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1 The e�ects of ®ve structurally dissimilar general anaesthetics were examined in voltage-clamp
recordings of agonist-evoked currents mediated by recombinant g-aminobutyric acid (GABA)A receptors
composed of human a1b1 and g2L subunits expressed in Xenopus laevis oocytes. A quantitative
comparison of the e�ects of these agents was made upon recombinant glycine receptors expressed as a
homo-oligomer of human a1 subunits, or as a hetero-oligomer of human a1 and rat b subunits.

2 Complementary RNA-injected oocytes expressing GABAA receptors responded to bath applied
GABA with an EC50 of 158+34 mM. Oocytes expressing a1 and a1b glycine receptors subsequent to
cDNA injection displayed EC50 values of 76+2 mM and 66+2 mM, respectively, in response to bath
applied glycine.

3 Picrotoxin antagonized responses mediated by homo-oligomeric a1 glycine receptors with an IC50 of
4.2+0.8 mM. Hetero-oligomeric a1b glycine receptors were at least 100-fold less sensitive to blockade by
picrotoxin.

4 With the appropriate agonist EC10, propofol enhanced GABA and glycine-evoked currents to
approximately the maximal response produced by a saturating concentration of either agonist (i.e. Imax).
The calculated EC50 values were 2.3+0.2 mM, 16+3 mM and 27+2 mM, for GABAA a1b1g2L, glycine a1
and a1b receptors, respectively. At relatively high concentrations, propofol was observed to activate
directly both GABAA and glycine receptors.

5 Pentobarbitone potentiated GABA-evoked currents to 117+8.5% of Imax with an EC50 of 65+3 mM.
The barbiturate also produced a substantial enhancement of the glycine-evoked currents, Imax and EC50

values being 71+2% and 845+66 mM and 51+10% and 757+30 mM for homomeric a1 and heteromeric
a1b glycine receptors respectively. At high concentrations, pentobarbitone directly activated GABAA, but
not glycine, receptors.

6 The potentiation by propofol or pentobarbitone of currents mediated by a1 homo-oligomeric glycine
receptors was in both cases associated with a parallel sinistral shift of the glycine concentration-e�ect
curve. The e�ects of binary combinations of pentobarbitone and propofol at maximally e�ective
concentrations were mutually occlusive suggesting a common site, or mechanism, of action.

7 GABA-evoked currents were maximally potentiated by etomidate to 79+2% of Imax (EC50 of
8.1+0.9 mM). By contrast, glycine-induced currents mediated by a1 and a1b glycine receptor isoforms
were enhanced only to 29+4% and 28+3% of Imax. Limited solubility precluded the calculation of EC50

values for the e�ect of etomidate at glycine receptors. None of the receptor isoforms examined were
directly activated by etomidate.

8 The neurosteroid 5a-pregnan-3a-ol-20-one potentiated GABA-evoked currents to 69+4% of Imax,
with an EC50 value of 89+6 nM. In contrast, both a1 homo-oligomeric and a1b heter-oligomeric glycine
receptors were insensitive to the action of this steroid. A direct agonist action of the steroid was
discernible at GABAA, but not glycine, receptors.

9 Trichloroethanol, the active metabolite of the general anaesthetic chloral hydrate, enhanced glycine-
evoked currents to 77+10% and 94+4% of Imax on a1 and a1b glycine receptors, with EC50 values of
3.5+0.1 mM and 5.9+0.3 mM respectively. On GABAA receptors, trichloroethanol had a lower
maximum enhancement (52+5% of Imax), but a slightly higher potency (EC50 1.0+0.1 mM).
Trichloroethanol activated neither GABAA, nor glycine, receptors.

10 The data demonstrate a variety of intravenous general anaesthetic agents, at clinically relevant
concentrations, to augment preferentially GABA-evoked currents mediated by the a1b1g2L receptor
subunit combination as compared to their e�ects on both a1 and a1b glycine receptors. However, the
presence on glycine receptors of lower a�nity modulatory binding sites for pentobarbitone, propofol and
trichloroethanol may aid in the identi®cation of the molecular determinants of the CNS actions of these
anaesthetics.
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Introduction

The molecular mechanism(s) which underlie the rapid and
dramatic behavioural actions of general anaesthetics are un-

known. The anaesthetic state represents the culmination of
action of compounds which may vary from chemically inert
gases, to complex organic molecules that exhibit exquisite
structure-activity requirements. Given this structural diversity,
a unitary mechanism for general anaesthesia would appear1Author for correspondence.
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untenable. However, surprisingly, a number of studies have
now demonstrated that the majority of intravenous anaes-
thetics, at clinically relevant concentrations, share the common
feature of potentiating the actions of g-aminobutyric acid
(GABA) at the GABAA receptor (Tanelian et al., 1993; Franks
& Lieb, 1994; Harris et al., 1995). Although such observations
do not exclude alternative ion channels or receptors as an-
aesthetic targets, the enhancement of neuronal inhibition
through an action at the major inhibitory receptor in the
mammalian central nervous system has a simplistic and logical
appeal. However, in the brain stem and spinal cord, the ma-
jority of inhibitory neural pathways utilize the neurotrans-
mitter glycine, which mediates neuronal depression by
activating anion selective strychnine-sensitive glycine recep-
tors. A number of recent studies have suggested that at least
one component of the anaesthetic state, the suppression of
nocifensive re¯exes, may occur at the level of the brain stem
and spinal cord, rather than at a higher locus (Antognini &
Schwarz, 1993; Rampil et al., 1993; Rampil, 1994; Collins et
al., 1995). Furthermore, in addition to potentiating GABAA

receptor-mediated responses, the inhalational anaesthetics
halothane, iso¯urane and en¯urane (Wakamori et al., 1991;
Harrison et al., 1993; Downie et al., 1996), and the intravenous
anaesthetic propofol (Hales & Lambert, 1991; Mascia et al.,
1996), act as positive allosteric modulators of the strychnine-
sensitive glycine receptor.

GABAA and glycine receptors are members of a Cys-loop
superfamily of transmitter-gated ion channels (Kuhse et al.,
1995; Ortells & Lunt, 1995; Barnard, 1996). Both receptors
probably exist as a pentameric arrangement of subunits drawn
from ®ve families for the GABAA receptor (a, b, g, d and e) and
two families (a and b) for the glycine receptor (Kuhse et al.,
1995; Smith & Olsen, 1995; Whiting et al., 1995). Furthermore,
a number of isoforms of these subunits (e.g. GABAA; a1± 6, b1 ± 3,
g1 ± 3; glycine; a1 ± 4) have been identi®ed and shown to impart
distinct pharmacological and biophysical properties upon the
receptor (Rundstrom et al., 1994; Kuhse et al., 1995; Smith &
Olsen, 1995; Whiting et al., 1995). These subunits exhibit dis-
tinctive expression patterns within the central nervous system
(Malosio et al., 1991; Wisden et al., 1992). Hence, the func-
tional properties of the inhibitory receptors that they form are
unlikely to be homogeneous, but may be brain region, or in-
deed neurone, speci®c.

In this study, we have utilized the Xenopus laevis oocyte
expression model to compare the actions of ®ve structurally
diverse intravenous anaesthetics (propofol, pentobarbarbitone,
5a-pregnan-3a-ol-20-one, etomidate and trichloroethanol) at
recombinant GABAA (a1 b1 g2L) and glycine (a1 and a1b) re-
ceptors, in an attempt to assess the relative importance of these
receptors in producing general anaesthesia. The results de-
monstrate that although some compounds are relatively se-
lective for the GABAA receptor, it is conceivable that
modulation of glycine receptor activity could contribute to the
behavioural actions of propofol and trichloroethanol. A pre-
liminary account of a part of this work has appeared in ab-
stract form (Pistis et al., 1996).

Methods

Preparation of transcripts and oocyte injection

cDNAs encoding the human a1, b1 and g2L GABAA receptor
subunits were linearized at the HpaI, BamHI and NotI sites in
the pCDM8 vector respectively. cRNA transcripts were pre-
pared according to standard protocols (Hope et al., 1993). The
integrity of the transcripts was examined by denaturing gel
electrophoresis prior to injection. The cDNAs coding for hu-
man a1 and rat b glycine receptor subunits were provided in the
pCIS vector. The cRNA transcripts (for GABAA receptors) or
cDNAs (for glycine receptors) were injected (30 ± 50 nl of
1 mg ml71 per subunit for GABA subunits, or 20 nl of 3.8 ±
5.0 mg ml71 for the glycine a1 subunit and 20 nl of

12.5 mg ml71 for the glycine b subunit) into Xenopus laevis
oocytes (Stage V ±VI). The latter had previously been defol-
liculated by treatment with 2 mg ml71 collagenase `A' (Boeh-
ringer-Mannheim) for 3 h at room temperature (20 ± 238C) in
Barth's saline with Ca2+ salts omitted. The cDNA was injected
intranuclearly by utilizing the `blind method' described by
Colman (1984). Injected oocytes were individually maintained
at 19 ± 208C for up to 12 days in 96 well plates containing
200 ml of standard Barth's solution (composition in mM: NaCl
88, KCl 1, NaHCO3 2.4, HEPES 15, Ca(NO3)2 0.5, CaCl2 0.5
and MgSO4 1.0; adjusted to pH 7.6 with NaOH). The solution
was supplemented with 0.1 mg ml71 gentamicin.

Electrophysiological recordings

Oocytes were used for experimentation 2 ± 12 days after cRNA
or cDNA injection. The methodology was essentially as pre-
viously described (Hill-Venning et al., 1997). Brie¯y, electrical
recordings were made from oocytes voltage-clamped at
760 mV using an Axoclamp 2A, or a GeneClamp 500 am-
pli®er (Axon Instruments, USA) in the two-electrode voltage-
clamp mode. The oocytes were held in a chamber (0.5 ml) and
continuously superfused (7 ± 10 ml min71) with frog Ringer
solution (composition in mM: NaCl 120, KCl 2, CaCl2 1.8,
HEPES 5; adjusted to pH 7.4 with NaOH). The voltage-sen-
sing and current-passing electrodes were ®lled with 3 M KCl
and had resistances of 1 ± 2 MO when measured in frog Ringer
solution. Agonist-induced responses were low pass ®ltered at a
corner frequency of 100 Hz and recorded onto digital audio
tape via a Biologic DTR 1204 DAT recorder and simulta-
neously displayed on a chart recorder. The peak amplitude of
the agonist-evoked current was measured manually. All drugs
were applied by the superfusion system.

For each oocyte, a maximal concentration of GABA
(3 mM) or of glycine (1 mM) was applied and the resultant
peak current amplitude determined. This concentration of
GABA or glycine was reapplied at 20 min intervals until the
current amplitude was consistent to within +2% over three
challenges with GABA or glycine. Once stabilized, the current
amplitude remained constant throughout the experimental
period. In all cases, care was taken to ensure that the amplitude
of the GABA- or glycine-activated current had stabilized be-
fore experiments were commenced.

To investigate the enhancement of agonist-evoked respon-
ses by putative positive allosteric modulators, a concentration
of GABA or glycine producing a peak current approximately
10% of the maximum obtainable (EC10) was determined for
each oocyte. The modulator was pre-applied for 30 to 60 s
before co-application with the appropriate concentration of
GABA or glycine. Potential direct agonist actions of the
compounds were also investigated in the absence of GABA or
glycine, and when evident, were expressed relative to the cur-
rent induced by a saturating concentration of the agonist.
Concentration-response relationships for either the agonist-
modulating or agonist-mimetic actions of the anaesthetics were
iteratively ®tted, where appropriate, by use of Fig P Version
6c, with the four parameter logistic equation:

I

Imax
�

�A�
nH

�A�
nH

� �EC50�
nH

where for GABA or glycine modulation, I is the amplitude of
the agonist-evoked current in the presence of the anaesthetic at
concentration [A], Imax is the amplitude of the response in the
presence of a maximally e�ective concentration of the anaes-
thetic, EC50 is the concentration of anaesthetic producing half-
maximal enhancement and nH is the Hill coe�cient. Concen-
tration-e�ect relationships for the direct agonist action of the
anaesthetics were similarly ®tted, where I represents the am-
plitude of the current evoked by anaesthetic concentration [A],
Imax is the response in the presence of a maximally e�ective
concentration of anaesthetic and EC50 is the concentration of
anaesthetic producing a half-maximal response. In instances
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where the concentration response relationship for agonist
modulation was clearly bell-shaped, curve ®tting was restricted
to the ascending limb and apparent maximum.

The reduced potency of picrotoxin as an antagonist of
hetero-oligomeric a1b glycine receptors versus a1 homo-oligo-
mers (Pribilla et al., 1992; Handford et al., 1996) was used to
verify the functional expression of the b subunit. An IC50 value
for the a1 homo-oligomeric receptor was derived in a manner
similar to that described above.

The speci®c involvement of both GABAA and glycine re-
ceptors in the direct e�ects of the anaesthetic agents was as-
sessed by examining whether the evoked currents were
susceptible to block by the GABAA and glycine receptor an-
tagonists picrotoxin (30 mM) and RU5135 (3a-hydroxy-16-
imino-5b-17-aza-androstan-11-one; 1 mM) and the glycine re-
ceptor antagonist strychnine (1 mM). For GABAA receptors,
the direct e�ects of the anaesthetics were additionally investi-
gated for their sensitivity to potentiation by ¯unitrazepam
(0.3 mM). For glycine receptors, the direct e�ects of the an-
aesthetics were examined for their sensitivity to potentiation by
10 mM zinc (Bloomenthal et al., 1994; Laube et al., 1995).
Experiments were conducted at ambient temperature (18 ±
228C). Quantitative data are presented as the mean+s.e.mean.
The s.e.mean values associated with the EC50 and Hill coe�-
cient are those derived from the ®tted curve.

Drugs used

g-Aminobutyric acid (GABA), ¯unitrazepam, glycine, sodium
pentobarbitone, 5a-pregnan-3a-ol-20-one (5a3a), picrotoxin
and trichloroethanol, were all obtained from Sigma. R-(+)-
etomidate hydrochloride was from Janssen. 2,6-Diisopropyl-
phenol (propofol) was supplied by Aldrich or formulated 1%
w/v in Intralipid from Zeneca as Diprivan. RU5135 was a gift
of Roussel Uclaf. Stock solutions of all drugs were prepared
daily. For GABAA receptor experiments, propofol (100 mM in
ethanol), ¯unitrazepam (10 mM in ethanol) and 5a3a (10 mM

in DMSO) were diluted into frog Ringer solution with a
maximal ®nal vehicle concentration of 0.1% v/v, which alone
had no e�ect upon GABA-activated currents. However, these
concentrations of ethanol and DMSO enhanced the control
response evoked by glycine. Hence, for the glycine receptor
experiments, propofol was prepared as a 1 mM stock by di-
luting Diprivan into frog Ringer and 5a3a as a 10 mM stock
into a 2-hydroxypropyl-b-cyclodextrin (RBI) 20% w/v solu-
tion in distilled water. The stock solutions were subsequently
diluted into frog Ringer solution with a maximal ®nal vehicle
concentration of 0.1% v/v, which alone had no e�ect upon
glycine-activated currents. RU5135 (10 mM in DMSO) was
applied in frog Ringer solution at a concentration (1 mM) as-
sociated with a negative vehicle control. All other drugs were
prepared as concentrates in frog Ringer solution.

Results

At a holding potential of 760 mV, oocytes preinjected with
cRNA encoding human a1, b1, g2L GABAA receptor subunits,
or with cDNA encoding human a1 and rat b glycine receptor
subunits responded to bath applied GABA and glycine, re-
spectively, with an inward current response. GABA or glycine-
evoked currents (Figure 1a) were concentration dependent,
with calculated EC50 values of 158+34 mM for a1b1g2L GABAA

receptors and 76+2 mM and 66+2 mM for a1 and a1b glycine
receptors, respectively. Strychnine (1 mM) abolished glycine-
evoked currents recorded from oocytes expressing a1 (not
shown) or a1b (Figure 1b) glycine receptors.

For oocytes expressing homo-oligomeric a1 glycine recep-
tors, picrotoxin (0.1 ± 100 mM) inhibited, in a concentration
dependent manner (IC50=4.2+0.8 mM), the current evoked by
glycine at EC50 (Figure 2a). In the presence picrotoxin at IC50,
such antagonism was associated with a parallel dextral dis-
placement of the glycine concentration-response curve (Figure

2b; see also Lynch et al., 1995). As previously shown (Pribilla
et al., 1992; Handford et al., 1996), the coexpression of the
glycine b subunit conferred resistance to this inhibitory e�ect,
such that 100 mM picrotoxin reduced the glycine-evoked cur-
rent to only 88+5% (n=4) of control (Figure 2). This large (at
least 100 fold) di�erence in the inhibitory potency of picro-
toxin was employed throughout this study to con®rm the
functional expression of the b subunit in oocytes injected with
the a1 and b glycine receptor subunit cDNAs (Figure 2c and d).

Propofol

The general anaesthetic propofol (0.03 ± 10 mM) enhanced
currents evoked by GABA at EC10 recorded from oocytes
expressing a1b1g2L GABAA receptors in a concentration-de-
pendent manner. Maximal potentiation was produced by
10 mM propofol (to 95+2% of that evoked by a saturating
concentration of GABA (Imax)) and the calculated EC50 was
2.3+0.2 mM (Figure 3 and Table 1). For concentrations of
propofol 430 mM, the magnitude of the potentiation de-
creased (52+13% of Imax; n=4; 100 mM propofol).

At concentrations greater than those required to enhance
GABA-evoked currents, propofol (10 ± 300 mM) induced a
concentration-dependent inward current in the absence of
GABA (Figure 3). This e�ect was maximal with 300 mM pro-
pofol (37+7% of the GABA Imax) and the calculated EC50

(46+1 mM) was approximately 20 fold greater than that de-
termined for the enhancement of GABA-evoked responses
(Table 1). The propofol-induced current was blocked by 30 mM
picrotoxin and potentiated by 0.3 mM ¯unitrazepam (data not
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Figure 1 The properties of GABA and glycine-induced currents
recorded under voltage-clamp from Xenopus laevis oocytes expressing
GABAA (a1b1g2L) and glycine (a1 and a1b) receptors. (a) Graphical
depiction of the relationship between the concentration of agonist
(logarithmic scale) and the peak amplitude of the agonist-evoked
current (on a linear scale and expressed relative to the current induced
by a maximally e�ective concentration of the agonist) for oocytes
expressing a1b1g2L GABAA receptors, human homo-oligomeric a1 and
mammalian (human a1 and rat b) hetero-oligomeric a1b glycine
receptors. Each data point represents the mean and vertical lines
associated s.e.mean of data obtained from 4 ± 5 oocytes. (b) Example of
a trace showing strychnine (1 mM) to abolish glycine-induced currents
recorded from oocytes expressing a1b glycine receptors. All data were
obtained from oocytes voltage-clamped at760 mV.
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shown), observations which implicate the GABAA receptor in
this e�ect. Upon washout of high concentrations (5300 mM)
of the anaesthetic, we occasionally observed the development
of a transient `rebound' current similar to that described below
for pentobarbitone.

As previously shown for glycine receptors expressed by
mouse spinal neurones in culture (Hales & Lambert, 1991),
propofol enhanced currents evoked by glycine at EC10 recor-
ded from oocytes expressing a1 or a1b recombinant receptors.
The EC50 for this e�ect was approximately 7 ± 11 fold greater
(16+3 mM for a1; 27+2 mM for a1b) than that for GABAA

receptor modulation (Figure 3; Table 1). The maximum po-
tentiation of the glycine-evoked current was produced by
100 mM (a1 receptors=85+5% of Imax) and 300 mM (a1b re-
ceptors=98+6% of Imax) propofol. Inspection of Figure 3
reveals glycine receptor subunit composition to have little or
no in¯uence upon the modulatory e�ect of propofol.

The modulatory e�ect of propofol upon the a1 glycine re-
ceptor was further investigated by determining the e�ect of the
anaesthetic upon the approximately linear region of the con-
centration-response relationship bracketing the glycine EC50.
Propofol produced a concentration-dependent and apparently
parallel sinistral shift in the glycine concentration e�ect rela-
tionship such that the EC50 for glycine was reduced approxi-
mately 2.7 fold (n=2) and 4.7 fold (n=3) in the presence of 30
and 100 mM propofol, respectively (Figure 4a).

Propofol, in the absence of glycine, induced an inward
current for oocytes expressing a1 or a1b glycine receptors. Such
currents were evident in the presence of 100 mM propofol and
at 1 mM, the anaesthetic induced responses amounted to
12+6% of Imax for a1 and 8+2% of Imax for a1b glycine re-
ceptors (Figure 3). Such currents were blocked by the glycine
receptor antagonists strychnine (1 mM) and RU5135 (1 mM). In
common with glycine-evoked currents (Bloomenthal et al.,
1994; Laube et al., 1995), the currents evoked by propofol were
potentiated by zinc (10 mM; see Figure 5).

Pentobarbitone

Pentobarbitone (1 ± 300 mM) elicited a concentration-depen-
dent enhancement of the current evoked by GABA for oocytes
expressing a1b1g2L GABAA receptors (Figure 6). The current
evoked by GABA at EC10 was maximally potentiated by
300 mM pentobarbitone (to 117+9% of Imax; n=3) with a
calculated EC50 of 65+3 mM. At concentrations greater than
300 mM, the magnitude of the pentobarbitone-induced poten-
tiation was reduced (93+8% of Imax; n=3; 600 mM pentobar-
bitone).

At concentrations greater than those required for a sub-
stantial enhancement of the GABA-evoked response, pento-
barbitone (100 mM±2 mM), in the absence of GABA, induced
a concentration-dependent inward current response. At rela-
tively high concentrations (51 mM), the anaesthetic elicited a
complex response consisting of a transient peak current, suc-
ceeded by a decline to a plateau and followed by the redeve-
lopment of the current response upon washout of the
barbiturate. Such `rebound currents' may result from a
chloride channel blocking action of high concentrations of the
barbiturate (Akaike et al., 1987; Peters et al., 1988). The
maximal current was evoked by 2 mM pentobarbitone and
amounted to 29+4% (n=3) of Imax. The calculated EC50 for
the direct e�ect of pentobarbitone was 1.1+0.02 mM (n=3).
Such barbiturate-induced currents were blocked by 30 mM pi-
crotoxin and potentiated by 0.3 mM ¯unitrazepam (data not
shown) and thus, are likely to be mediated by the GABAA

receptor.
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Figure 2 Picrotoxin displays a di�erential potency as an antagonist
of a1 and a1b glycine receptors. (a) Graph depicting the concentra-
tion-dependent suppression by picrotoxin of responses elicited by
glycine, at EC50, acting upon a1 and a1b glycine receptors expressed
in Xenopus laevis oocytes. Peak response amplitude (as a percentage
of control, linear scale) was plotted against the concentration of
picrotoxin (logarithmic scale) in the medium. Note the clear
separation of the e�ects of picrotoxin at the two receptor isoforms.
Data for a1 and a1b glycine receptors were obtained from
experiments performed on 7 and 4 di�erent oocytes, respectively.
(b) Graph illustrating antagonism of responses mediated by a1
glycine receptors by picrotoxin at IC50 (4 mM). Responses elicited by
glycine were plotted as a percentage of the response to a saturating
concentration of the agonist in the presence and absence of
picrotoxin. The data were obtained from experiments on 3 oocytes.
In both (a) and (b), data points are the mean and vertical lines show

s.e.mean. (c and d) Examples of traces illustrating the di�erential
potency of picrotoxin (30 mM) as an antagonist at (c) a1 and (d) a1b
glycine receptors. In this and all subsequent ®gures, periods of drug
application are indicated by the horizontal bars above each trace. All
data were obtained under voltage-clamp at a holding potential of
760 mV.
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Pentobarbitone potentiated glycine-evoked currents recor-
ded from oocytes expressing a1 and a1b glycine receptors, al-
though higher concentrations of the anaesthetic were required
compared to those which produced GABAA receptor modu-
lation (Figure 6). The EC50 values for a1 and a1b glycine re-
ceptors were 845+66 mM and 757+30 mM, respectively, i.e.
approximately 12 ± 13 fold greater than those determined for
the GABAA receptor. The maximum enhancement of the
glycine-induced currents, produced by 3 mM pentobarbitone,

was less than that observed for GABA, being 71+2% of Imax
(n=4) for a1, and 51+10% of Imax (n=4) for a1b. Hence, the
subunit composition of the glycine receptor (a1 or a1b) had
little in¯uence on the modulatory actions of this barbiturate.

In common with propofol, pentobarbitone produced a
concentration-dependent leftward shift of the glycine concen-
tration-e�ect relationship. In the presence of 1 and 3 mM

pentobarbitone, the glycine EC50 was reduced 2 fold and 2.4
fold, respectively (Figure 4b). Whether propofol and pento-
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Figure 3 Propofol acted as a positive allosteric modulator of GABAA and glycine receptors. (a) Bath applied propofol (30 mM)
greatly potentiated the current evoked by 50 mM GABA (approximate EC10 in this example) recorded from an oocyte expressing the
human a1b1g2L GABAA receptor subunit combination. (b) A ten fold greater concentration of propofol (300 mM) produced an
equivalent enhancement of the current evoked by an EC10 concentration of glycine recorded from oocytes expressing glycine
receptors composed of a1 (b) and a1b (c) subunits. (d) Graph illustrating the relationship between the concentration of bath applied
propofol (logarithmic scale) and the peak amplitude of the agonist-evoked current (on a linear scale and expressed relative to the
maximum current induced by a saturating concentration of agonist). The data show the potentiation of GABA (EC10) acting at the
a1b1g2L GABAA receptor and of glycine (EC10) acting at homo-oligomeric a1 and hetero-oligomeric a1b glycine receptors.
Additionally, the peak direct current elicited by propofol alone at GABAA and glycine receptor isoforms is plotted. All records were
obtained from oocytes voltage-clamped at 760 mV. Each data point represents the mean and associated s.e.mean (vertical lines) of
data obtained from 4 ± 5 oocytes. Note that the EC50 values for propofol (and other anaesthetics) quoted in the text and in Table 1
were calculated from curve ®ts restricted to the ascending limb of the concentration-response relationship. Curves illustrated in this
and subsequent ®gures were ®tted by eye and have no theoretical signi®cance (see Methods).

Table 1 A comparison of the modulatory actions of a variety of structurally diverse anaesthetics across recombinant human a1b1g2L
GABAA receptors, a1 homo-oligomeric and a1b hetero-oligomeric glycine receptors

GABAA receptor Glycine receptor
a1b1g2L a1 a1b

Compound ED50 Imax n EC50 Imax n EC50 Imax n

Pentobarbitone
Propofol
Etomidate
Trichloroethanol
5a3a

65+3 mM
2.3+0.2 mM
8.1+0.9 mM
1.0+0.08 mM

89+6 nM

117+9%
95+2%
79+2%
52+5%
69+4%

3
4
3
3
3

845+66 mM
16+3 mM

ND
3.5+0.1 mM

ND

71+2%
85+5%
29+4%
77+10%
ND

4
3
3
3
3

757+3 mM
27+2 mM

ND
5.9+0.3 mM

ND

51+10%
98+6%
28+3%
94+4%
ND

4
3
3
3
3

The Imax is expressed as a percentage of the maximum response to either GABA or glycine. ND= not determined due to the small
magnitude of the e�ect. All data were obtained from oocytes voltage-clamped at 760 mV.
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barbitone interact with a common binding site on the glycine
receptor is not known. To investigate this question, the e�ects
of binary combinations of propofol and pentobarbitone upon
the glycine EC50 were determined. As noted above, a maxi-
mally e�ective concentration of propofol (100 mM; Figure 3)
produced a 4.7 fold decrease of the glycine EC50 (Figure 4a). In
the presence of 100 mM propofol, the addition of pentobarbi-
tone (3 mM) had no further in¯uence upon the glycine EC50

which remained displaced from control by approximately 4.6
fold (Figure 4a). In the converse experiment, employing a
maximally e�ective concentration of pentobarbitone (3 mM),
the introduction of propofol (100 mM) was associated with a
further reduction in the glycine EC50 (from 2.4 fold to 4.6 fold-
relative to control; Figure 4b). However, it should be empha-
sised that the magnitude of the total shift is identical to that
produced by propofol (100 mM) alone. One interpretation of
these data is that the two anaesthetics act via a common sa-
turable site, or mechanism, at the glycine receptor.

In contrast to its e�ect on human a1b1g2L GABAA receptors,
pentobarbitone (100 mM±6 mM) did not directly activate ei-
ther form (a1 or a1b) of the glycine receptor.

Etomidate

In agreement with previous observations (Belelli et al., 1996;
Hill-Venning et al., 1997), etomidate enhanced the current
evoked by GABA at EC10 from oocytes expressing human
a1b1g2L GABAA receptors. Potentiation of the GABA-evoked
response was maximal with 100 mM of this anaesthetic (79+2%
of Imax) and the EC50 was 8.1+0.9 mM (Figure 7). The magni-
tude of the potentiation was reduced for concentrations of
etomidate greater than 100 mM (Figure 7). We have previously
demonstrated that the modulatory actions of etomidate are
greater and more potent for b2 and b3 containing GABAA re-
ceptors (Belelli et al., 1997; Hill-Venning et al., 1997) and,
therefore, the e�ects of etomidate at a1 b2 g2L receptors are also
shown for comparison. In contrast to both pentobarbitone and
propofol, etomidate (5600 mM) did not elicit an inward current
when applied to oocytes expressing a1b1g2L GABAA receptor
subunits. These results are consistent with the selectivity of the
agonist-like actions of this anaesthetic for b2- or b3-containing
receptors found previously (Belelli et al., 1997; Hill-Venning et
al., 1997; Lambert et al., 1997a,b).

Glycine evoked currents were only modestly potentiated by
etomidate over a range of concentrations that greatly enhanced
GABA-evoked currents (Figure 7). The potentiation was
concentration-dependent, and at the highest concentration
tested (300 mM), etomidate enhanced the glycine-evoked re-
sponse to 29+4%, (a1; n=3) and 28+3% (a1b; n=3) of Imax.
Higher concentrations of etomidate were not tested due to
limited solubility. The absence of a clear maximal e�ect of
etomidate precluded calculation of the EC50. Finally, for oo-
cytes expressing a1 or a1b glycine receptors, etomidate did not
directly induce an inward current over the concentration range
(1 ± 300 mM) tested.

5a-Pregnan-3a-ol-20-one

The potent allosteric modulation of the GABAA receptor by
some naturally occurring neurosteroids is well documented
(reviewed in Lambert et al., 1995). Consistent with these stu-
dies, acting upon oocytes expressing human recombinant
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Figure 4 The actions of propofol and pentobarbitone on the glycine
concentration-response relationship. (a) Graph depicting the relation-
ship between the amplitude of the glycine evoked current (expressed
as a percentage of the maximal response to glycine, ordinate) and the
concentration of bath applied glycine (logarithmic scale, abcissa
scale). Currents were recorded from oocytes expressing the a1 glycine
receptor in the absence of any modulator, in the presence of propofol
(30 mM or 100 mM) and in the combined presence of propofol 100 mM
and pentobarbitone 3 mM. Under each condition, 3 concentrations of
glycine bracketing the EC50 were examined. Note that propofol
produced a concentration-dependent and parallel sinistral shift of the
glycine concentration-e�ect curve over the range 30 ± 100 mM. The co-

application of pentobarbitone 3 mM with propofol (100 mM)
produced no further shift. (b) A plot similar to that described above
for glycine alone, and in the presence of pentobarbitone (1 mM or
3 mM). The combined application of propofol 100 mM and
pentobarbitone 3 mM produced a further parallel sinistral shift of
the glycine concentration-response relationship, but this was identical
to that produced by 100 mM propofol alone in this oocyte. The data
obtained in (a) and (b) were obtained from separate oocytes and are
representative of those obtained in two further experiments.
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a1b1g2L GABAA receptors, the anaesthetic steroid 5a-pregnan-
3a-ol-20-one (5a3a; 10 nM± 1 mM) elicited a concentration-de-
pendent enhancement of GABA-evoked currents. Potentiation
by the steroid was maximal at 1 mM (69+4% of the Imax; n=3)
with a calculated EC50 of 89+6 nM (Figure 8, Table 1). At
concentrations 5300 nM, the steroid evoked a small inward
current response in the absence of GABA. Such currents never
exceeded 1% of Imax, but were potentiated by ¯unitrazepam
0.3 mM and blocked by picrotoxin 30 mM (data not shown) and
are thus likely to be GABAA receptor-mediated.

In contrast to its potent e�ect on GABAA receptors, 5a3a
(30 nM ± 10 mM) did not enhance the glycine-evoked current
recorded from oocytes expressing either the recombinant
homo-oligomeric a1 or the hetero-oligomeric a1b receptors
(Figure 8). Nor did the steroid produce detectable activation of
the receptor.

Trichloroethanol

Trichloroethanol is the principal active metabolite of the an-
aesthetic chloral hydrate. Previous studies have shown this
anaesthetic to potentiate GABA-activated chloride currents

recorded from mouse hippocampal neurones (Lovinger et al.,
1993; Peoples & Weight, 1994).

In the present study, trichloroethanol (100 mM±3 mM)
produced a concentration-dependent enhancement of the
GABA-evoked current recorded from oocytes expressing
a1b1g2L GABAA receptors (Figure 9). The maximum en-
hancement (to 52+5% of Imax; n=3) was produced by 3 mM

of the anaesthetic. Higher concentrations were associated with
a reduced potentiation, giving rise to a `bell shaped' concen-
tration-response curve. The calculated EC50 for trichloroe-
thanol was 1.0+0.1 mM. At relatively high concentrations
(53 mM), trichloroethanol in the absence of GABA, induced
an inward current. However, this current was neither blocked
by picrotoxin (30 mM), nor enhanced by ¯unitrazepam
(300 nM), and therefore is unlikely to be mediated by GABAA

receptor activation. Indeed, we have previously observed such
currents on uninjected oocytes (Downie et al., 1995).

Trichloroethanol (100 mM±3 mM) produced a concentra-
tion-dependent enhancement of glycine-evoked currents re-
corded from oocytes expressing a1 or a1b glycine receptor
subunits (Figure 9). The calculated EC50 values for this e�ect
were 3.5+0.1 mM (a1) and 5.9+0.3 mM (a1b). The maximal
enhancement (to 77+10% and 94+4% of Imax for a1 and a1b
glycine receptors, respectively) occurred with 30 mM trichlor-
oethanol for both the hetero-oligomeric and homo-oligomeric
forms of the receptor. Hence, the subunit composition of the
glycine receptor has little in¯uence on the positive allosteric
actions of this anaesthetic. Concentrations of trichloroethanol
greater than 1 mM produced a direct inward current in the
absence of glycine. However, such currents were not in¯uenced
by the glycine receptor antagonist strychnine, and, as men-
tioned above, are observed on uninjected oocytes (Downie et
al., 1995) and are therefore, unlikely to be mediated by the
glycine receptor.

Discussion

The present study has examined the actions of ®ve structurally
dissimilar anaesthetic agents upon current responses mediated
by recombinant GABAA and glycine receptor isoforms. For
propofol, pentobarbitone and trichloroethanol, substantial
modulation of both classes of receptor was evident. In addi-
tion, propofol directly activated both GABAA and glycine
receptors. These features are discussed below in the context of
the clinically relevant actions of the agents studied.

Propofol

Patch- and voltage-clamp studies performed on endogenous
and recombinant GABAA receptors have demonstrated low
micromolar concentrations of propofol to enhance allosteri-
cally the interaction of the receptor with GABA. At higher
concentrations, propofol acts as a GABA-mimetic (Hales &
Lambert, 1991; Hara et al., 1993, 1994; Orser et al., 1994;
Sanna et al., 1995; Wa�ord et al., 1996, reviewed in Lambert et
al., 1997a,b). In the present study, low micromolar concen-
trations of propofol produced a large enhancement of the
GABA-evoked response mediated by a1b1g2L receptors
whereas much higher concentrations (approximately 20 fold)
were required for a GABA-mimetic e�ect.

We have previously demonstrated that propofol, at con-
centrations greater than those required for GABAA receptor
modulation, enhances glycine-evoked currents mediated by the
strychnine-sensitive glycine receptor of mouse spinal cord
neurones in culture (Hales & Lambert, 1991). Consistent with
these observations, propofol produced a large, concentration
dependent enhancement of the glycine-evoked current for both
a1 homo-oligomeric and a1b hetero-oligomeric recombinant
glycine receptors. Similar observations have been made for
oocytes injected with rat brain mRNA (Shepherd et al., 1996).
The e�ects of propofol were not dependent upon the subunit
composition of the receptor (a1 or a1b) and occurred over a
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Propofol 1 mM
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c

Figure 5 Propofol acted as a glycine-mimetic. In the absence of
glycine, the bath application of a relatively high concentration
(600 mM± 1 mM) of propofol to oocytes expressing a1 recombinant
receptors induced an inward current response which was antagonized
by the co-application of the glycine receptor antagonist RU5135
(1 mM; a) or strychnine (1 mM; b). Propofol induced currents were
enhanced by the co-application of zinc (10 mM; c). All records were
obtained at a holding potential of 760 mV.
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concentration range approximately 7 ± 12 fold greater than
that required for GABAA receptor modulation. Hence, a
modulatory binding site for this anaesthetic, although of lower
apparent a�nity than for the GABAA receptor, is present on
the a1 homo-oligomeric glycine receptor. Furthermore, the
e�ect of propofol does not appear to be in¯uenced by the co-
expression of the b subunit. It is important to note, in this
regard, that functional expression of the b subunit was always
con®rmed by the di�erential potency of picrotoxin (Pribilla et
al., 1992; Handford et al., 1996). Interestingly, glycine-evoked
currents recorded from rat hippocampal neurones have been
shown to be insensitive to micromolar concentrations of pro-
pofol (Hara et al., 1993). The subunit composition of the
glycine receptors native to the hippocampus are not known,
although both a2 and b subunits are well represented (Malosio
et al., 1991). To date the e�ect of propofol on a2b glycine
receptors has not been studied, although propofol does en-
hance glycine-evoked currents recorded from oocytes expres-
sing homo-oligomeric a2 glycine receptors (Mascia et al.,
1996). At very high concentrations (100 mM±1 mM), propofol
induced a small inward current which was inhibited by glycine
receptor antagonists and enhanced by zinc. Collectively, these
observations suggest that propofol can directly activate the
glycine receptor.

Pentobarbitone

Numerous electrophysiological studies have demonstrated that
the interaction of GABA with endogenous and recombinant

GABAA receptors is enhanced by pentobarbitone (e.g.
Thompson et al., 1996). In addition, higher concentrations of
this anaesthetic directly activate the receptor (see Lambert et
al., 1997a,b for reviews). Here, pentobarbitone produced a
large concentration dependent enhancement of the GABA-
evoked current recorded from oocytes expressing human
a1b1g2L receptors with an EC50 of 65 mM. Approximately 15 fold
greater concentrations of pentobarbitone (EC50=1.1 mM) were
required for the GABA-mimetic e�ects of this anaesthetic.

The strychnine-sensitive glycine receptor has been shown to
be relatively insensitive to barbiturates (Barker & Ransom,
1978; Akaike et al., 1985; Hales & Lambert, 1991; Koltchine et
al., 1996). In agreement, we have demonstrated that although
pentobarbitone substantially enhances the glycine-evoked re-
sponse, such e�ects are only evident at high concentrations
(4300 mM). Indeed, the EC50 for this e�ect is 12 ± 13 fold
greater than that determined for GABAA receptor modulation.
Similar to propofol, the incorporation of the b subunit into the
receptor (a1b versus a1) had little in¯uence on the allosteric
actions of this barbiturate.

Pentobarbitone acting at the GABAA receptor produces a
parallel sinistral shift of the GABA concentration response
relationship, suggesting an increase in the apparent a�nity of
the receptor for the agonist (Owen et al., 1986; Parker et al.,
1986; Belelli et al., 1996). Similarly, in this study, pentobarbi-
tone produced a leftward shift of glycine-response relationship
and a reduction of the glycine EC50, which may similarly re¯ect
an increase in a�nity. Furthermore, the results of experiments
with binary combinations of propofol and pentobarbitone
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Figure 6 Pentobarbitone was shown to be a positive allosteric modulator of GABAA and glycine receptors. (a) Bath applied
pentobarbitone (300 mM) greatly potentiated the current evoked by 30 mM GABA (approximate EC10 in this example) recorded from
an oocyte expressing the human a1b1g2L GABAA receptor subunit combination. (b and c) A ten fold greater concentration of
pentobarbitone (3 mM) produced a substantial enhancement of the current evoked by an EC10 concentration of glycine recorded
from oocytes expressing (b) a1 and (c) a1b glycine receptors. (d) Graph illustrating the relationship between the concentration of
bath applied pentobarbitone (logarithmic scale) and the peak amplitude of the agonist-evoked current (on a linear scale and
expressed relative to the maximum current induced by a saturating concentration of agonist). Data show potentiation of GABA
(EC10) at a1b1g2L receptors and of glycine (EC10) at homo-oligomeric a1 and hetero-oligomeric a1b glycine receptors. Additionally,
the peak direct current elicited by pentobarbitone alone at a1 b1 g2L GABAA receptors was also plotted. All records were obtained
from oocytes voltage-clamped at 760 mV. Each data point represents the mean and associated s.e.mean (vertical lines) of data
obtained from 3 ± 4 oocytes.
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suggest that the anaesthetics compete for a common site on the
glycine receptor.

Etomidate

In common with propofol and pentobarbitone, etomidate
possesses both GABA-modulatory and GABA-mimetic ac-
tions (Robertson, 1989; Belelli et al., 1996; Hill-Venning et al.,
1997). Uniquely, the interaction of etomidate with the GABAA

receptor is in¯uenced by the b isoform present within the re-
ceptor complex, with both the GABA-modulatory and
GABA-mimetic actions being favoured by b2- or b3-subunit
containing receptors versus those incorporating a b1 subunit
(Hill-Venning et al., 1997; Belelli et al., 1997; Sanna et al.,
1997). Consistent with these observations, in the present study,
both the GABA modulatory and the GABA-mimetic e�ects of
etomidate are favoured by a1 b2 g2L compared with a1 b1 g2L
receptors. Recent studies have demonstrated that this selec-
tivity resides with a single amino acid (asparagine in b2 and b3,
serine in b1) which is located within the ion channel forming
region (M2) (Belelli et al., 1997). In comparison to propofol
and pentobarbitone, high concentrations of etomidate pro-
duced only a modest potentiation of glycine-evoked currents
mediated by either a1 or a1 b glycine receptors.

5a-Pregnan-3a-ol-20-one

The naturally occurring neurosteroid 5a-pregnan-3a-ol-20-one
is a potent general anaesthetic and GABAA receptor modula-

tor (Lambert et al., 1995). In this study, the neurosteroid po-
tently enhanced the GABAA receptor (a1 b1 g2L) response
(EC50=89 nM), but much higher concentrations had no e�ect
on the glycine (a1 or a1b) receptor. Similarly, the glycine re-
ceptor of chick spinal neurones is insensitive to this anaesthetic
(Wu et al., 1990). However, the water soluble steroidal an-
aesthetic minaxolone does act as a positive allosteric modula-
tor of both GABAA and glycine receptors, but is
approximately 20 fold less potent at the latter (Shepherd et al.,
1996). By contrast, the steroids 20a-hydrocortisone, a-cortol
and hydrocortisone have been shown to enhance selectively the
glycine receptor mediated depolarization of rat optic nerve,
but to have no e�ect on GABAA receptor mediated responses
(Prince & Simmonds, 1992). Hence, the steroid structure ac-
tivity relationship for these related inhibitory receptors is dis-
tinct.

Trichloroethanol

Trichloroethanol is the principal active metabolite of the an-
aesthetic chloral hydrate. In the present study, this anaesthetic
potentiated GABA-evoked currents with an EC50 of 1 mM.
Similar concentrations of trichloroethanol are reported to en-
hance GABA-gated chloride currents in rodent hippocampal
neurones (Lovinger et al., 1993; Peoples & Weight, 1994) and
mammalian ®broblasts stably expressing recombinant GABAA

receptors (Krasowski et al., 1997). In rat hippocampal slices,
this e�ect is seen as a prolongation of the inhibitory postsy-
naptic current (Lovinger et al., 1993). Concentrations of tri-
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Figure 7 Etomidate was found to be a potent positive allosteric modulator of GABAA receptors but exerted only a weak e�ect at
glycine receptors. (a) Bath applied etomidate (100 mM) greatly potentiated the current evoked by 50 mM GABA (approximate EC10

in this example) recorded from an oocyte expressing the human a1b1g2L GABAA receptor subunit combination. (b and c) At
identical or higher concentrations (100 ± 300 mM), etomidate produced a much reduced enhancement of the current evoked by an
EC10 concentration of glycine recorded from oocytes expressing (b) a1 homo-oligomeric or (c) a1b hetero-oligomeric glycine
receptors. (d) Graph illustrating the relationship between the concentration of bath applied etomidate (logarithmic scale) and the
peak amplitude of the agonist-evoked current (on a linear scale and expressed relative to the maximum current induced by a
saturating concentration of agonist). Data show potentiation of GABA (EC10) at a1b1g2L receptors and of glycine (EC10) at homo-
oligomeric a1 and hetero-oligomeric a1b glycine receptors. For comparative purposes, the potentiation of GABA (at EC10) acting at
a1b2g2L GABAA receptors was reproduced from the data of Hill-Venning et al. (1997). All records were obtained from oocytes
voltage-clamped at760 mV. Each data point represents the mean and associated s.e.mean (vertical lines) of data obtained from 3 ± 4
oocytes.
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chloroethanol greater than those required for GABA-modu-
latory activity on rodent hippocampal neurones are GABA-
mimetic (Lovinger et al., 1993; Peoples & Weight, 1994). Here,
although high concentrations of trichloroethanol did induce a
direct inward current this was not mediated by the GABAA

receptor. It is possible that the GABA-mimetic actions of this
anaesthetic are subunit-dependent and are not supported by
the a1b1g2L receptors expressed in this study. Trichloroethanol
also enhanced glycine-evoked currents over a similar concen-
tration range to those e�ective at the GABAA receptor. The
EC50 for this e�ect was little in¯uenced by the presence of the b
subunit (a1=3.5 mM, a1 b=5.9 mM). Interestingly, the maxi-
mal e�ect was greater for the glycine receptor than for the
GABAA receptor. However, such di�erences must be inter-
preted with caution given the probable in¯uence of receptor
desensitization upon the peak amplitude of agonist evoked
responses recorded from oocytes.

Relevance to anaesthesia

Are the actions of general anaesthetics on GABAA and glycine
receptors relevant to the production of the anaesthetic state?
Although an unequivocal answer to this question is di�cult, a
rather strong case can be made for the involvement of GABA,
based on the concentration-dependency and stereoselectivity
of anaesthetic action in vitro and in vivo. The concentration of
propofol during total intravenous anaesthesia in man is 6 ±
9 mg ml71 (Shafer, 1993) which, allowing for extensive protein
binding (97.8%), equates to an aqueous concentration of 0.75

to 1.1 mM. However, this value may be an underestimate, since
in rats the concentration determined in the brain and spinal
cord during anaesthesia is approximately nine fold greater
than that of plasma (Shyr et al., 1995). For etomidate, a
plasma concentration of 0.5 mg ml71 is required to maintain
anaesthesia in patients premedicated with diazepam and fen-
tanyl (Doenicke et al., 1982) which, correcting for protein
binding (76.5% in man), translates into a free aqueous con-
centration of only 0.7 mM (Meuldermanns & Heykants, 1976).
However, this value might also be an underestimate, because in
rats the concentration of etomidate in the brain exceeds that in
plasma (Heykants et al., 1975) and, furthermore, premedica-
tion may have reduced the anaesthetic requirement in man. In
the absence of precise knowledge, we assume low micromolar
concentrations of propofol and etomidate to be clinically re-
levant. Much higher aqueous concentrations of pentobarbi-
tone (approximately 50 mM; Franks & Lieb, 1994) and
trichloroethanol (0.8 ± 1.6 mM; Butler, 1948) are required to
suppress movement in response to a painful stimulus in the rat
or the wink response in the dog, respectively. Unfortunately,
the concentration of 5a-pregnan-3a-ol-20-one in the brain
during anaesthesia is not known.

A comparison of the above estimates of potency in vivo
(where available) with the present in vitro data reveals that the
anaesthetics studied are likely to enhance GABAA receptor
activity at clinically relevant concentrations. For propofol
(Orser et al., 1994) pentobarbitone (De Koninck & Mody,
1994) and trichloroethanol (Lovinger et al., 1993; Peoples &
Weight, 1994), this e�ect is probably manifest as an increase in
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Figure 8 5a-pregnan-3a-ol-20-one (5a3a) was shown to be a selective positive allosteric modulator of the GABAA receptor. (a)
Bath applied 5a3a (1 mM) greatly potentiated the current evoked by 30 mM GABA (approximate EC10 in this example) recorded
from an oocyte expressing the human a1b1g2L GABAA receptor subunit combination. (b and c). By contrast, a ten fold higher
concentration of the neurosteroid had little in¯uence on the current evoked by an EC10 concentration of glycine recorded from
oocytes expressing (b) a1 homo-oligomeric and (c) a1b hetero-oligomeric glycine receptors. (d) The graph illustrates the relationship
between the concentration of bath applied 5a3a (logarithmic scale) and the peak amplitude of the agonist-evoked current (on a
linear scale and expressed relative to the maximum current induced by a saturating concentration of agonist). Data show the
potentiation of GABA (EC10) at the a1b1g2L receptors and of glycine (EC10) at homo-oligomeric a1 and hetero-oligomeric a1b
glycine receptors. All records were obtained from oocytes voltage-clamped at 760 mV. Each data point represents the mean and,
where greater than the size of the symbol, the associated s.e.mean (vertical lines) of data obtained from 3 ± 4 oocytes.
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the duration of the inhibitory post synaptic potential at
GABA-ergic synapses (Mody et al., 1994). However, GABA-
mimetic e�ects are unlikely to be elicited by the concentrations
of anaesthetics encountered clinically. Several additional ob-
servations support the contention that modulation of GABAA

receptor activity is a phenomenon central to anaesthetic ac-
tion. Pentobarbitone, etomidate, and 5a-pregnan-3a-ol-20-one
steroids exist as enantiomers with di�ering anaesthetic poten-
cies. In each case, enantioselectivity in anaesthetic potency (i.e.
as seen with the eutomers S-(7)-pentobarbitone, R-(+)-eto-
midate and (+)-5a-pregnan-3a-ol-20-one) is paralleled by ap-
propriate stereoselectivity of action at the GABAA receptor
(Christensen & Lee, 1973; Huang & Barker, 1980; Olsen et al.,
1986; Wittmer et al., 1996; Doenicke & Ostwald, 1997; Lam-
bert et al., 1997b).

If it is assumed that the aforementioned estimates of an-
aesthetic potency in vivo are not grossly inaccurate, the present
data suggest that, in therapeutic use, only propofol and tri-
chloroethanol are likely to exert any signi®cant activity at
glycine receptors. Hence, the behavioural e�ects of these an-
aesthetics may result from a dual action at these inhibitory
receptors. Unusually, over a similar concentration range, tri-

chloroethanol also potentiates the actions of 5-hydroxytryp-
tamine (5-HT) at the excitatory 5-HT3 receptors (Downie et
al., 1995). It would be of interest to investigate the actions of
this anaesthetic at other members of the ligand-gated ion
channel family.

In summary, the present study suggests that the intravenous
anaesthetic agents investigated act preferentially at the GABAA

receptor, especially within the clinically relevant range of con-
centrations. However, pentobarbitone, propofol and trichlor-
oethanol clearly possess the capacity to modulate glycine
receptor activity, albeit with lower apparent a�nity than at the
GABAA receptor isoform examined. Such commonality of
action may be indicative of structurally similarities between
these two classes of inhibitory amino acid receptor and might
eventually assist in the elucidation of the basis of anaesthetic
sensitivity and selectivity at the molecular level.
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Figure 9 Trichloroethanol was shown to be a positive allosteric modulator of GABAA and glycine receptors. (a) Bath applied
trichloroethanol (3 mM) greatly potentiated the current evoked by 20 mM GABA (approximate EC10 in this example) recorded from
an oocyte expressing the human a1b1g2L GABAA receptor subunit combination (b and c). Trichloroethanol (30 mM) also produces a
large enhancement of the current evoked by an EC10 concentration of glycine recorded from oocytes expressing (b) a1 homo-
oligomeric and (c) a1b hetero-oligomeric glycine receptors. (d) The graph illustrates the relationship between the concentration of
bath applied trichloroethanol (logarithmic scale) and the peak amplitude of the agonist-evoked current (on a linear scale and
expressed relative to the maximum current induced by a saturating concentration of agonist). Data show the potentiation of GABA
(EC10) at the a1 b1g2L receptors and of glycine (EC10) at homo-oligomeric a1 and hetero-oligomeric a1b glycine receptors. Each data
point represents the mean and associated s.e.mean (vertical lines) of data obtained from 3 ± 4 oocytes.
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