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Trichloroethanol potentiation of y-aminobutyric acid-activated
chloride current in mouse hippocampal neurones

'Robert W. Peoples & Forrest F. Weight

Laboratory of Molecular and Cellular Neurobiology, National Institute on Alcohol Abuse and Alcoholism, National Institutes
of Health, Bethesda, MD 20892, U.S.A.

1 The action of 2,2,2-trichloroethanol on y-aminobutyric acid (GABA)-activated Cl- current was

studied in mouse hippocampal neurones in tissue culture by use of whole-cell patch-clamp recording.
2 Trichloroethanol increased the amplitude of currents activated by 1 f1M GABA or 0.1 pM muscimol.
Trichloroethanol, 1-25 mM, potentiated current activated by 1 lAM GABA in a concentration-dependent
manner with an EC50 of 3.0 ± 1.4 mM and a maximal response (Em.) of 576 ± 72% of control.
3 Trichloroethanol potentiated currents activated by GABA concentrations <10tiM, but did not
increase the amplitude of currents activated by concentrations of GABA > 10 "M. Despite marked
potentiation of currents activated by low concentrations of GABA, trichloroethanol did not significantly
alter the EC50, slope, or Em. of the GABA concentration-response curve.

4 Trichloroethanol, 5 mM, potentiated GABA-activated current in neurones in which ethanol,
10- 500 mM, did not. The effect of trichloroethanol was not altered by the putative ethanol antagonist,
Ro 15-4513. Trichloroethanol did not potentiate currents activated by pentobarbitone.
5 In the absence of exogenous GABA, trichloroethanol at concentrations > 2.5 mM activated a
current that appeared to be carried by Cl- as its reversal potential changed with changes in the Cl-
gradient and as it was inhibited by the GABAA antagonists, bicuculline methiodide and picrotoxin.
6 Since trichloroethanol is thought to be the active metabolite of chloral hydrate and other chloral
derivative anaesthetics, potentiation of the GABA-activated current in central nervous system neurones
by trichloroethanol may contribute to the sedative/hypnotic effects of these agents.
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Introduction

A number of sedative/hypnotic agents have been found to
enhance the action of 'y-aminobutyric acid (GABA) at the
GABAA receptor subtype in the CNS. Despite great struc-
tural diversity, benzodiazepines (Haefely et al., 1975; Choi et
al., 1977; MacDonald & Barker, 1978), barbiturates (Nicoll
et al., 1975; Ransom & Barker, 1975), anaesthetic steroids
(Harrison & Simmonds, 1984; Majewska et al., 1986),
ethanol (Nestoros, 1980; Suzdak et al., 1986b; Mehta &
Ticku, 1988), and inhalational anaesthetics (Gage & Robert-
son, 1985; Nakahiro et al., 1989; Jones et al., 1992) have all
been reported to enhance GABAA receptor-mediated cellular
responses. As GABA is believed to be the predominant
inhibitory neurotransmitter in the brain, enhancement of cen-
tral GABAergic transmission may mediate or contribute to
the CNS depression produced by these agents.

Trichloroethanol is the principal active metabolite of
chloral derivative sedative/hypnotic agents, such as chloral
hydrate, and is believed to be responsible for the phar-
macological effects of these agents (Breimer, 1977; Rall,
1990). Although chloral derivatives have been widely used
both clinically and experimentally, the cellular mechanism of
action of chloral derivatives or their active metabolite,
trichloroethanol, has not been established. Previous studies in
the periphery have found that a-chloralose can activate a C1-
current in frog dorsal root ganglion neurones (Ishizuka et al.,
1989), and that trichloroethanol decreases the amplitude and
prolongs the duration of acetylcholine-mediated currents at
the neuromuscular junction (Pennefather & Quastel, 1980;
Sterz et al., 1981). Recently, trichloroethanol has been

reported to potentiate 5-HT3 receptor-activated current in
nodose ganglion neurones (Lovinger & Zhou, 1993), to in-
crease the amplitude and duration of GABAA-receptor-
mediated currents evoked in response to pressure application
of GABA in hippocampal neurones in culture and to prolong
inhibitory postsynaptic currents between hippocampal neur-
ones in culture or in brain slices (Lovinger et al., 1993). The
present study was performed in order to characterize the
effect of trichloroethanol on the GABAA receptor-ion chan-
nel complex. Some of the results presented here have been
reported previously in preliminary form (Peoples & Weight,
1991).

Methods

Cultures of hippocampal neurones grown on glial feeder
layers were prepared from 15-17 day foetal mice essentially
as described by Forsythe & Westbrook (1988). Neurones
were maintained in medium containing 95% MEM, 5% heat-
inactivated equine serum, and a serum supplement (final
concentrations in jig ml-': corticosterone 4, insulin 10, pro-
gesterone 1, putrescine 320, selenium 1, transferrin 200 and
triiodothyronine 2); this medium was given half-changes
weekly. Neurones were cultured for 1-4 weeks prior to use
in experiments.

Patch-clamp recording of whole-cell currents was per-
formed in hippocampal neurones at 25°C using a List EPC-7
or an Axopatch-ID patch-clamp amplifier. Electrodes with
tip resistances of 2-5 MO were used; series resistances of
3-10 MQ were compensated by 40-80%. Neurones were
superfused at 1-2 ml min- in an extracellular medium con-
taining (in mM): NaCI 150, KCl 5, CaCl2 2.5, MgCl2 2, HEP-
ES 10, glucose 10, tetrodotoxin- 0.0002-0.001, pH was
adjusted to 7.4 with NaOH and osmolality to 340
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mosmol kg-' with sucrose. Unless stated otherwise, the
patch-pipette contained (in mM): CsCl 140, MgCl2 2,
Mg4ATP 2, BAPTA 10, HEPES 10, pH was adjusted to 7.4
with CsOH and osmolality to 310 mosmol kg-' with sucrose.
Drug solutions were prepared in extracellular medium and in
most experiments were applied to neurones by gravity flow
using a linear multi-barrel pipette array (diameter of each
pipette -200 pm) placed within 100Jm of the cell body.
Cells were constantly bathed in extracellular medium flowing
from one barrel (flow rate -- 3 tls-'), and drug solutions
were applied by opening a valve connected to another barrel
and moving the barrel array so that the desired solution
superfused the cell. In some experiments, drug solutions were
applied by gravity flow from a single large-bore pipette
(diameter 100 .tm) placed within 100 Jtm of the cell body.
Concentrations of agonists producing receptor desensitization
(e.g., GABA concentrations > 1 jAM) were applied at inter-
vals of 3-5 min to allow for full recovery from desensitiza-
tion; low concentrations of agonists were applied at intervals
of at least 90 s. Data were displayed on a digital oscilloscope
(Nicolet 1090-IIIA) and recorded on a chart recorder (Gould
2400S); in most cases data were also filtered at 2 kHz,
digitized at 1-5 kHz and stored on a microcomputer.

Statistical analysis of concentration-dependent data was
performed using the nonlinear curve-fitting programme ALL-
FIT (DeLean et al., 1978). Values reported from concen-
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tration-response analysis are those obtained by fitting the
data to the logistic equation

y = ((Emx-Em)/(1 + (x/ECo)-')) + Emm,
where x and y are concentration and response, respectively,
Emin is the minimal response, Emax is the maximal response,
EC", is the half-maximal concentration, and n is the slope
factor. Time constants of decay were calculated by fitting
data to a single exponential function using the programme
NFIT. Statistical comparisons were performed using Stu-
dent's t tests or analyses of variance (in some cases followed
by Student's Newman-Keuls ranges tests), as noted. Average
values are reported as the mean ± s.e.

Results

Trichloroethanol potentiation of GABA- and
muscimol-activated current

Figure 1 illustrates potentiation of currents activated by
GABA or muscimol by trichloroethanol. In a typical
neurone, 1 ;tM GABA activated an inward current that was
potentiated over fourfold by 2.5 mM trichloroethanol (Figure
la). Application of 2.5 mM trichloroethanol in the absence of
GABA activated only a very small inward current (20 pA).
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Figure 1 Trichloroethanol potentiation of current activated by GABA agonists. (a) Records of current activated by I ALM GABA
and its potentiation by 2.5 mM trichloroethanol (TCEt). Record at far right shows effect of 2.5 mm trichloroethanol alone (without
added GABA). (b) Records of current activated by 0.1I M muscimol (Mus) and its potentiation by 5 mm trichloroethanol (TCEt).
Record at far right shows effect of 5 mM trichloroethanol alone (without added muscimol). Records in (a) and (b) are from
different hippocampal neurones. Membrane holding potential was - 50 mV. Solid bar above each record indicates time of agonist
and/or drug application, as labelled. (c) Concentration-response curve for potentiation by trichloroethanol of current activated by
I LM GABA. Each data point is mean ± s.e. of at least 6 neurones voltage-clamped at - 50 mV. The curve shown is the best fit of
the data to the logistic equation described in the Methods; the EC50 for trichloroethanol was 3.0 ± 1.4 mm, the slope factor was 2.1,
and the Emax was 576 ± 72% of control.
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Trichloroethanol, 1-50 mm, increased the amplitude of cur-
rents activated by 0.1-2.5 gM GABA in all neurones tested
(n = 72). Trichloroethanol also enhanced current activated by
the GABAA-selective agonist, muscimol (Figure lb). In this
neurone, 0. 1 M muscimol or 5 mM trichloroethanol, alone,
activated small, nondesensitizing currents, whereas the same
concentrations of muscimol and trichloroethanol in combina-
tion activated a current that was over six times greater than
the sum of the individual currents. On average, 5 mM trich-
loroethanol increased the amplitude of current activated by
0.1I M muscimol by 569 ± 149% (paired t test, P<0.05;
n = 4). The enhancement of GABA-activated current ampli-
tude by trichloroethanol exhibited a clear concentration-
dependence (Figure lc). The EC5o for trichloroethanol
enhancement of current activated by 1 gM GABA was
3.0 ± 1.4 mM, the slope factor was 2.1, and the maximal
effect was 576 ± 72% of control.

Dependence of trichloroethanol potentiation on GABA
concentration

Figure 2a shows records of currents activated by various
concentrations of GABA and their modulation by trichloro-
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ethanol in a hippocampal neurone. In this neurone, 5 mM
trichloroethanol increased the amplitude of currents activated
by 0.25 M or 2.5Mm GABA by 1150% and 61%, respec-
tively. In contrast, 25 JLM GABA activated a large, rapidly-
desensitizing current in this neurone that was 86% of control
in the presence of 5 mM trichloroethanol.

Figure 2b shows the concentration-response curves for
GABA-activated ion current in the absence and presence of
5 mM trichloroethanol. GABA-activated current exhibited a
clear concentration-dependence between 1 and 100 LM
GABA. The average maximal current activated by GABA in
these neurones was 2566 ± 133 pA, the EC50 for GABA was
15.4 ± 2.2 gIM, and the slope factor was 1.4 ± 0.3. In the
presence of trichloroethanol, the average maximal current
was 2259 ± 164 pA, the EC5o for GABA was 12.2 ± 2.8 gM,
and the slope factor was 1.0 ± 0.3; these values did not differ
significantly from those of the control GABA concentration-
response curve (analysis of variance, P> 0.05).

Figure 2c illustrates the dependence of trichloroethanol
potentiation of GABA-activated current on GABA concen-
tration. Trichloroethanol, 5 mM, augmented the currents
activated by 0.1, 0.25, 1 and 2.5 gM GABA (580 ± 196,
639 ± 142, 514 ± 246, and 300 ± 72% of control, respec-
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Figure 2 Dependence of trichloroethanol potentiation upon GABA concentration. (a) Records of current activated by 0.25 AM (i),
2.5 gM (ii), and 25 jM (iii) GABA in the absence and presence of 5 mm trichloroethanol (TCEt) in a hippocampal neurone. Record
at far right in (i) shows effect of 5 mm trichloroethanol alone (without added GABA). Membrane holding potential was - 10 mV.
Solid bar above each record indicates time of agonist and/or drug application, as labelled. (b) Concentration-response curves for
GABA-activated current in the absence (M) and presence (0) of 5 mm trichloroethanol. Each data point is the mean ± s.e. of 4-6
neurones. Membrane holding potential was - 1O mV. The curves shown were fitted to the data using the logistic equation
described in the Methods. The E.., of GABA was 2566 ± 133 pA, the EC50 was 15.4 ± 2.2 jiM, and the slope factor was 1.4. In the
presence of 5 mm trichloroethanol, the Emax of GABA was 2259 ± 164 pA, the ECm was 12.2 ± 2.8 AM, and the slope factor was
1.0. These values in the presence of trichloroethanol did not differ significantly from those of the control GABA concentration-
response curve (analysis of variance, P> 0.05). (c) Plot of potentiation of GABA-activated current by 5 mM trichloroethanol as a
function of GABA concentration. Trichloroethanol significantly enhanced currents activated by 0.1, 0.25, 1 and 2.5 AM GABA
(repeated measures analysis of variance, P <0.05). The curve shown is the best fit of the data to the logistic equation given in the
Methods. Data points are means ± s.e. of 4-6 neurones; error bars not visible are smaller than the size of the symbols.
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tively; repeated measures analysis of variance, P <0.05), but
did not affect the currents activated by 10, 25, 100 and
250 JM GABA (107 ± 10, 94 ± 6, 87 ± 6, 86 ± 6% of control,
respectively; repeated measures analysis of variance,
P> 0.05). The lack of a potentiating effect of trich-
loroethanol on currents activated by GABA at concentra-
tions of 10 jM or greater was also observed when a
maximally effective concentration of trichloroethanol, 25 mM,
was tested. Trichloroethanol, 25 mM, significantly reduced
the amplitude of current activated by 10 ILM GABA
(2311 ± 366 vs 1344 ± 342 pA in the absence and the
presence of trichloroethanol, respectively; paired t test,
P<0.05; n=4) and 25Mm GABA (3518± 599 vs 1800±
670 pA in the absence and the presence of trichloroethanol,
respectively; paired t test, P< 0.05; n = 4). In addition, trich-
loroethanol did not significantly alter the rate of decay of
current activated by 10 I'M GABA (time constants: 1335 ± 185
vs 1093 ± 225 ms in the absence and presence of 5 mM trich-
loroethanol, respectively; paired t test, P> 0.1; n = 5) and
25 pM GABA (time constants: 787 ± 185 vs 736 ± 70 ms in the
absence and presence of 5 mM trichloroethanol, respectively;
paired t test, P>0.5; n = 6).

Comparison of ethanol and trichloroethanol effects on
GABA-activated current

Ethanol has been reported to enhance responses mediated by
GABAA receptors in the CNS (Nestoros, 1980; Suzdak et al.,
1986b; Mehta & Ticku, 1988), although there have also been
reports that ethanol does not affect GABA responses in some

preparations (Gage & Robertson, 1985; Barker et al., 1987;
Harrison et al., 1987; White et al., 1990). We compared the
effects of ethanol and trichloroethanol on GABA-activated
current in the same neurones. In order for the comparison to
be valid, we chose to use an anaesthetic concentration of
trichloroethanol (see Discussion) and concentrations of
ethanol below, in, and above the anaesthetic range (60-100
mM; Little, 1991). Figure 3a shows records of ion current
evoked by GABA in the absence and presence of trich-
loroethanol or ethanol in a hippocampal neurone. In this
cell, the amplitude of current activated by 1 pM GABA was
enhanced by 5 mM trichloroethanol (274% of control), but
was not affected by 100 or 500 mM ethanol (116 and 111% of
control, respectively). Figure 3b illustrates that 10-500mM
ethanol did not affect the average amplitude of current
activated by 1 pM GABA (analysis of variance and Student's
Newman-Keuls ranges test, P> 0.05; n = 6). In contrast, in
the same neurones, the average current activated by 1 j.M
GABA in the presence of 5 mM trichloroethanol was
310 ± 76% of control (analysis of variance and Student's
Newman-Keuls ranges test, P<0.01; n = 6).

Effect of the putative ethanol antagonist, Ro 15-4513

The augmentation by ethanol of responses mediated by
GABAA receptors has been reported to be antagonized by
the imidazodiazepine partial-inverse agonist Ro 15-4513
(ethyl 8-azido-5,6-dihydro-5-methyl-6-oxo-4H-imidazo-[1,5-a]
[1,4] benzodiazepine-3-carboxylate) (Suzdak et al., 1986a;
Harris et al., 1988). Figure 4 illustrates that the enhancement
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Figure 3 Comparison of the effects of ethanol and trichloroethanol
on GABA-activated current in the same neurones. (a) Records of ion
current activated by I gAM GABA in the absence and presence of
50 mm ethanol (EtOH 50), 500 mm ethanol (EtOH 500), or 5 mM
trichloroethanol (TCEt) in a single hippocampal neurone voltage-
clamped at - 50 mV. Similar results were obtained in 5 other
neurones tested. (b) Concentration-response for ethanol effect on
current activated by I JM GABA. Data are means ± s.e. of 6
neurones voltage-clamped at - 50 mV. Ethanol at concentrations
from 10 to 500 mM did not significantly affect GABA-activated
current (analysis of variance and Student's Newman-Keuls ranges
test, P> 0.05). In the same neurones, in the presence of 5 mM
trichloroethanol, current activated by I FM GABA was 310 ± 76%
of control (analysis of variance and Student's Newman-Keuls ranges
test, P<0.01).
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Figure 4 Effect of putative ethanol antagonist, Ro 15-4513, on
trichloroethanol potentiation of GABA-activated current. (a) Re-
cords of current activated by 1 pM GABA in the absence and
presence of 2.5 mm trichloroethanol (TCEt) and I glM Ro 15-4513, as
labelled. Membrane holding potential was - 50 mV. (b) Comparison
of average effect of 2.5 mm trichloroethanol (TCEt) on current
activated by I pM GABA, plotted as percentage of control GABA-
activated current, in the absence and presence of 1 gM Ro 15-4513,
as labelled. Results are means ± s.e. of 5 neurones. Membrane hold-
ing potential was - 50 mV. There was no significant difference
between the effect of trichloroethanol in the absence or presence of
Ro 15-4513 (paired i test, P>0.5).
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of GABA-activated current by trichloroethanol was similar
in the presence of 1 gM Ro 15-4513. Ro 15-4513 at this con-
centration did not alter the amplitude of the GABA-activated
current. On average, the enhancement of GABA-activated
current by trichloroethanol did not differ significantly in the
absence and presence of 1 lEM Ro 15-4513 (414 ± 32 vs
444 ± 71% of control, respectively; paired t test, P> 0.5;
n = 5).

Effect of trichloroethanol on pentobarbitone-activated
current

The GABAA receptor-ionophore complex can be activated in
the absence of exogenous GABA by barbiturate anaesthetics
at high concentrations (Mathers & Barker, 1980; Schulz &
MacDonald, 1981). To assess whether trichloroethanol en-
hances pentobarbitone-activated current in a manner similar
to GABA-activated current, current was activated by pen-
tobarbitone in the absence and presence of trichloroethanol.
Unlike the GABA-activated current, the current activated by
low concentrations of pentobarbitone (10 and 100 M) was
not potentiated by trichloroethanol (repeated measures
analysis of variance, P> 0.05, n = 4). In addition, the
concentration-response curve for pentobarbitone-activated
current was not significantly altered by 5 mM trichloro-
ethanol (Figure 5). In the absence of trichloroethanol, pento-
barbitone had an EC50 of 428 ± 38 JAM, an Emax of 1305 ± 59
pA, and a slope factor of 1.5 ± 0.2, whereas in the presence
of trichloroethanol, pentobarbitone had an EC50 of 441 ± 45
AM, an E,,, of 1073 ± 53 pA, and a slope factor of 1.7 + 0.3;
these values did not differ significantly (analysis of variance;
P> 0.05).

Ionic basis and pharmacology of current activated by
trichloroethanol

As noted above, at concentrations of 2.5 mM or greater,
trichloroethanol activated an inward current in the absence
of exogenous GABA. We studied the ionic basis of the
current activated by trichloroethanol by altering the ionic
content of the patch-pipette solution, which dialyzes the
interior of the neurones under study. The top set of records
in Figure 6a illustrates that when CsCl was in the patch-
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Figure 5 Effect of trichloroethanol on pentobarbitone-activated cur-
rent. Concentration-response curves for pentobarbitone-activated
current, without added GABA, in the absence (0) and presence (0)
of 5 mm trichloroethanol. In the absence of trichloroethanol, pen-
tobarbitone had an EC,0 of 428 ± 38 jM, an Em. of 1305 ± 59 pA,
and a slope factor of 1.5 ± 0.2, and in the presence of trichloro-
ethanol, pentobarbitone had an ECo of 441 ±45 pM, an Em.,, of
1073 ± 53 pA, and a slope factor of 1.7 ± 0.3; these values were not
significantly different (analysis of variance; P> 0.05). The curves
shown are the best fits of the data to the logistic equation given in
the methods. Data points are means ± s.e. of 4 neurones. Membrane
holding potential was - 10 mV.

pipette solution, the trichloroethanol-activated current was
inward at a holding potential of - 20 mV and outward at
+ 20 mV. In contrast, when the patch-pipette solution con-
tained Cs methanesulphonate in place of CsC1, the trichloro-
ethanol-activated current was outward at both - 20 and
+ 20 mV (Figure 6a, bottom traces).
The graph in Figure 6b plots the average amplitude of

currents activated by 25 mM trichloroethanol as a function of
membrane holding potential in neurones internally dialyzed
with a solution containing CsCl (open circles) or Cs
methanesulphonate (closed circles). The reversal potential of
trichloroethanol-activated current was - 0.8 mV when CsCl
was in the patch-pipette solution, but shifted to - 50.6 mV
when CsCl was replaced with Cs methanesulphonate in the
intracellular solution. The reversal potential of GABA-
activated current was - 46.0 mV when the recording pipette
contained Cs methanesulphonate (not shown).

Figure 7 shows that current activated by trichloroethanol
was reversibly inhibited by the GABAA antagonists, bicucul-
line methiodide (Figure 7a) or picrotoxin (Figure 7b). The
average amplitude of the current activated by 10 mM trichloro-
ethanol was 73 ± 18 pA under control conditions, and
- 8 ± 5 pA in the presence of 50 JAM bicuculline methiodide
(paired t test, P <0.005; n = 6 cells). The inhibition of
trichloroethanol-activated current by picrotoxin was more
gradual in onset but produced a similar degree of inhibition:
the steady-state amplitude of the current activated by 25 mM
trichloroethanol was 38 ± 16 pA under control conditions,
and - 3 ± 5 pA in the presence of 100 AM picrotoxin (paired
t test, P<0.05; n = 6 cells). In S of 12 cells tested, 10 or
25 mM trichloroethanol in the presence of GABAA receptor
antagonists induced a small-amplitude (5- 30 pA) outward
current (as indicated by the negative values above).
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Figure 6 Effect of intracellular C1- concentration on trichloro-
ethanol-activated current. (a) Records of current activated by 25 mM
trichloroethanol (TCEt) in neurones internally perfused with solu-
tions containing CsCI (upper traces) or Cs methanesulphonate
(CsCH3SO3) (lower traces) at holding potentials of - 20 mV and
+ 20 mV, as indicated. The Cl- concentration in the CsCH3SO3
recording pipette solution was 4mM. (b) Current-voltage plot for
trichloroethanol-activated current in neurones internally perfused
with a solution containing CsCl (0) or CsCH3SO3 (0). Data points
are the means ± s.e. obtained from 4 neurones. Note that the rever-
sal potential of the trichloroethanol-activated current with
CsCH3SO3 in the patch-pipette was approximately 50 mV negative to
the reversal potential with CsCI in the patch-pipette.
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Figure 7 Effect of GABAA antagonists on trichloroethanol-acti-
vated current. (a) Records of current activated by 10 mM trichloro-
ethanol (TCEt) in the absence and presence of 50 JM bicuculline
methiodide (Bic). (b) Records of current activated by 25 mM trichloro-
ethanol (TCEt) in the absence and presence of 100 JM picrotoxin
(Pic). Records in (a) and (b) are from different neurones; holding
potential of neurones was - 50 mV.

Discussion

In this investigation, we found that trichloroethanol could
potentiate ion current activated by GABA or the GABAA
agonist muscimol in cultured hippocampal neurones. Tri-
chloroethanol increased the amplitude of the current acti-
vated by 1 gAM GABA in a concentration-dependent manner,
with an EC50 of 3 mM and an Emu of 576% of control. These
results are in accord with the observations of Lovinger et al.
(1993), who reported that 0.2-10 mM trichloroethanol in-
creased the amplitude and duration of current activated by
pressure application of GABA in cultured hippocampal
neurones and prolonged inhibitory postsynaptic currents in
hippocampal neurones in culture or in brain slices. However,
this action of trichloroethanol appears to differ from the
actions of other sedative/hypnotic agents on the GABAA
receptor. Other sedative/hypnotic or anaesthetic agents that
modulate GABAA responses, including benzodiazepines
(Choi et al., 1981; Little, 1984, Yu et al., 1988), barbiturates
(Barker & Ransom, 1978; Akaike et al., 1985), ethanol
(Mehta & Ticku, 1988), and hypnotic steroids (Harrison &
Simmonds, 1984; Morrow et al., 1988; 1990) in most cases

shift the concentration-response curves for GABAA agonists
to the left without altering the maximal response, suggesting
an increase in the affinity of the receptor for agonist. Studies
on GABAA receptors expressed in Xenopus oocytes suggest
that volatile anaesthetics may also act by shifting the
concentration-response curve for the GABAA receptor to the
left (Lin et al., 1993). In some cases, barbiturates (Higashi &
Nishi, 1982; Yu et al., 1988; Horne et al., 1993), ben-
zodiazepines (Biscoe & Duchen, 1985), and anaesthetic
steroids (Home et al., 1993) have also been reported to
increase the maximal response to GABAA agonists. In the
present study, however, enhancement of GABA-evoked ion
current by trichloroethanol was observed only at concentra-
tions of GABA <1O JM, with the result that trichloro-
ethanol did not significantly alter either the EC50 or the Ema,
of the GABA concentration-response curve. There are

several possible reasons for the preferential action of
trichloroethanol at low agonist concentrations. First, increas-
ing agonist concentrations in the presence of trichloroethanol
may result in a very rapid onset of receptor desensitization
that attenuates the amplitude of GABA-activated current.

Second, trichloroethanol may enhance the rate of agonist-
activated channel opening from the closed state, but not
from the desensitized state. Thus, trichloroethanol might aug-
ment currents activated by low GABA concentrations, at
which many of the ion channels are in the closed, non-
desensitized state, but would not augment currents activated
by higher GABA concentrations, when many of the channels
are in the closed, desensitized state. This mechanism has been
proposed to explain the potentiation of 5-HT3 receptor-
mediated current by trichloroethanol in nodose ganglion
neurones (Lovinger & Zhou, 1993). Third, the GABAA
receptor-ion channel complex can enter into multiple open
states, depending upon the concentration of GABA (Mac-
Donald et al., 1989). The selectivity of trichloroethanol for
currents activated by low GABA concentrations may be due
to a preferential action of trichloroethanol upon a kinetic
substate of the receptor favoured at low GABA concentra-
tions.
The observation in the present study that trichloroethanol

did not potentiate currents activated by concentrations of
GABA at or above 10 AM might seem to render implausible
an effect of trichloroethanol on GABAergic synaptic cur-
rents, since GABA concentrations in the synapse appear to
approach the millimolar range (Maconochie et al., 1994).
Enhancement of inhibitory postsynaptic currents by trichloro-
ethanol has been demonstrated, however, in hippocampal
neurones both in culture and in brain slices (Lovinger et al.,
1993). At least two explanations for this apparent discre-
pancy are possible. As mentioned previously, an effect of
trichloroethanol to enhance currents activated by high con-
centrations of GABA may have been obscured in the present
study by attenuation of peak current due to rapid desen-
sitization. Alternatively, trichloroethanol could act primarily
during the falling phase of the postsynaptic current, follow-
ing the decline in the GABA concentration below the
threshold for potentiation. Thus, trichloroethanol would
have little or no effect on the peak amplitude of the post-
synaptic current, when the synaptic concentration of GABA
is high, but would prolong the falling phase of the current,
when the synaptic concentration of GABA is low. These
predicted results agree well with the observation that tri-
chloroethanol increases the duration, but not the peak amp-
litude, of GABA-mediated postsynaptic currents (Lovinger et
al., 1993).

If the potentiation of GABA-activated current by trichloro-
ethanol results from a general conformational alteration of
the GABAA receptor-ionophore complex, one would expect
that current would also be augmented if the channel were
activated by an agent acting at another site. Our observation
that trichloroethanol did not enhance pentobarbitone-acti-
vated current in the absence of exogenous GABA suggests
that the action of trichloroethanol on the channel protein
does not involve such a conformational change. The observa-
tion that trichloroethanol did not enhance pentobarbitone-
activated current at a concentration that markedly enhanced
GABA-activated current also implies that trichloroethanol
does not modulate the function of the pentobarbitone site in
a manner similar to its action at the GABA site.
The enhancement of GABA-mediated responses by volatile

anaesthetic agents has been attributed to elevation of int-
racellular Ca2", as the effect was not observed when the
neurones were dialyzed internally with a solution containing
1ImM BAPTA and 1 mM Ca2", which was calculated to
buffer intracellular free Ca2" to 10-100 nM (Mody et al.,
1991). In the present study, despite using an intracellular
solution containing 10 mM BAPTA and no added Ca2" (cal-
culated intracellular free Ca2" concentration <1 nM), we
observed a potentiation of GABA-activated current of over
five fold by trichloroethanol. Thus, trichloroethanol does not
appear to enhance GABA-activated current by elevating
intracellular Ca2+.

Benzodiazepines, barbiturates, and ethanol do not aug-
ment GABA responses in all central neurones (Study &
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Barker, 1981; Biscoe & Duchen, 1985; Aguayo, 1990). Varia-
tion among neurones in sensitivity to modulation of GABAA
receptor function by these sedative/hypnotic agents has been
attributed to variation in the subunit composition of the
receptor and/or in the biochemical state of the receptor by
processes such as phosphorylation. Different combinations of
GABAA receptor subunits yield receptors that differ in their
functional properties, including sensitivity to modulation by
barbiturates, benzodiazepines, and anaesthetic steroids (Levi-
tan et al., 1988; Pritchett et al., 1989; Sigel et al., 1990;
Verdoorn et al., 1990; Horne et al., 1993), and perhaps also
to ethanol (Luddens et al., 1990; Wafford et al., 1991; Korpi
et al., 1993). In addition, Leidenheimer et al. (1993) recently
reported that the phosphorylation state of the GABAA recep-
tor-ion channel complex influences its sensitivity to modula-
tion by benzodiazepines and barbiturates. Our observation
that trichloroethanol potentiated GABA-activated current in
all neurones tested may indicate that the determinants of the
GABAA receptor responsible for sensitivity to trichloro-
ethanol are less stringent than those responsible for its sen-
sitivity to other modulators.

In addition to the potentiation of GABA-activated current,
we found that trichloroethanol concentrations > 2.5 mM
activated a current in the absence of exogenous GABA. The
observations that the reversal potential for this current
shifted when the intracellular Cl- concentration was changed
and that this shift was coincident with the shift in reversal
potential of GABA-activated current, suggest that the tri-
chloroethanol-activated current is carried predominantly by
Cl-. In addition, the antagonism of this current by either
bicuculline or picrotoxin suggests that the trichloroethanol-
activated Cl- current involves GABA-gated ion channels.
Whether the current activated by trichloroethanol in the
absence of exogenous GABA results from a direct stimula-
tion of the GABAA receptor-ionophore complex or from
potentiation of low concentrations of endogenous GABA is
not clear. The observation that the GABAA competitive
antagonist, bicuculline, inhibits the trichloroethanol-activated
current could be interpreted as support for the latter
hypothesis. However, it remains possible that bicuculline
inhibits the trichloroethanol-activated current not by displac-
ing endogenous GABA bound to the receptor, but by
stabilizing the receptor-ionophore complex so that it is less
sensitive to activation by trichloroethanol. It is of interest to
note that barbiturates and hypnotic steroids also activate a
Cl- current in the absence of exogenous GABA (Mathers &

Barker, 1980; Schulz & MacDonald, 1981; Higashi & Nishi,
1982; Jackson et al., 1982; Akaike et al., 1985; Majewska et
al., 1986; Barker et al., 1987), and that these currents are also
antagonized by bicuculline and picrotoxin (Higashi & Nishi,
1982; Akaike et al., 1985; Majewska et al., 1986; Barker et
al., 1987).
GABA is now considered to be the major inhibitory

neurotransmitter in the mammalian brain, and the major
presynaptic inhibitory neurotransmitter in the spinal cord
(Barker & Owen, 1986; Roberts, 1986; McCormick, 1989).
Previous studies have shown that benzodiazepines, barbi-
turates, hypnotic steroids, and inhalational anaesthetics can
potentiate inhibitory synaptic responses in brain and pre-
synaptic inhibition in spinal cord, and it has been suggested
that potentiation of GABA-mediated synaptic responses may
contribute to the sedative/hypnotic actions of those agents
(Nicoll, 1972; Nicoll et al., 1975; Majewska et al., 1986;
Jones et al., 1992; Tanelian et al., 1993). In contrast, the
cellular actions of chloral derivative anaesthetics have been
less well characterized. Chloral anaesthetics are rapidly
metabolized in vivo to trichloroethanol, which is believed to
be responsible for the CNS effects of these agents (Rall,
1990). We estimate the anaesthetic concentration of tri-
chloroethanol to be in the range of 2-5 mM, based on data
from Breimer (1977), Owen & Taberner (1980), and Pringle
et al. (1981). Our observations that trichloroethanol could
potentiate GABA-activated current in all neurones studied,
and that the EC50 for this effect was 3 mM, suggest that
potentiation of GABA-mediated responses may contribute to
the sedative/hypnotic actions of chloral derivative anaes-
thetics.

In addition to potentiating GABA-activated current, we
have also found that trichloroethanol can inhibit ion currents
activated by excitatory amino acids (Peoples et al., 1990).
Given the important role of excitatory amino acid neuro-
transmitters in regulating excitability in the CNS (Mayer &
Westbrook, 1987; Collingridge & Lester, 1989), both inhibi-
tion of excitatory amino acid-mediated responses and poten-
tiation of GABA-mediated responses in the CNS by chloral
derivatives may contribute to their sedative/hypnotic actions.

We thank Drs David Lovinger and Geoffrey White for discussion of
the research, and Stephen McCort, Ashish Dugar, and Anna Vas-
quez for technical assistance.
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