
Bo 1996 Stockton Press All rights reserved 0007-1188/96 $12.00 M

Effects of inhalational general anaesthetics on native glycine
receptors in rat medullary neurones and recombinant glycine
receptors in Xenopus oocytes
D.L. Downie, A.C. Hall, 1W.R. Lieb & 'N.P. Franks

Biophysics Section, The Blackett Laboratory, Imperial College of Science, Technology and Medicine, South Kensington, London
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1 Glycine responses were studied under voltage clamp in Xenopus oocytes injected with cDNA
encoding mammalian glycine receptor subunits and in rat medullary neurones. Bath application of
glycine gave strychnine-sensitive currents which reversed close to the expected equilibrium potentials for
chloride ions. The peak currents for the receptors expressed in oocytes fitted a Hill equation with
EC50 = 215 + 5 uM and Hill coefficient nH= 1.70+0.05 (means+s.e.means). The peak currents from the
receptors in medullary neurones fitted a Hill equation with EC50 = 30+1 gM and Hill coefficient
nH= 1.76+0.08. The current-voltage relationship for the receptors expressed in oocytes showed strong
outward rectification (with VV= -21+2 mV), while that for the glycine responses from the medullary
neurones in symmetrical C1- was linear (with VrV= 3.2 + 0.6 mV).
2 Inhalational general anaesthetics, at concentrations close to their human minimum alveolar
concentrations (MACs), potentiated responses to low concentrations of glycine. The potentiation
observed with the recombinant receptors (between 60-220%) was approximately twice that found with
the medullary neurones (between 40-80%). For both the recombinant receptors and the receptors in
medullary neurones, the degree of potentiation increased in the order of methoxyfluranetsevoflur-
ane<halothanetisoflurane enflurane. There was no significant difference between the potentiations
observed for the two optical isomers of isoflurane.
3 For both the recombinant and native receptors, isoflurane potentiated the currents in a dose-
dependent manner at low concentrations of glycine, although at high glycine concentrations the
anaesthetic had no significant effect on the glycine-activated responses. The major effect of isoflurane was
to cause a parallel leftward shift in the glycine concentration-response curves. The glycine EC50
concentration for the recombinant receptors decreased from a control value of 215±5 pM to 84+7 yM
glycine at 610 gM isoflurane, while that for the medullary neurones decreased from a control value of
30 +1 pM to 18 ± 2 pM glycine at the same concentration of isoflurane. The potentiation was independent
of membrane potential.
4 Isoflurane also potentiated responses to taurine, a partial agonist at the glycine receptor. This was
observed for receptors expressed in oocytes at both low and saturating concentrations of taurine. The
EC50 concentration decreased from a control value of 1.6+0.2 to 0.9+0.1 mM taurine in the presence of
305 uM isoflurane, while the maximum response to taurine increased from 47 + 2 to 59 +2% of the
maximum response to glycine.
5 Glycine receptors, like other members of the fast ligand-gated receptor superfamily, are sensitive to
clinically relevant concentrations of inhalational general anaesthetics. Effects at these receptors may,
therefore, play some role in the maintenance of the anaesthetic state.
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Introduction

Glycine, the simplest of the amino acids, is one of the major
inhibitory neurotransmitters in the mammalian central ner-

vous system (for reviews, see Betz, 1992; Kuhse et al., 1995)
and is thought to have its predominant effects in the spinal
cord and brain stem (Curtis et al., 1968; Young & Snyder,
1973). However, glycine can activate chloride currents in
neurones throughout the CNS. This has been shown in the
hippocampus (Krishtal et al., 1988; Ito & Cherubini, 1991),
olfactory bulb (Trombley & Shepherd, 1994), hypothalamus
(Akaike & Kaneda, 1989), medulla oblongata (Krishtal et al.,
1988; Lewis et al., 1991), nucleus tractus solitarius (Wakamori
et al., 1991) and neocortex (Siebler et al., 1993), as well as in
Xenopus oocytes injected with mRNA from human cerebral
cortex (Gundersen et al., 1984), indicating that glycine is likely

1 Authors for correspondence.

to play a significant role as a neurotransmitter in many brain
regions. This is supported by in situ hybridization studies
(Malosio et al., 1991) which reveal a widespread expression of
glycine receptor subunits throughout the brain.

As a neurotransmitter, glycine acts by binding to a receptor
channel (GlyR) which is a member of a superfamily of fast
ligand-gated ion channels. This family includes the GABAA (Y-
aminobutyric acid, type A), nicotinic ACh (acetylcholine) and
5-HT3 (5-hydroxytryptamine, type 3) receptors (Betz, 1992;
Unwin, 1993; Ortells & Lunt, 1995), all of which form ion
channels with a pentameric structure. These channels can be
either homomeric or heteromeric, but each of the subunits is
thought to have a roughly equivalent topology consisting of a
large N-terminal extracellular domain and four transmem-
brane segments. Several different glycine subunits have now
been cloned, and these fall into two main groups, a (Gren-
ningloh et al., 1987; 1990b; Kuhse et al., 1990) and ,B (Gren-
ningloh et al., 1990a). While the a subunits can form
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homomeric channels on their own, the fi subunit is thought to
combine with other a subunits to form a channel with a stoi-
chiometry of three a and two fi subunits (Langosch et al., 1988;
Kuhse et al., 1993).

The superfamily of receptors to which the GlyRs belong
contain members, most notably the nicotinic ACh and
GABAA receptors, that are amongst the most sensitive of all
known ion channels to general anaesthetics (Franks & Lieb,
1994). There is therefore some a priori reason to suppose that
the glycine channel may share this sensitivity, and the few
anaesthetic studies on this receptor that have been published
(Hales & Lambert, 1991; Wakamori et al., 1991; Harrison et
al., 1993) support this view. Moreover, the glycine receptor
appears to be unusually sensitive to the effects of high pressure
(Shelton et al., 1993), one of the very few antagonists of gen-
eral anaesthetic action. In addition, it has recently been shown
that the anaesthetic targets involved in the abolition of pur-
poseful responses to a surgical incision may lie in the spinal
cord, where glycine is known to be a key neurotransmitter. For
example, decerebration (Rampil et al., 1993) and spinal cord
transection (Rampil, 1994) experiments in rats, and experi-
ments (Antognini & Schwartz, 1993) with goats where anaes-
thetics were delivered preferentially to the brain, have shown
that the sites of action of inhalational anaesthetics, as assessed
by the standard determination of anaesthetic potency (lack of
purposeful response to a painful stimulus), may be in-
dependent of higher brain centres. In this paper we describe the
effects of a variety of inhalational general anaesthetics on re-
combinant glycine receptors in Xenopus oocytes and native
glycine receptors in rat medullary neurones, as a step towards
assessing their possible role in general anaesthesia.

Methods

Preparation and injection of Xenopus oocytes

Individual adult female Xenopus laevis frogs (Blades Biological,
Cowden, Kent, U.K.), maintained in fresh-water holding tanks
at 20- 22°C, were anaesthetized by immersion in a 0.2% (w/v)
solution of tricaine (3-aminobenzoic acid ethyl ester, metha-
nesulphonate salt). Portions of the ovaries were surgically re-
moved and teased apart with forceps. These portions were then
briefly washed in 'calcium-free' oocyte incubation buffer (cal-
cium-free OIB; composition in mM: NaCl 88, KCl 1, NaHCO3
2.4, MgSO4 0.8, HEPES 15, titrated to pH 7.5 with NaOH)
before incubation in the same saline containing collagenase
(Sigma, type IA; 2 mg ml-') for 3 h at room temperature with
constant agitation. After careful washing in calcium-free OIB
to remove all traces of collagenase, the oocytes were trans-
ferred into normal GIB (composition in mM: NaCl 88, KCl 1,
NaHCO3 2.4, MgSO4 0.8, CaCl2 0.4, Ca(NO3)2 0.3, HEPES 15,
titrated to pH 7.5 with NaOH). Oocytes at stages 5-6 of de-
velopment were then chosen for injection by visual inspection.
Selected oocytes were injected with 10 nl of Tris-EDTA buffer
(1 mM Tris-HCl, 0.1 mM EDTA, titrated to pH 8.0 with
NaOH) containing 0.2-20 pg of cDNA directly into the nu-
cleus of the oocyte, with a calibrated micropipette (10- 16 ym
tip diameter) and a Picospritzer II valve (General Valve Corp.,
Fairfield, New Jersey, U.S.A.) which provided short pressure
pulses of nitrogen gas. Equal amounts of the human alI and rat
,B1 clones in the pCIS eukaryotic expression vector were used.
Although it has been shown (Bloomenthal et al., 1994) that an
excess of the ,B1 cDNA needs to be used for the expression of
heteromeric receptors in HEK 293 cells, we were not successful
in obtaining reliable expression in oocytes when the ,B1 subunit
was injected in excess. In our experiments, therefore, it seems
likely that the expressed receptors were predominantly axl
homomers. Indeed, in preliminary experiments we found very
similar anaesthetic responses from oocytes injected only with
the a subunit. These GlyR clones were a gift from H. Betz
(Neurochemistry Department, Max Planck Institut fur Hirn-
forschung, Frankfurt, Germany). Injected oocytes were

maintained in a cooled incubator (BDH, Poole, Dorset, U.K.)
at 19-20'C in normal OIB containing antibiotics (penicillin
50 iu ml-', streptomycin 50 Mg ml-'; Life Technologies,
Paisley, U.K.) in individual wells (200 Ml per well) of 96-well
microtitre plates (Life Technologies, Paisley) for 2 to 10 days
prior to use. All chemicals, unless otherwise stated, were ob-
tained from Sigma Chemical Co. (Poole, Dorset, U.K.).

Recording technique for Xenopus oocytes

Ionic currents evoked by bath application of glycine (10 gM -
10 mM) were recorded using the two-electrode voltage-clamp
technique with an Axoclamp 2A amplifier (Axon Instruments,
Foster City, California, U.S.A.). Pipettes were fabricated from
thin-walled filamented borosilicate glass capillary tubes
(GC15OTF, Clark Electromedical Instruments, Reading,
Berkshire) using a two-stage pull (David Kopf Instruments
vertical pipette puller, Model 720, Tujunga, California,
U.S.A.). Electrodes were filled with 3 M KCl and had typical
resistances of 0.4-0.8 MCI. Currents were filtered at 5 Hz
(-3 dB, 8-pole Bessel filter; Frequency Devices, Model 902,
Haverhill, Massachusetts, U.S.A.) before being digitised and
stored on a computer. The saline used for electrophysiological
recordings had the following composition (mM): NaCl 110,
KCl 2, MgCl2 1, CaCl2 2 and HEPES 10 (titrated to pH 7.5
with NaOH). Experiments were performed at room tempera-
ture (21 -230C).

Preparation of rat medullary neurones

The medulla oblongata was dissected from decapitated rats
(7-14 days old, Sprague-Dawley) and cut into chunks
(- 1 mm3). Cells were dissociated with the solutions and en-
zymes described by Mintz et al. (1992), with minor modifica-
tions. Briefly, the chunks of tissue were incubated for 5- 6 min
under an 02 atmosphere at 370C in (mM): Na2SO4 82, K2SO4
30, MgCl2 5, HEPES 10, glucose 10 (titrated to pH 7.4 with
NaOH) containing 3 mg ml-' protease (Sigma type XXIII)
and 0.001% phenyl red indicator. The protease solution was
then decanted and the tissue resuspended in the same solution
but with the protease replaced by 1 mg ml-I trypsin inhibitor
(Sigma type II-0, chicken egg white) and 1 mg ml-' bovine
serum albumin (Sigma fraction V) at 37'C, and then left to
cool to room temperature (21 -230C) under an 02 atmosphere.
A few chunks were then withdrawn, gently triturated by 10-15
passages through the tip of a fire-polished Pasteur pipette, and
the cell suspension deposited uniformly in a glass-bottomed
recording bath (bath volume - 300 pl) containing extracellular
recording solution (mM): NaCl 150, KCl 4, CaCl2 1, MgCl2 1,
HEPES 10 (titrated to pH 7.4 with NaOH). Most of the cells
adhered to the glass within 5 min and neurones were easily
identified by their size (10-15 gm diameter) and distinctive
shape. After the cells had adhered, they were continually su-
perfused (- 1 ml min-') with extracellular recording solution.
After each recording, the bath was cleaned and a fresh aliquot
of cells added. Cells were used within 3 h of dissection.

Recording technique for rat medullary neurones

Ionic currents evoked by the application of glycine (3-
1000 gM) were recorded using the standard whole-cell voltage-
clamp technique (Hamill et al., 1981) with an Axopatch 200
amplifier (Axon Instruments, Foster City, California, U.S.A.).
A rapid perfusion system was used whereby solutions could be
applied to the cells through a pair of fused glass tubes (750 Mm
diameter) positioned -600 gm from a chosen neurone. The
tubes could be translated hydraulically so that the solution
bathing the neurone could be rapidly switched from one
composition to another. Recording pipettes were fabricated
from thin-walled filamented borosilicate glass capillary tubes
(GC1SOTF, Clark Electromedical Instruments, Reading,
Berkshire) using a two-stage pull (Narishige PB-7 micropipette
puller, Tokyo, Japan). After light fire-polishing, they were fil-
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led with the internal recording solution (composition, mM):
CsCl 140, NaCl 3, HEPES 10, EGTA 11, Mg-ATP 2 (titrated
to pH 7.2 with CsOH). These pipettes, with typical resistances
of 3-6 MCI, readily formed 'giga-ohm' seals with selected
neurones which, upon establishing the whole-cell configura-
tion, were voltage-clamped at -60 mV. A few minutes were
allowed for the cell interior to equilibrate with the internal
solution prior to recording. Currents were filtered at 10 Hz
(-3 dB, 8-pole Bessel filter). Series resistance was compen-
sated by >75% for all recordings. Experiments were per-
formed at room temperature (21-230C).

Preparation and delivery of anaesthetic solutions

The volatile anaesthetics were made up as fractions of saturated
solutions at room temperature. The concentrations of the sa-
turated solutions were taken to be: methoxyflurane, 9.1 mM
(Seto et al., 1992); enflurane, 11.9 mM (Seto et al., 1992); iso-
flurane 15.3 mm (Franks & Lieb, 1991); halothane, 17.5 mM
(Raventos, 1956); sevoflurane, 11.8 mM (Watts et al., 1992).
Reservoirs containing volatile anaesthetics were sealed with a
rigid plastic float, and all tubing and valves were made ofPTFE.
With these precautions, losses of volatile agents from the per-
fusion system were found to be negligible when measured by gas
chromatography (Hall et al., 1994). The sources of the anaes-
thetics were as follows: isoflurane, enflurane, methoxyflurane,
sevoflurane (Abbott Laboratories Ltd., Queenborough, Kent);
halothane (ICI Ltd., Macclesfield, Cheshire). The two optical
isomers of isoflurane were a gift from Anaquest Inc. (Murray
Hill, New Jersey, U.S.A.). The chemical and optical purities of
the S-( + )- and R-(-)-isoflurane isomers were determined to be
>99% by chiral gas chromotography with an 80-metre Chir-
aldex G-TA column (Advanced Separation Technologies Inc.,
Whippany, New Jersey, U.S.A.).

Calculation of potentiations

For the receptors expressed in Xenopus oocytes, the glycine-
activated currents were found generally to increase during the
time-course of the experiments. Consequently, throughout an
experiment, a maximum dose of glycine was applied periodi-
cally so that all the observed currents could be appropriately
normalized. For the anaesthetic experiments, controls were
recorded before and after application of the anaesthetic, and
these controls were then averaged to give the control current IO.
The percentage potentiation was calculated as 100 x (I-I0)/Io%
where, I is the average of the glycine-activated currents in the
presence of anaesthetic. With the medullary neurones we often
observed a similar 'run-up' in the currents. The percentage
potentiations caused by the anaesthetics were calculated as
described above, except for cases where the control currents
after anaesthetic exposure differed markedly from the previous
controls. In these cases the first controls were used to calculate
potentiations. The anaesthetics on their own usually had no
significant effect on the resting current. (Only for isoflurane at
the highest concentrations used did we observe a very small
inward current). Nonetheless, the anaesthetics were always
pre-applied for 30-60 s before application of glycine to es-
tablish an accurate baseline.

Values throughout the paper are given as means+
s.e.means.

Results

The control glycine-activated current for recombinant
receptors

Glycine, in the concentration range 10 gM to 10 mM, in-
duced inward currents (at a membrane potential of
-50 mV) of between 1 nA and 3 MA. At low concentrations
of glycine these currents were relatively slow to activate and
did not desensitize with time (see Figure la). As the glycine

concentration increased, the time to peak became shorter
and the rate of desensitization became much greater. A
300 gM glycine-activated current could be completely (and
reversibly, not shown) blocked by 100 nM of the selective
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Figure 1 Glycine concentration-response curves. (a) Data from
receptors expressed in oocytes. The data points (0) give the mean
peak currents as a function of glycine concentration. The errors are
s.e.means and where not shown were smaller than the size of the
symbols (except for the data point at 10mM glycine which was
normalized to unity). The line is an unweighted least squares fit of
the mean responses (each from 3 to 5 cells) to a Hill equation, with
EC50 = 215 +± Mm and Hill coefficient = 1.70+ 0.05 (means + s.e.

means). The insets on the lower left and on the right show typical
current traces from cells (voltage-clamped at -50 mV) in response to
60Mm and 1OmM glycine, respectively. The current traces in the
upper left inset, from another cell, show inhibition of the response to
glycine (300pM) by strychnine (100 nM), a selective antagonist at the
glycine receptor. Strychnine was applied before addition of glycine
and had no effect on its own. (b) Data from medullary neurones. As
in (a) except that the mean of the data points at 0.3 and 1 mM glycine
was normalized to unity. The line is an unweighted least squares fit of
the mean responses (each from 3 to 11 cells) to a Hill equation, with
EC50 = 30+1um and Hill coefficient = 1.76+ 0.08. The insets on the
lower left and on the right show typical current traces from cells
(voltage-clamped at -60 mV) in response to 10 pM and 1 mM glycine,
respectively. The current traces in the upper left inset, from another
cell, show inhibition of the response to glycine (10pM) by strychnine
(100 nM). Strychnine was applied before addition of glycine and had
no effect on its own.
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glycine antagonist, strychnine (n = 3 cells; see inset to Figure
la). The peak responses were concentration-dependent and
could be accurately fitted by a Hill equation of the form
y = 1/(I +(EC5/c)fnH, where y is the current expressed as a
fraction of the maximal current, c is the glycine concentra-
tion, nH is the Hill coefficient, and EC50 is the glycine con-
centration giving a half-maximal response (see Figure 1).
The least squares fit gave an EC50=215+5 gM and Hill
coefficient= 1.70 + 0.05, consistent with at least two agonist
molecules being required for activation of the glycine re-
ceptor channel.

The control glycine-activated current for native receptors
in medullary neurones

Glycine, in the concentration range 3 pM to 1 mm, induced
whole-cell currents (at a membrane potential of -60 mV) of
between 25 pA and 9 nA. Qualitatively, the glycine-activated
currents (see Figure lb) behaved very similarly to those in the
Xenopus oocytes in terms of changes in activation times and
desensitization. The glycine-activated current could also be
reversibly blocked by strychnine (n=3 cells). The peak re-

sponses, however, fitted a Hill equation with a very much
smaller value of the EC50 (30± 1 gM), although with a similar
value of the Hill coefficient (1.76+0.08).

Potentiation of glycine responses by volatile general
anaesthetics

The responses to low doses of glycine were markedly
potentiated by clinically relevant concentrations of the
volatile anaesthetics halothane, isoflurane, enflurane,
methoxyflurane and sevoflurane. Figure 2 shows typical
current traces from oocytes and medullary neurones ex-
posed to anaesthetics at concentrations close to their
minimum alveolar concentrations (MACs) in human sub-
jects. For both oocytes and neurones, the glycine con-
centration was set roughly equal to a third of the control
EC50 (i.e. 60 gM for the oocytes and 10 ,M for the me-
dullary neurones). Table 1 gives values for the average
potentiations observed from several cells. In all cases the
potentiations observed with the oocyte currents were sig-
nificantly greater (approximately 2 fold) than those found
with the neurones, although there was a rough corre-
spondence between the two systems in terms of the re-

a Halothane Isoflurane Enflurane Methoxyflurane

b HaLothane Isoflurane Enflurane IMethoxyflurane

b Halothane Isoflurane Enflurane Methoxyflurane

Sevoflurane

Sevoflurane

Figure 2 Representative examples of the potentiation of glycine responses from receptors expressed in (a) oocytes and (b)
medullary neurones by five volatile general anaesthetics: halothane, isoflurane, enflurane, methoxyflurane and sevoflurane. The
concentration of each anaesthetic was close to its minimum alveolar concentration (MAC) in human subjects (see Table 1). In (a)
the glycine concentration was 60MM and the membrane potential was -50 mV, while in (b) the glycine concentration was 1OMm and
the membrane potential was -60 mV. For each pair of traces, the control current is the smaller response. The calibration lines in (a)
correspond to 50s and 50 nA while those in (b) correspond to 5 s and 300 pA. Table 1 gives average potentiations observed for
several cells.

Table 1 Percentage potentiation of glycine currents by clinically relevant concentrations of inhalational general anaesthetics

Anaesthetic

Halothane
Isoflurane
Enflurane
Methoxyflurane
Sevoflurane

% potentiation of currents from receptors expressed in
Concentration Human MAC

(mM) Xenopus oocytesa Medullary neuronesb (mM)

0.18
0.31
0.48
0.27
0.30

223 + 67
177 + 39
163+ 54
100+ 19
63+15

76+19
81+20
62+7
38+ 11
44+8

0.19C
0.27c
0.49c
0.27d
0.30C

The percentage potentiations (100 x (I-Io)IIo%) are given for each anaesthetic as means+ s.e.means for between 3 to 10 cells.
aThe glycine concentration was 60 gM and the membrane potential was -50 mV. bThe glycine concentration was 10 gM and the
membrane potential was -60 mV. cFranks & Lieb (1996); dFranks & Lieb (1993).
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lative effectiveness of the different anaesthetics (halothane
; isoflurane enflurane > methoxyflurane t sevo-
flurane). We investigated the effects of isoflurane in more
detail.

Potentiation of glycine responses by isoflurane optical
isomers

We tested the effects of the two optical isomers of isoflurane on
glycine-activated currents in both oocytes and medullary
neurones. At 305 gM (- 1 MAC for racemic isoflurane) we
found the S-( + )- and R-(-)-isomers were equally effective in
potentiating the current induced by a low concentration of
glycine (10 pM). The ratio of the percentage potentiation ob-
served for the S-( + )-isomer, divided by that observed for the
R-(-)-isomer, was 0.99+ 0.21 (n = 4 cells) for the recombinant
receptors in oocytes and 1.00 + 0.14 (n = 4 cells) for the native
receptors in medullary neurones.

Voltage-dependence of control and isoflurane-potentiated
currents

curve to the left in a dose-dependent manner. The left inset in
Figure 5a shows the corresponding decrease in the glycine EC50
for recombinant receptors with increasing isoflurane con-

a

Membrane potential (mV)

40

q)
-0
N

0
z

20

The potentiation of the glycine-activated currents was in-
dependent of membrane potential. This was found both for
receptors expressed in oocytes (Figure 3a) and for those in
medullary neurones (Figure 3b). The observed reversal po-
tentials Vr, were close to those expected for selective chloride
conductances. The shapes of the current-voltage relationships
for the two systems, however, were very different. The re-
ceptors in oocytes showed strong outward rectification (with
Vre = -21+2 mV for the control and -20±2 mV in the
presence of isoflurane), while the current-voltage relationship
for the medullary neurones was essentially linear (in sym-
metrical Cl- solutions; n = 3 cells) with a reversal potential
that was close to zero (3.2 + 0.6 mV for the control currents
and 2.8 + 0.3 mV for the currents in the presence of iso-
flurane).

Concentration-response curves for isoflurane

In order to study the concentration-dependence of the iso-
flurane potentiation we investigated the effects of a range of
isoflurane concentrations on the responses to a low con-
centration of glycine. The concentration-response curves are
shown in Figure 4. At the glycine concentrations used (50 pM
for the oocytes and 10 pM for the neurones), the potentiations
observed (Figure 4) with the oocytes were generally larger than
those found in the neurones, particularly at the lower iso-
flurane concentrations. As the concentration of isoflurane in-
creased, there was a significant increase in the rate of
desensitization of the glycine-activated current (data not
shown). Although we did not investigate this effect in any
detail, it appeared that the degree of desensitization could be
accounted for in terms of the extent to which the current had
been activated. In other words, control currents of an
equivalent size showed similar rates of desensitization.

The effects of isoflurane on the glycine concentration-
response curves

Whereas clinically relevant concentrations of anaesthetics
greatly potentiated the responses to low concentrations of
glycine, this was not true at very high glycine concentrations.
Indeed, at high glycine concentrations, isoflurane had no sig-
nificant effect (see Figure 5) on either the peak current or the
degree of desensitiation in both oocytes (n= 5 cells) and me-
dullary neurones (n= 10 cells). We followed up this observa-
tion by determining the glycine concentration-response
relationships at different concentrations of isoflurane. The re-
sults are plotted in Figure 5a for the recombinant receptors
expressed in oocytes and in Figure Sb for native receptors in
medullary neurones. These data show that the major effect of
isoflurane was to shift the glycine concentration-response

b
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Figure 3 Effect of membrane potential on control and isoflurane-
potentiated currents activated by low, non-desensitizing concentra-
tions of glycine. (a) Current-voltage relationships for (0) control
(60 *M glycine) and (0) isoflurane-potentiated responses (305 pM
isoflurane) from receptors expressed in oocytes. Data from different
cells were combined by measuring the responses as fractions of the
maximum response to glycine (see Figure la). The data shown have
been renormalized by setting the control currents at -lOOmV to an
arbitrary value of -1. The errors are s.e.means of data from 4 cells
and where not shown were smaller than the size of the symbols. The
lines were drawn by eye and have no theoretical significance.
Reversal potentials, calculated from linear fits to the data between
-30 and 0 mV, were -21 + 2mV for the control currents and
-20 ± 2mV for the currents in the presence of anaesthetic. Notice
that there is no significant voltage-dependence of the anaesthetic
potentiation. (b) Current-voltage relationships for control (10 pM
glycine) and isoflurane-potentiated responses (610pM isoflurane)
from receptors in medullary neurones (data for a typical cell). Data
were obtained by ramping the membrane potential from -120mV to
+ 40mV (at 15mV s -1) and were normalized by setting the control
current at -I00mV to an arbitrary value of -1. Reversal potentials
were 3.2+0.6mV for the control currents and 2.8±0.3mV for the
currents in the presence of anaesthetic (n = 3 cells). Notice that there
is no significant voltage-dependence of the anaesthetic potentiation.
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Figure 4 Concentration-response relationships for the potentiation
of responses to low concentrations of glycine by isoflurane. For
receptors expressed in oocytes (0) the glycine concentration was

50 gM and the cells were voltage-clamped at -50 mV. The data show
mean responses (for 3 to 4 cells). For receptors in medullary neurones

(0) the glycine concentration was IOMm and the cells (n =6 to 11

cells) were voltage-clamped at -60 mV. The errors are s.e.means and
where not shown were smaller than the size of the symbols. Note
that, because of the large range of potentiations observed, the data
are plotted on a semi-logarithmic scale.
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centration. The Hill coefficient, on the other hand, did not
change significantly. A qualitatively similar picture was seen
with the medullary neurones (Figure 5b), although the leftward
shift in the EC50 in the presence of an equivalent concentration
of isoflurane was less pronounced.

The effects of isoflurane on the taurine concentration-
response curve

We studied the effects of 305 gM isoflurane (- 1 MAC) on the
concentration-dependence of the partial agonist, taurine. Fig-
ure 6 shows data recorded from Xenopus oocytes. Unlike the
responses to glycine, responses at all concentrations of taurine
were potentiated by isoflurane. The taurine concentration-re-
sponse curve in the presence of isoflurane shows a significantly
reduced EC50 concentration and also a substantial increase in
the maximum response to taurine.

Discussion and conclusions

Control currents

The glycine-activated currents that we have observed from
recombinant receptors expressed in oocytes and native re-

ceptors in medullary neurones show both qualitative and
quantitative differences (Figure 1). Most strikingly, the con-
centration of glycine required to produce a half-maximal re-

sponse in the medullary neurones is approximately seven times
lower than that required in oocytes, although the Hill coeffi-
cients are very similar. Our data are consistent with many
previous studies which show that recombinant receptors ex-

pressed in oocytes (Grenningloh et al., 1990b; Schmieden et al.,
1992; Kuhse et al., 1993) are very much less sensitive to glycine
than native receptors in neurones (Krishtal et al., 1988; Akaike
& Kaneda, 1989; Lewis et al., 1991; Wakamori et al., 1991;
Trombley & Shepherd, 1994). This difference is unlikely to be
due to the expression of different native receptor subtypes since
glycine ECm concentrations vary little, if at all, with receptor
subunit composition (Grenningloh et al., 1990b; Pribilla et al.,

1 10 100 1000
Glycine concentration (gM)

Figure 5 Glycine concentration-response curves at different isoflur-
ane concentrations: (0-) OHM; (0) 15OMm; (V) 305M; (A) 61OMM.
(a) Data for receptors expressed in oocytes. The data are mean
responses from 4 to 5 cells and the errors are s.e.means (except for
the data points at 10mm glycine which were normalized to unity),
where not shown, the errors were smaller than the size of the
symbols. The lines are unweighted least squares fits of the data to a
Hill equation with EC50 concentrations of 215 + 5, 172 + 7, 113 + 6
and 84+7pM glycine and Hill coefficients of 1.70+0.05, 1.60+0.08,
1.64+0.12 and 1.55 +0.18 for isoflurane concentrations of 0, 150, 305
and 610 Mm, respectively. The inset on the left shows the decrease in
the glycine EC50 concentration with increasing concentrations of
isoflurane. The error bars in the inset are s.e.means calculated from
the fits to the Hill equation; the line was drawn by eye and has no
theoretical significance. The inset on the right shows the lack of an
effect of 610M isoflurane on a maximal response to 10mM glycine.
(b) Data for receptors in medullary neurones; same symbols as in (a).
The data are the mean responses from 3 to 11 cells for the control
curve and 5 to 9 cells for the isoflurane curve. The mean of the data
points at 300 and I000Mm glycine were normalized to unity. The lines
are unweighted least squares fits of the data to a Hill equation with
EC50 concentrations of 29.6+0.8 and 18 + 2 M glycine and Hill
coefficients of 1.76 + 0.08 and 1.45+0.23 for isoflurane concentrations
of 0 and 610 MM, respectively. The inset on the right shows the lack of
an effect of 61OMm isoflurane on a maximal response to 1 mM glycine.

1992; Schmieden et al., 1992; Bormann et al., 1993; Kuhse et
al., 1993). Interestingly, glycine receptor subunits expressed in
transfected mammalian cells (human embryonic kidney 293
cells) also show (Sontheimer et al., 1989; Pribilla et al., 1992;
Bormann et al., 1993) a much higher sensitivity to glycine than
oocytes expressing the same subunits (Grenningloh et al.,
1990b; Schmieden et al., 1992; Kuhse et al., 1993). These dif-
ferences in apparent glycine affinities between receptors in
oocytes and those in mammalian cells might be explained in a

number of different ways. It is just conceivable that the very
different sizes of cells, and consequently the very different
equilibration times for the application of the agonist, could
lead to distortions of the concentration-response curves.
However, it seems unlikely to us that this artefact could ac-
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count for such a large difference in apparent affinities. Another
explanation is that some second messenger activity in the oo-
cytes might be influencing glycine binding. This is certainly a
possibility since the activity of glycine receptors in Xenopus
oocytes has been shown to be enhanced by endogenous protein
kinase C (Nishizaki & Ikeuchi, 1995). Finally, and perhaps
most interestingly, is the possibility that receptor-receptor in-
teractions are involved. It has recently been shown that the
EC50 for glycine in oocytes decreases 5 to 6 fold at high re-
ceptor densities (Taleb & Betz, 1994). Moreover, a receptor-
associated protein, gephyrin, which is thought to anchor or
cluster glycine receptors in the postynaptic membrane, also
causes a significant leftward shift in the glycine concentration-
response curves (Takagi et al., 1992) when co-expressed in

4- Taurine 30 mM
C 1*- Taurine 30 mM
8 + isoflurane

50s305sRM

100 1000 10t
Taurine concentration (gM)

Figure 6 The effect of isoflurane on the concentration-response
curve of the partial agonist, taurine, acting on glycine receptors
expressed in oocytes. The data points for taurine alone (0) and those
for taurine in the presence of 305Mm isoflurane (0) are expressed as
a fraction of the maximum response to glycine (see Figure la). The
error bars are s.e.means (data from 4 to 5 cells) and where not shown
were smaller than the size of the symbols. The lines are unweighted
least squares fits of the data to a Hill equation, with EC50
concentrations of 1.6 +0.2 and 0.9+0.1 mM taurine, Hill coefficients
of 1.3+0.2 and 1.4+0.2, and maximum responses of 47+2 and
59+2% for the control and anaesthetic-potentiated currents,
respectively. The inset on the right shows current traces from a cell
in response to 30mM taurine with and without 305yM isoflurane.

AChFm
AChYm /

yMACh3m /

ACh~m /

ACham ACh

mammalian cells. Thus the most likely explanation for the
differences between the glycine apparent affinities for native
and recombinant receptors may lie in differences in receptor
densities and receptor-receptor interactions.

Another difference between the data from oocytes and those
from medullary neurones is the shapes of the I-V curves (see
Figure 3). We observed a linear current-voltage relationship
for the native receptors, but a markedly non-linear relationship
for the recombinant receptors. The strong outward rectifica-
tion of the glycine-activated currents in oocytes has been re-
ported several times (see, for example, Gundersen et al., 1984;
Schmieden et al., 1989; Morales et al., 1994), as has the line-
arity of I-V curves in mammalian cells, for both neurones
(Krishtal et al., 1988; Lewis et al., 1991; Trombley & Shepherd,
1994) and transfected cells (Sontheimer et al., 1989; Bormann
et al., 1993). There are, however, instances of slight (Wakamori
et al., 1991) or marked (Akaike & Kaneda, 1989) rectification
in glycine responses in certain neurones. Since it is clear that
the non-linearity cannot be accounted for in terms of the
Goldman-Hodgkin-Katz constant-field equation (Akaike &
Kaneda, 1989), the differences between the various I-V curves
remain a puzzle.

Potentiation of glycine receptors by volatile anaesthetics

All five of the volatile anaesthetics we tested potentiated the
glycine-activated currents in both the Xenopus oocytes and
medullary neurones at low glycine concentrations. At 1 MAC,
each anaesthetic potentiated the glycine response between 40
to 80% in the neurones and 60 to 220% in the oocytes (in both
cases with the glycine concentration fixed at about a third of its
control ECm). The potentiations we observed with halothane,
isoflurane and enflurane at 1 MAC were, on average, some-
what larger than those we observed with methoxyflurane and
sevoflurane (Table 1). This was true for both the native and
recombinant receptors. Comparable glycine potentiations have
been reported for halothane and enflurane acting on neurones
from the nucleus tractus solitarius (Wakamori et al., 1991) and
for isoflurane acting on a2 subunits expressed in HEK 293 cells
(Harrison et al., 1993). We investigated the effects of isoflurane
in more detail and found, as did Wakamori et al. (1991), that
anaesthetics did not significantly affect the chloride reversal
potential (Figure 3).

The concentration-response curves for isoflurane (Figure 4)
acting on the native and recombinant receptors at low glycine
concentrations were somewhat different. For the medullary
neurones (but not for the oocytes), the effect of isoflurane

\ GGlyJ
GABAa

Figure 7 Schematic diagram showing the proposed phylogenetic relationship between glycine receptor subunits and other members
of the superfamily of fast neurotransmitter-gated receptor channels. The diagram is a much simplified version of the phylogenetic
tree given by Ortells & Lunt (1995) and shows the principal subunit types grouped together. The distance between any two subunits
in the diagram is a measure of the similarity of their DNA base sequences. GABA and glycine receptors (to the right of the
diagram) are markedly potentiated by inhalational general anaesthetics (with the exception of GABA p homomers) while
acetylcholine receptors (to the left) are inhibited. The 5-HT3 receptor is strongly potentiated by some volatile agents, but not by
others. See text for details. The subscripts m, n and i refer to muscle-type, neuronal-type and invertebrates, respectively.
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appeared to be biphasic, with the potentiation at low con-
centrations appearing to level out somewhat before increasing
again at higher concentrations. For both oocytes and medul-
lary neurones the potentiations due to isoflurane were, how-
ever, only seen at low agonist concentrations. At saturating
levels of glycine, isoflurane had little or no effect on the gly-
cine-activated currents (see Figure 5). For both the native and
the recombinant receptors, isoflurane caused a roughly parallel
leftward shift in the glycine concentration-response curve, as
has previously been observed for halothane and enflurane in
nucleus tractus solitarius neurones (Wakamori et al., 1991).
Thus, a more appropriate measure of the sensitivity of the
glycine receptor to isoflurane is the extent to which the glycine
EC,0 concentration is reduced, rather than the percentage
potentiation at any particular glycine concentration. At ap-
proximately 2 MAC isoflurane (610 gM), the EC50 concentra-
tion for glycine was decreased to about 40% of its control
value in oocytes but to only about 60% of its control value in
medullary neurones. The greater anaesthetic sensitivity (at
least at the lower isoflurane concentrations) of recombinant
glycine receptors in oocytes compared to native receptors
(Figures 2, 4 and 5) may be as a result of the same factors that
affect the apparent affinity for glycine (see above).

Inhalational anaesthetics have previously been shown to
cause a leftward shift in the agonist concentration-response
curves for both GABA and 5-hydroxytryptamine acting on
GABAA (Wakamori et al., 1991) and 5-HT3 (Machu & Harris,
1994; Jenkins et al., 1996) receptors, respectively. It therefore
seems likely that the underlying molecular mechanisms will
prove to be similar for all members of the superfamily where
this effect is observed. Whether this involves a change in the
true agonist binding affinity, or a change in gating properties
of the channel (or a combination of both), remains to be seen
and will probably require single-channel analysis. Nonetheless,
our observation that the maximal response of the partial
agonist taurine is increased by isoflurane suggests that, at least
in this case, the answer may not lie entirely with true agonist
binding affinities. Downie et al. (1995) observed a similar effect
with trichloroethanol acting on 5-HT3 receptors, which in-
creased the maximal response of the 5-HT3 partial agonist 2-
methyl 5-HT. Regardless of the exact molecular mechanism, if
inhalational anaesthetics increase the apparent affinity of gly-
cine for its receptors then one would anticipate that the cor-
ollary of this effect in intact synapses would be a prolongation
of the inhibitory postsynaptic potential (Franks & Lieb, 1994).

Relevance to general anaesthesia

Our results on the effects of volatile anaesthetics on glycine
receptors are best viewed in the context of the anaesthetic
sensitivity of other members of the superfamily to which the
GlyRs belong. Phylogenetic trees can be constructed (see, for
example, Ortells & Lunt, 1995) which describe the inter-re-
lationships between the various receptor subunits in terms of
differences and similarities in their DNA base sequences
(Figure 7). At one extreme of the phylogenetic tree are the
nicotinic acetylcholine receptors. These are known to be in-

hibited by volatile general anaesthetics (Arimura & Ikemoto,
1986; Firestone et al., 1986; Dilger et al., 1993; McKenzie et
al., 1995), showing a sensitivity, at least in some cases
(McKenzie et al., 1995), which makes them a plausible an-
aesthetic target, even though there is considerable uncertainty
as to their physiological role in the brain (McGehee et al.,
1995; Sivilotti & Colquhoun, 1995). At the other extreme of
the phylogenetic tree lie the glycine receptors, which appear to
display the same broad sensitivity to volatile agents as GABAA
receptors, to which they are most closely related. Indeed, one
might anticipate a close structural homology between the vo-
latile anaesthetic binding sites on the GABAA receptors and
those on glycine receptors. The GABA p subunit may well be
an exception, since it has been reported to be insensitive to the
presence of isoflurane (Harrison et al., 1993). The 5-HT3 re-
ceptor appears to occupy an intermediate position (both ge-
netically and pharmacologically) between GABAA and
nicotinic ACh receptors, being strongly potentiated by some
volatile anaesthetics but only weakly by others (Jenkins et al.,
1996). In view of the relatively close genetic relationship be-
tween the inhibitory glycine and GABAA receptors, it is not
too surprising that they share some similarities not only in
their general pharmacology but also in their sensitivities to
general anaesthetics.

This does not mean, however, that effects of inhalational
agents on the glycine receptor necessarily contribute to the
state of anaesthesia. One test for this is to determine if the
stereoselectivity found with isoflurane enantiomers acting on
whole animals matches that found in vitro for a particular
putative target (Franks & Lieb, 1994). For example, for
GABAA receptors (Jones & Harrison, 1993; Moody et al.,
1993; Hall et al., 1994; Quinlan et al., 1995), the S-(+)-isomer
is significantly (up to twofold) more potent than the R-(-)-
isomer. This is roughly in line with animal potency measure-
ments (Harris et al., 1992; Lysko et al., 1994), although the in
vivo stereoselectivity is not quite as marked as that found in
vitro. A different picture, however, emerges with the glycine
receptors, which display little or no stereoselectivity towards
isoflurane (see Results). While this result rules out the idea that
isoflurane causes anaesthesia by affecting the glycine receptor
alone, it seems reasonable to suppose, particularly in view of
the sensitivity we have observed, that effects of inhalational
anaesthetics at glycine receptors nonetheless contribute to the
anaesthetic end-point (MAC). Indeed, the fact that the iso-
flurane stereoselectivity observed at GABAA receptors is gen-
erally somewhat larger than that found with animals, leaves
open the possibility of a contribution from a target which
shows little or no stereoselectivity. Moreover, since many
neurones respond to both glycine and GABA (Curtis et al.,
1968), it is easy to imagine that glycine receptors might play at
least a supporting role in general anaesthesia, and this hy-
pothesis should be explored further.

We are grateful to the MRC, the NIH (grant GM 41609), and the
BOC Group Inc. for support and to H. Betz for the gift of the
glycine clones.

References

AKAIKE, N. & KANEDA, M. (1989). Glycine-gated chloride current
in acutely isolated rat hypothalamic neurons. J. Neurophysiol.,
62, 1400- 1409.

ANTOGNINI, J.F. & SCHWARTZ, K. (1993). Exaggerated anesthetic
requirements in the preferentially anesthetized brain.
Anesthesiology, 79, 1244-1249.

ARIMURA, H. & IKEMOTO, Y. (1986). Action of enflurane on
cholinergic transmission in identified Aplysia neurones. Br. J.
Pharmacol., 89, 573-582.

BETZ, H. (1992). Structure and function of inhibitory glycine
receptors. Q. Rev. Biophys., 25, 381-394.

BLOOMENTHAL, A.B., GOLDWATER, E., PRICHETT, D.B. & HARRI-
SON, N.L. (1994). Biphasic modulation of the strychnine-sensitive
glycine receptor by Zn2 . Mol. Pharmacol., 46, 1156-1159.

BORMANN, J., RUNDSTROM, N., BETZ, H. & LANGOSCH, D. (1993).
Residues within transmembrane segment M2 determine chloride
conductance of glycine receptor homo- and hetero-oligomers.
EMBO J., 12, 3729-3737.

CURTIS, D.R., HOSLI, L. & JOHNSTON, G.A.R. (1968). A pharmaco-
logical study of the depression of spinal neurones by glycine and
related amino acids. Exp. Brain. Res., 6, 1-18.



D.L. Downie et al General anaesthetics and glycine receptors 501

DILGER, J.P., BRETT, R.S. & MODY, H.I. (1993). The effects of
isoflurane on acetylcholine receptor channels. 2. Currents elicited
by rapid perfusion of acetylcholine. Mol. Pharmacol., 44, 1056-
1063.

DOWNIE, D.L., HOPE, A.G., BELELLI, D., LAMBERT, J.J., PETERS,
J.A., BENTLEY, K.R., STEWARD, L.J., CHEN, C.-Y. & BARNES,
N.M. (1995). The interaction of trichloroethanol with murine
recombinant 5-HT3 receptors. Br. J. Pharmacol., 114, 1641 -
1651.

FIRESTONE, L.L., SAUTER, J.-F., BRASWELL, L.M. & MILLER, K.W.
(1986). Actions of general anesthetics on acetylcholine receptor-
rich membranes from Torpedo californica. Anesthesiology, 64,
694-702.

FRANKS, N.P. & LIEB, W.R. (1991). Stereospecific effects of
inhalational general anesthetic optical isomers on nerve ion
channels. Science, 254, 427-430.

FRANKS, N.P. & LIEB, W.R. (1993). Selective actions of volatile
general anaesthetics at molecular and cellular levels. Br. J.
Anaesth., 71, 65-76.

FRANKS, N.P. & LIEB, W.R. (1994). Molecular and cellular
mechanisms of general anaesthesia. Nature, 367, 607-614.

FRANKS, N.P. & LIEB, W.R. (1996). Temperature dependence of the
potency of volatile general anesthetics. Implications for in vitro
experiments. Anesthesiology, 84, 716 - 720.

GRENNINGLOH, G., PRIBILLA, I., PRIOR, P., MULTHAUP, G.,
BEYREUTHER, K., TALEB, 0. & BETZ, H. (1990a). Cloning and
expression of the 58 kd P subunit of the inhibitory glycine
receptor. Neuron, 4, 963-970.

GRENNINGLOH, G., RIENITZ, A., SCHMITT, B., METHFESSEL, C.,
ZENSEN, M., BEYREUTHER, K., GUNDELFINGER, E.D. & BETZ,
H. (1987). The strychnine-binding subunit of the glycine receptor
shows homology with nicotinic acetylcholine receptors. Nature,
328, 215-220.

GRENNINGLOH, G., SCHMIEDEN, V., SCHOFIELD, P.R., SEEBURG,
P.H., SIDDIQUE, T., MOHANDAS, T.K., BECKER, C.-M. & BETZ,
H. (1990b). Alpha subunit variants of the human glycine
receptor: primary structures, functional expression and chromo-
somal localization of the corresponding genes. EMBO J., 9, 771 -
776.

GUNDERSEN, C.B., MILEDI, R. & PARKER, I. (1984). Properties of
human brain glycine receptors expressed in Xenopus oocytes.
Proc. R. Soc. B., 221, 235-244.

HALES, T.G. & LAMBERT, J.J. (1991). The actions of propofol on
inhibitory amino acid receptors of bovine adrenomedullary
chromaffin cells and rodent central neurones. Br. J. Pharmacol.,
104, 619-628.

HALL, A.C., LIEB, W.R. & FRANKS, N.P. (1994). Stereoselective and
non-stereoselective actions of isoflurane on the GABAA receptor.
Br. J. Pharmacol., 112, 906-910.

HAMILL, O.P., MARTY, A., NEHER, E., SAKMANN, B. & SIGWORTH,
F.J. (1981). Improved patch-clamp techniques for high-resolution
current recordings from cells and cell-free membrane patches.
Pflug. Arch., 391, 85 -100.

HARRIS, B., MOODY, E. & SKOLNICK, P. (1992). Isoflurane
anesthesia is stereoselective. Eur. J. Pharmacol., 217, 215-216.

HARRISON, N.L., KUGLER, J.L., JONES, M.V., GREENBLATT, E.P. &
PRITCHETT, D.B. (1993). Positive modulation of human y-
aminobutyric acid type A and glycine receptors by the
inhalational anesthetic isoflurane. Mol. Pharmacol., 44, 628-
632.

ITO, S. & CHERUBINI, E. (1991). Strychnine-sensitive glycine
responses of neonatal rat hippocampal neurones. J. Physiol.,
440, 67-83.

JENKINS, A., FRANKS, N.P. & LIEB, W.R. (1996). Actions of general
anaesthetics on 5-HT3 receptors in Nl E- 115 neuroblastoma cells.
Br. J. Pharmacol., 118, (in press).

JONES, M.V. & HARRISON, N.L. (1993). Effects of volatile anesthetics
on the kinetics of inhibitory postsynaptic currents in cultured rat
hippocampal neurons. J. Neurophysiol., 70, 1339- 1349.

KRISHTAL, O.A., OSIPCHUK, Y.V. & VRUBLEVSKY, S.V. (1988).
Properties of glycine-activated conductances in rat brain
neurones. Neurosci. Letts., 84, 271-276.

KUHSE, J., BETZ, H. & KIRSCH, J. (1995). The inhibitory glycine
receptor: architecture, synaptic localization and molecular
pathology of a postsynaptic ion-channel complex. Curr. Opinion
Neurobiol., 5, 318-323.

KUHSE, J., LAUBE, B., MAGALEI, D. & BETZ, H. (1993). Assembly of
the inhibitory glycine receptor: identification of amino acid
sequence motifs governing subunit stoichiometry. Neuron, 11,
1049- 1056.

KUHSE, J., SCHMIEDEN, V. & BETZ, H. (1990). Identification and
functional expression of a novel ligand binding subunit of the
inhibitory glycine receptor. J. Biol. Chem., 265, 22317-22320.

LANGOSCH, D., THOMAS, L. & BETZ, H. (1988). Conserved
quaternary structure of ligand-gated ion channels: the post-
synaptic glycine receptor is a pentamer. Proc. Natl. Acad. Sci.
U.S.A., 85, 7394-7398.

LEWIS, C.A., AHMED, Z. & FABER, D.S. (1991). A characterization of
glycinergic receptors present in cultured rat medullary neurons.
J. Neurophysiol., 66, 1291-1303.

LYSKO, G.S., ROBINSON, J.L., CASTO, R. & FERRONE, R.A. (1994).
The stereospecific effects of isoflurane isomers in vivo. Eur. J.
Pharmacol., 263, 25-29.

MACHU, T.K. & HARRIS, R.A. (1994). Alcohols and anesthetics
enhance the function of 5-hydroxytryptamine3 receptors ex-
pressed in Xenopus laevis oocytes. J. Pharmacol. Exp. Ther., 271,
898 -905.

MALOSIO, M.-L., MARQUEZE-POUEY, B., KUHSE, J. & BETZ, H.
(1991). Widespread expression of glycine receptor subunit
mRNAs in the adult and developing rat brain. EMBO J., 10,
2401-2409.

McGEHEE, D.S., HEATH, M.J.S., GELBER, S., DEVAY, P. & ROLE,
L.W. (1995). Nicotinic enhancement of fast excitatory synaptic
transmission in CNS by presynaptic receptors. Science, 269,
1692- 1696.

MCKENZIE, D., FRANKS, N.P. & LIEB, W.R. (1995). Actions of
general anaesthetics on a neuronal nicotinic acetylcholine
receptor in isolated identified neurones of Lymnaea stagnalis.
Br. J. Pharmacol., 115, 275-282.

MINTZ, I.M., ADAMS, M.E. & BEAN, B.P. (1992). P-type calcium
channels in rat central and peripheral neurons. Neuron, 9, 85 - 95.

MOODY, E.J., HARRIS, B.D. & SKOLNICK, P. (1993). Stereospecific
actions of the inhalation anesthetic isoflurane at the GABAA
receptor complex. Brain Res., 615, 101 - 106.

MORALES, A., NGUYEN, Q.-T. & MILEDI, R. (1994). Electrophysio-
logical properties of newborn and adult rat spinal cord glycine
receptors expressed in Xenopus oocytes. Proc. Natl. Acad. Sci.
U.S.A., 91, 3097-3101.

NISHIZAKI, T. & IKEUCHI, Y. (1995). Activation of endogenous
protein kinase C enhances currents through al and a2 glycine
receptor channels. Brain Res., 687, 214-216.

ORTELLS, M.O. & LUNT, G.G. (1995). Evolutionary history of the
ligand-gated ion-channel superfamily of receptors. Trends
Neurosci., 18, 121-127.

PRIBILLA, I., TAKAGI, T., LANGOSCH, D., BORMANN, J. & BETZ, H.
(1992). The atypical M2 segment of the P subunit confers
picrotoxinin resistance to inhibitory glycine receptor channels.
EMBO J., 11, 4305-4311.

QUINLAN, J.J., FIRESTONE, S. & FIRESTONE, L.L. (1995). Isoflur-
ane's enhancement of chloride flux through rat brain y-
aminobutyric acid type A receptors is stereoselective.
Anesthesiology, 83, 611-615.

RAMPIL, I.J. (1994). Anesthetic potency is not altered after
hypothermic spinal cord transection in rats. Anesthesiology, 80,
606-610.

RAMPIL, I.J., MASON, P. & SINGH, H. (1993). Anesthetic potency
(MAC) is independent of forebrain structures in the rat.
Anesthesiology, 78, 707-712.

RAVENTOS, J. (1956). The action of Fluothane - a new volatile
anaesthetic. Br. J. Pharmacol. Chemother., 11, 394-410.

SCHMIEDEN, V., GRENNINGLOH, G., SCHOFIELD, P.R. & BETZ, H.
(1989). Functional expression in Xenopus oocytes of the
strychnine binding 48 kd subunit of the glycine receptor. EMBO
J., 8, 695-700.

SCHMIEDEN, V., KUHSE, J. & BETZ, H. (1992). Agonist pharmacol-
ogy of neonatal and adult glycine receptor a subunits:
identification of amino acid residues involved in taurine
activation. EMBO J., 11, 2025-2032.

SETO, T., MASHIMO, T., YOSHIYA, I., KANASHIRO, M. & TANIGU-
CHI, Y. (19922. The solubility of volatile anaesthetics in water at
25.0'C using 9F NMR spectroscopy. J. Pharmac. Biomed. Anal.,
10, 1-7.

SHELTON, C.J., DOYLE, M.G., PRICE, D.J., DANIELS, S. & SMITH,
E.B. (1993). The effect of high pressure on glycine- and kainate-
sensitive receptor channels expressed in Xenopus oocytes. Proc.
R. Soc. B., 254, 131-137.

SIEBLER, M., PEKEL, M., KOLLER, H. & MULLER, H.-W. (1993).
Strychnine-sensitive glycine receptors in cultured primary
neurons from rat neocortex. Dev. Brain Res., 73, 289-292.



502 D.L. Downie et a! General anaesthetics and glycine receptors

SIVILOTTI, L. & COLQUHOUN, D. (1995). Acetylcholine receptors:
Too many channels, too few functions. Science, 269, 1681- 1682.

SONTHEIMER, H., BECKER, C.-M., PRITCHETT, D.B., SCHOFIELD,
P.R., GRENNINGLOH, G., KETTENMANN, H., BETZ, H. &
SEEBURG, P.H. (1989). Functional chloride channels by mam-
malian cell expression of rat glycine receptor subunit. Neuron, 2,
1491-1497.

TAKAGI, T., PRIBILLA, I., KIRSCH, J. & BETZ, H. (1992).
Coexpression of the receptor-associated protein gephyrin
changes the ligand binding affinities of a2 glycine receptors.
FEBS Letts, 303, 178- 180.

TALEB, 0. & BETZ, H. (1994). Expression of the human glycine
receptor al subunit in Xenopus oocytes: apparent affinities of
agonists increase at high receptor density. EMBO J., 13, 1318-
1324.

TROMBLEY, P.Q. & SHEPHERD, G.M. (1994). Glycine exerts potent
inhibitory actions on mammalian olfactory bulb neurons. J.
Neurophysiol., 71, 761-767.

UNWIN, N. (1993). Neurotransmitter action: Opening of ligand-
gated ion channels. Neuron, 10 (Suppl.), 31-41.

WAKAMORI, M., IKEMOTO, Y. & AKAIKE, N. (1991). Effects of two
volatile anesthetics and a volatile convulsant on the excitatory
and inhibitory amino acid responses in dissociated CNS neurons
of the rat. J. Neurophysiol., 66, 2014-2021.

WATTS, M.T., ESCARZAGA, M. & WILLIAMS, C.H. (1992). Gas
chromatographic headspace analysis of sevoflurane in blood. J.
Chromatography, 577, 289-298.

YOUNG, A.B. & SNYDER, S.H. (1973). Strychnine binding associated
with glycine receptors of the central nervous system. Proc. Natl.
Acad. Sci. U.S.A., 70, 2832-2836.

(Received December 5, 1995
Revised February 1, 1996

Accepted February 6, 1996)


