fig. 4A and B; _304.4 ± 33.4 pA in halothane

vs. _185.6 ± 22.1 pA; n = 9, P < 0.001). Interestingly,

however, in these experiments in which Ih was blocked by

ZD 7288, the absolute holding current attained in the

presence of both 5-HT and halothane was the same as that

obtained with 5-HT alone (see dashed line in Fig. 4A). This

indicates that essentially all of the halothane current was

blocked by 5-HT under these conditions. As shown in

Fig. 4C, I–V relationships for 5-HT currents in control

conditions (diamonds) and in the presence of halothane

(squares) were again consistent with inhibition of a

conductance that could be activated by halothane.

Subtraction of the 5-HT current in halothane from that in

control yielded the halothane-sensitive component of

5-HT current (Fig. 4D), which was well fitted with the

Goldman-Hodgkin-Katz (GHK) equation (Hille, 1992),

indicating that after blocking Ih with ZD 7288, essentially

all of the halothane-sensitive 5-HT current was mediated

by inhibition of an open rectifier K+ conductance. These

results are consistent with prior data indicating that both

neurotransmitters and volatile anaesthetics modulate a

pH-sensitive open rectifier K+ current with the properties

of TASK-like channels (Sirois et al. 2000; Talley et al.
2000). Moreover, they indicate that inhibitory actions of

the neurotransmitter prevail over activating effects of

halothane on motoneuronal TASK currents.

The interaction of anaesthetic and neurotransmitter

currents was examined in an additional set of experiments

with noradrenaline, again after blocking Ih with ZD 7288

(data not shown). Consistent with results obtained with

5-HT, the average control NA current (_210.6 ± 57.4) was

enhanced in the presence of halothane (_349.8 ± 94.6 pA;

n = 4, P < 0.05). The I–V profiles of NA-sensitive current in
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the presence and absence of halothane were similar to those

observed with 5-HT, in that the conductance decrease

associated with NA application was modest under control

conditions and enhanced in the presence of halothane.

Furthermore, the halothane-induced component of NA-

sensitive current, obtained by subtraction of these two

curves, yielded I–V data that were well fitted by the GHK

equation. Thus, like 5-HT, NA inhibited a TASK-like, open

rectifier K+ conductance activated by halothane.

Halothane modulation of Ih is retained in acidified
bath solutions that block the anaesthetic-sensitive
leak K+ current
In order to reveal convergent effects of anaesthetics and

neurotransmitters on Ih in relative isolation, we performed

experiments after blocking the anaesthetic- and transmitter-

sensitive TASK currents by using an acidified bath solution

(Sirois et al. 2000; Talley et al. 2000). Because decreases in

intracellular pH shift the voltage dependence of Ih

activation to more hyperpolarized potentials (Munsch &

Pape, 1999; Zong et al. 2001), the concentration of Hepes

in the internal solution was increased to 25 mM in order to

minimize effects of bath acidification on intracellular pH.

Changing bath pH from 7.3 to 6.5 produced an inward

shift in holding current at _60 mV (Fig. 5A) and decreased

motoneuronal input conductance, as expected from

inhibition of pH-sensitive TASK currents (Sirois et al.
2000; Talley et al. 2000). This change in extracellular pH

did not appreciably affect maximal Ih amplitude (< 5 %

reduction at _130 mV), but we did note a hyperpolarizing

shift in Ih activation (VÎ shifted from _98.7 ± 0.8 mV in

pH 7.3 to _101.8 ± 0.8 mV in pH 6.5; n = 20, P < 0.001)

perhaps indicative of a slight decrease in intracellular pH

(Munsch & Pape, 1999; Zong et al. 2001).

Blocking the pH-sensitive, TASK-like K+ current reduced

the halothane current (Sirois et al. 2000). The averaged I–V
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Figure 4. Pharmacological block of Ih revealed a TASK-like component of halothane- and
neurotransmitter-sensitive current
A, when Ih was blocked by ZD 7288 (40 µM, pipette), the 5-HT-induced inward shift in current was enhanced
by halothane; 5-HT inhibited all of the halothane-sensitive current (dashed line). B, averaged data depicting
the enhanced 5-HT current amplitude in the presence of halothane. C, averaged I–V relationships of 5-HT-
sensitive current obtained under control conditions (2) and in the presence of halothane (•). D, the
halothane-sensitive component of 5-HT current, derived by subtraction of currents induced by 5-HT in the
presence of halothane from those under control conditions, was well-fitted using the GHK constant field
equation and reversed near EK (arrowhead).



relationship of halothane current at pH 7.3 was associated

with a net increase in conductance, with currents largest at

potentials depolarized to EK (Fig. 5B, squares). By contrast,

following bath acidification to pH 6.5, the halothane

current was associated with decreased conductance;

currents were smallest near rest potentials and enhanced at

hyperpolarized potentials (Fig. 5B, diamonds). Thus, the

properties of this residual halothane-sensitive current are

consistent with inhibition of Ih by the anaesthetic, and are

essentially identical to those we reported previously after

blocking the halothane-sensitive K+ current with 2 mM

Ba2+ (Sirois et al. 1998). Moreover, although additional

conductances may contribute slightly to the halothane

current measured at the holding potential in acidified bath

solutions (e.g. K+ currents not blocked completely at pH

6.5), the residual halothane current is mostly due to Ih

inasmuch as it was largely eliminated by ZD 7288 (data not

shown; see also Fig. 4A of Sirois et al. 2000).

As in control solutions at pH 7.3, the effect of halothane on

Ih in acidified bath solutions included a decrease in

maximal current amplitude (data not shown) and a

hyperpolarizing shift in the voltage dependence of Ih

activation (Fig. 5C). The anaesthetic-induced shift in

Ih activation was steeply dependent on the halothane

concentration over a range of 0.3–1.2 mM, with an

estimated EC50 ~360 µM (Fig. 5D). Thus, in an acidified
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Figure 5. Effects of halothane on Ih are retained in acidified bath conditions that block
motoneuronal anaesthetic- and neurotransmitter-sensitive K+ currents
A, the outward shift in holding current induced by halothane at pH 7.3 was reduced following bath
acidification to block pH-sensitive K+ currents. B, averaged I–V data depict halothane-sensitive currents
obtained at pH 7.3 (•) and at pH 6.5 (2); the anaesthetic-sensitive current under acidified conditions
increased with hyperpolarization and was associated with a decreased conductance, consistent with a
decrease in Ih. C, halothane produced a concentration-dependent hyperpolarizing shift in the voltage
dependence of Ih activation. Data were obtained as described in Fig. 2. VÎ values (mV) were: control (pH 6.5),
_101.9 ± 3.2; halothane (0.3 mM), _104. ± 3.4; halothane (0.4 mM), _107.6 ± 3.3; halothane (1.2 mM),
_110.8 ± 3.6 (n = 8 for pH 6.5 and 0.3 mM halothane; n = 5 for 0.4 and 1.2 mM halothane).
D, concentration–response curve for the halothane-induced shift in voltage dependence of Ih activation. The
size of the halothane-induced shift in VÎ in cells exposed to multiple concentrations of halothane was plotted
as a function of measured aqueous halothane concentrations. A least-squares fit of the data with a logistic
equation predicted an EC50 of 360 µM.



bath solution, halothane retained the ability to shift the

voltage dependence of Ih activation within a concentration

range that is clinically relevant for its anaesthetic effects.

The 5-HT-induced shift in Ih activation, studied in
relative isolation after blocking pH-sensitive K+

currents, is diminished by halothane
We characterized combined effects of 5-HT and halothane

on Ih in relative isolation by using acidified bath solutions

that block anaesthetic- and neurotransmitter-sensitive K+

currents. As expected, 5-HT induced an inward shift in

holding current under these conditions (Fig. 6A) that was

smaller than that observed at pH 7.3 (see also Talley et al.
2000). The 5-HT current that remained in the acidified

bath, however, was associated with a depolarizing shift in

Ih activation not unlike that produced by 5-HT at pH 7.3

(~4 mV; Fig. 6B, from filled diamonds to filled squares).

After washout of the neurotransmitter, halothane

produced a small outward current (Fig. 6A) that was

associated with a hyperpolarizing shift in the VÎ of Ih

activation (Fig. 6B, open circles). In the continued

presence of halothane, 5-HT again caused an inward

current, but this current was smaller than that observed

before halothane (Fig. 6A); in the acidified bath, the

averaged 5-HT current was _83.5 ± 17.7 pA before

halothane and only _40.1 ± 25.8 pA in the presence of

halothane, an ~50 % reduction (P < 0.05, n = 12).

Likewise, the 5-HT-induced depolarizing shift in Ih

activation was also reduced ~50 % by halothane (to

~2 mV; Fig. 6B, inset). Note also that the VÎ remained at a

more hyperpolarized potential in the presence of

halothane and 5-HT (open squares), compared with either

the control (filled diamonds) or 5-HT conditions (filled

squares). Thus, halothane interferes with modulation by

5-HT of the voltage dependence of Ih activation.

DISCUSSION 
We tested independent and convergent effects of neuro-

transmitters (5-HT and NA) and a volatile anaesthetic

(halothane) on rat brainstem motoneurones. Independently,

the neurotransmitters and halothane each targeted two

different types of ion channel – leak K+ channels and Ih

channels – and modulated them in opposite directions:

5-HT and NA inhibited a leak K+ current and caused a

depolarizing shift in the voltage dependence of Ih

activation whereas halothane activated a leak K+ current

and induced a hyperpolarizing shift in Ih activation. Co-

application revealed that the neurotransmitters and

halothane targeted the same leak K+ and Ih channels. Thus,

we found a joint halothane- and neurotransmitter-

sensitive K+ component of current with properties of

TASK currents previously described in motoneurones

(Sirois et al. 2000; Talley et al. 2000); this current

was activated by halothane, and the halothane-activated

K+ current was completely blocked by 5-HT and NA.

A second component of current jointly sensitive to

halothane and neurotransmitters presented properties

that identified it as Ih (i.e. it was a ZD 7288-sensitive,

hyperpolarization-activated inward current); halothane

caused a concentration-dependent hyperpolarizing shift

in Ih activation and diminished effects of 5-HT on Ih gating.

These data indicate, therefore, that transmitter action can

overcome anaesthetic effects on TASK channels whereas

anaesthetic effects dominate those of neurotransmitters

on Ih, and further suggest that anaesthetic actions
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Figure 6. Halothane inhibits effects of 5-HT on Ih activation under acidified bath conditions
A, representative experiment in an acidified bath solution, when pH-sensitive K+ currents are blocked; under
these conditions, halothane diminished the 5-HT-induced current. B, effect of 5-HT on the voltage
dependence of Ih activation under control conditions and in the presence of halothane. Compared with
control (2), the VÎ of Ih activation was shifted to depolarized potentials by 5-HT (•), but was shifted in the
hyperpolarized direction by halothane (1), even when tested in the combined presence of 5-HT (ª).
Inset, the depolarizing shift in Ih activation produced by 5-HT was significantly reduced by halothane.



mediated by these channels can be subject to modulation

by prevailing neurotransmitter tone.

Joint modulation of a TASK-like resting K+ current
by halothane and neurotransmitters
Hypoglossal motoneurones express a prominent leak K+

current that is sensitive to changes in extracellular pH and

which has kinetic and voltage-dependent properties

expected of the pH-sensitive TASK channels (Sirois et al.
2000; Talley et al. 2000). Previous studies in these

motoneurones demonstrated a neurotransmitter-inhibited

(Talley et al. 2000) and an anaesthetic-activated K+ current

(Sirois et al. 2000), both of which were sensitive to pH

and had TASK-like properties, suggesting that neuro-

transmitters and anaesthetics targeted the same channels.

Here, we tested that possibility directly. We showed that

leak K+ currents activated by anaesthetic were inhibited by

neurotransmitters and that the neurotransmitter- and

halothane-sensitive K+ current displayed instantaneous

open-rectifier properties characteristic of the cloned

TASK-1 (KCNK3) and TASK-3 (KCNK9) channels. It is

noteworthy that the pH sensitivity of motoneuronal

currents matches precisely that of TASK-1 (Talley et al.
2000), although it is now clear that TASK-3 transcripts are

also present in rat motoneurones (Karschin et al. 2001;

Talley et al. 2001; Vega-Saenz et al. 2001). Moreover,

TASK-3 has similar kinetic and voltage-dependent

properties and appears subject to the same type of

modulation as TASK-1 (Kim et al. 2000; Meadows &

Randall, 2001; E. M. Talley & D. A. Bayliss, unpublished

observations). So, although the motoneuronal current

appears most like TASK-1 in its pH sensitivity (Talley et al.
2000), a contribution from TASK-3 also seems likely,

perhaps together with TASK-1 in a heterodimeric

arrangement (Czirjak & Enyedi, 2002).

The mechanisms by which neurotransmitters inhibit

TASK channels remain poorly understood. Typically,

activation of Gaq-coupled receptors is involved but

relevant downstream mediators have not been clearly

identified (Duprat et al. 1997; Leonoudakis et al. 1998;

Talley et al. 2000; Millar et al. 2000; Lopes et al. 2000;

Czirjak et al. 2000, 2001). On the other hand, anaesthetic

effects on TASK channels appear to be direct, since

halothane can activate TASK-1 in excised membrane

patches (Patel et al. 1999). Our results indicate that

receptor-activated processes, by whatever mechanism, can

completely inhibit the actions of halothane on moto-

neuronal TASK-like K+ currents. Likewise, in HEK 293

cells we found that activation of TRH-R1 receptors inhibited

anaesthetic-activated TASK-1 and TASK-3 channels, in

either homomeric or linked heterodimeric configurations

(Talley & Bayliss, 2002). Thus, data from both native

neuronal and heterologous expression systems suggest

that alterations in transmitter tone can affect anaesthetic

actions mediated by TASK channels. It is therefore

interesting in this respect that treatments which lower

noradrenaline and 5-HT levels in the CNS (e.g. reserpine,a-methyldopa and aminergic neurotoxins) increase the

potency of halothane, whereas drugs that increase central

monoamines (e.g. iproniazid) decrease halothane potency

(Miller et al. 1968; Mueller et al. 1975).

Convergent modulation of Ih by halothane and
neurotransmitters
Hypoglossal motoneurones express a prominent Ih

(Bayliss et al. 1994), a subthreshold hyperpolarization-

activated cationic current that can affect neuronal

integrative properties in a number of ways (reviewed in

Pape, 1996). In motoneurones, 5-HT causes a depolarizing

shift in Ih activation via changes in cAMP (Larkman &

Kelly, 1997), an effect opposite to the hyperpolarizing shift

in Ih gating we observed previously with anaesthetics

(Sirois et al. 1998). In the present study, we verified both

these findings. Moreover, our data indicate that halothane

and neurotransmitters converge on the same Ih channels

since ZD 7288 blocked a component of neurotransmitter-

and halothane-sensitive current (compare Figs 3 and

4) and, more directly, because halothane diminished

the neurotransmitter-induced depolarizing shift in Ih

activation. Since the ZD 7288-sensitive effects were observed

even at a holding potential of _60 mV, it appears that Ih

contributes to a persistent current at that potential which

is sensitive to both halothane and neurotransmitter

(Kjaerulff & Kiehn, 2001).

The cellular/molecular mechanisms responsible for

interactive effects of neurotransmitters and anaesthetics

on Ih gating have yet to be determined. The HCN gene

subfamily of ion channels was revealed recently as the

molecular substrate for Ih (Biel et al. 1999; Santoro &

Tibbs, 1999; Kaupp & Seifert, 2001), and the presence of a

cyclic nucleotide binding domain in the primary structure

of HCN channels provides a structural basis for the

depolarizing shift in Ih gating by cAMP and by neuro-

transmitters that activate adenylyl cyclase (Pape, 1996). In

motoneurones, HCN1 and HCN2 are the predominant Ih

channel subunits expressed (Monteggia et al. 2000; Santoro

et al. 2000), perhaps contributing to motoneuronal Ih

either as homomeric or heteromeric channels (Chen et al.
2001; Ulens & Tytgat, 2001). Transmitter (and/or cAMP)

effects on gating are likely to involve HCN2 subunits, in

either a homomeric or heteromeric configuration, since

HCN2 is much more sensitive to cAMP than HCN1 in

homomeric channels (Biel et al. 1999; Wainger et al.
2001) and it confers cAMP sensitivity on HCN1/HCN2

heteromeric channels (Chen et al. 2001; Ulens & Tytgat,

2001). It is possible that halothane acts to shift Ih

gating directly or by inhibiting adenylyl cyclase activity,

thereby reducing cAMP levels. Although direct effects of

anaesthetics on HCN subunits have not been described,

the alternative seems unlikely since clinically relevant
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concentrations of halothane do not alter basal or NA-

stimulated cAMP accumulation in cortical slices (Bazil &

Minneman, 1989) and, in general, no consistent effects of

general anaesthetics on cAMP or cGMP have been reported

(Kress, 1995). Regardless of the mechanisms involved, our

results suggest that halothane, and presumably other

inhalation anaesthetics that modulate Ih (e.g. isoflurane,

sevoflurane; Sirois et al. 2000), will shift the voltage range of

Ih activation to hyperpolarized potentials and decrease the

ability of transmitters to shift Ih gating into a more

depolarized range.

Convergent modulation of a TASK-like current and
Ih: implications for general anaesthesia
We have suggested that direct effects of anaesthetics on

TASK and Ih channels in brainstem motoneurones provide

a hyperpolarizing outward current that can account, at

least in part, for the decreased motoneuronal excitability

that accompanies anaesthetic-induced immobilization

(Sirois et al. 1998, 2000). The present data, however,

indicate that increased levels of aminergic (and/or

peptidergic) neurotransmitters that are commonly

associated with behavioural arousal and increased motor

activity (e.g. 5-HT, NA and TRH) can overwhelm the

anaesthetic effect. As noted above, such an interaction

could contribute to differences in anaesthetic potency

associated with pharmacological manipulations of

neurotransmitter concentrations in the CNS (Miller et al.
1968; Mueller et al. 1975). In addition, this suggests that

anaesthetic potency could also vary with the physiological

adjustments in levels of these transmitters that accompany

different arousal states. In this respect, however, it is

important to point out that anaesthetics also activate

TASK-like currents in brainstem aminergic neurons of

locus coeruleus and raphe nuclei (Sirois et al. 2000;

Washburn et al. 2001), and this could contribute to

decreased neuronal activity and neurotransmitter release

observed during anaesthesia (e.g. as described for LC

neurons and NA release: Saunier et al. 1993; Ohkawa et al.
1995; Anzawa et al. 2001). Thus, although the current

data predict that neurotransmitters released from state-

dependent aminergic neurons will diminish TASK

channel-related anaesthetic actions in motoneurones, a

concomitant anaesthetic-induced decrease in activity

mediated by TASK channels in those same aminergic

neurons would decrease transmitter release – directly

disfacilitating motoneurones while also mitigating inter-

active effects of the transmitters on anaesthetic-activated

TASK channels.

Obviously, general anaesthesia involves more than

motoneuronal depression and immobilization and the

question therefore arises as to whether anaesthetic effects

on similar ionic conductances elsewhere in the CNS

might contribute to other properties associated with the

anaesthetic state (e.g. decreased sensation, loss of

consciousness). This seems likely, especially given the

widespread distribution of TASK and HCN channels in

the brain (Monteggia et al. 2000; Santoro et al. 2000; Talley

et al. 2001). One CNS site where joint modulation by

neurotransmitters and anaesthetics of TASK and HCN

channels may be of particular interest is the thalamus,

which regulates information flow to the cortex and

participates in generation of thalamocortical oscillations

associated with different states of consciousness (for

review see McCormick, 1992). As in motoneurones,

thalamocortical relay neurons are depolarized by neuro-

transmitters such as 5-HT and NA via inhibition of a leak

K+ current and a depolarizing shift in Ih activation; this

depolarization is responsible for the transition from tonic

to bursting activity patterns in these cells, which are closely

associated with wake and sleep states, respectively

(McCormick, 1992). General anaesthetics, on the other

hand, suppress thalamic activity in human volunteers

(Alkire et al. 2000) and in vitro, thalamocortical relay cells

are hyperpolarized by anaesthetics (el Beheiry & Puil,

1989; Sugiyama et al. 1992). The hyperpolarization

involves, at least in part, activation of a leak K+ current

(Ries & Puil, 1999) although effects on Ih in thalamo-

cortical neurons have not been reported. Thus, it is

possible that the joint modulation by anaesthetics and

neurotransmitters of leak K+ and Ih channels that we have

shown here for motoneurones could be present also in

thalamocortical neurons, and therein contribute to the

altered consciousness and sensation that are further

characteristics of the anaesthetic state.
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