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1 The in¯uence of membrane cholesterol on some pharmacological properties of the GABAA

receptor was investigated in acutely dissociated rat hippocampal neurones with whole cell patch
clamp recording. The cholesterol levels were varied between 56% and 235% control using methyl-b-
cyclodextrin as the cholesterol carrier.

2 Enrichment of neurones with cholesterol increased the e�ects of the non-steroidal GABA
potentiators propofol, ¯unitrazepam and pentobarbitone. A similar result was obtained after pre-
incubation of neurones with epicholesterol, the 3a-hydroxy isomer of cholesterol.

3 In contrast, the e�ects of the steroidal GABA potentiators pregnanolone and alfaxalone were
reduced by cholesterol enrichment, but not by epicholesterol. Depletion of membrane cholesterol
increased the potentiation of GABA by pregnanolone and alfaxalone but did not a�ect the non-
steroidal potentiators.

4 The steroidal antagonist of GABA, pregnenolone sulphate, reduced the maximum response to
GABA. This e�ect, also, was diminished in cholesterol-enriched neurones and enhanced in
cholesterol-depleted neurones.

5 The e�ects of the cholesterol manipulations that were selective for the steroidal modulators of
GABA are suggested to arise from direct interactions between membrane cholesterol and the
GABAA receptor. The separate e�ects on the non-steroidal potentiators of GABA of cholesterol-
enrichment or addition of epicholesterol to the neurones are suggested to be due to changes in
membrane ¯uidity.

6 In view of the likely physiological modulation of GABAA receptors by endogenous neuroactive
steroids and evidence of the in vivo lability of membrane cholesterol, the present observations may
have physiological as well as pharmacological relevance.
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Introduction

Several classes of drug receptor have been shown to be
in¯uenced by the cholesterol content of the cell membranes in
which they are located. They include the nicotinic acetylcho-
line receptor of Torpedo (Fong & McNamee, 1986;

Fernandez-Ballester et al., 1994; Rankin et al., 1997),
oxytocin and cholecystokinin receptors (Gimpl et al., 1997)
and the GABAA receptor (Sooksawate & Simmonds, 1998;

2001). Two types of mechanism have been distinguished
whereby cholesterol might modulate receptor function: (1) an
e�ect on membrane ¯uidity, which would be relatively

unselective with regard to the receptors a�ected, and
independent of the means of changing membrane ¯uidity;
(2) a speci®c interaction of cholesterol with a binding site on

the receptor protein, which would be expected to show a
more restricted occurrence and a more stringent structure-
activity requirement. In a comprehensive exploration of this
distinction for two G-protein linked receptors, Gimpl et al.

(1997) have shown that ligand binding to the brain

cholecystokinin receptor is in¯uenced predominantly by
membrane ¯uidity whereas ligand binding to the oxytocin
receptor is in¯uenced predominantly by a speci®c cholesterol-
receptor interaction.

In studies on the GABAA receptor, we have reported that
enrichment of dissociated hippocampal neurones with
cholesterol by the phosphatidylcholine liposome method

caused a small reduction in GABA potency (Sooksawate &
Simmonds, 1998). The GABA potentiating e�ect of the
neuroactive steroids, but not that of propofol, was also

reduced. The maximum cholesterol enrichment that we could
obtain with the liposome method was 26% and we were
unable to achieve depletion of cholesterol at that time.

Subsequently, the methyl-b-cyclodextrin carrier protocols of
Gimpl et al. (1997) were used to obtain a wider range of
cholesterol enrichments and depletions and, in these experi-
ments, the e�ects on GABA potency were found to be more

substantial and complex (Sooksawate & Simmonds, 2001).
The reduction in GABA potency with cholesterol enrichment
was con®rmed and suggested to be due to a reduced

membrane ¯uidity. Cholesterol depletion, however, also
reduced GABA potency, revealing a requirement for
cholesterol to maintain optimal GABA potency that

British Journal of Pharmacology (2001) 134, 1303 ± 1311 ã 2001 Nature Publishing Group All rights reserved 0007 ± 1188/01 $15.00

www.nature.com/bjp

*Author for correspondence; E-mail: mike.simmonds@ulsop.ac.uk
2Current address: Department of Physiology, Faculty of
Pharmaceutical Sciences, Chulalongkorn University, Bangkok
10330, Thailand



probably involves a speci®c binding site for cholesterol on the
GABAA receptor. In the same series of experiments, some
neuroactive steroids and other GABA potentiators were

studied and it is this aspect of the work that we now report.

Methods

Dissociation of hippocampal neurones

Dissociated hippocampal neurones were prepared from male
Wistar rats aged 10 ± 16 days as previously described
(Sooksawate & Simmonds, 1998). In brief, hippocampal slices

in physiological salt solution (PSS), containing (mM): NaCl
140, KCl 4.7, CaCl2 2.5, MgCl2 1.2, Glucose 11, HEPES 10,
adjusted to pH 7.4 with Tris-base, were subjected to enzyme

treatment followed by trituration. The suspension of dis-
sociated neurones and cell debris were separated by centrifuga-
tion through a 5% solution of bovine serum albumin in PSS at
1756g for 3 min to yield a loose pellet of neurones.

Manipulation of membrane cholesterol

A complex of cholesterol+methyl-b-cyclodextrin was pre-
pared by stirring together 3 mM cholesterol with 30 mM

methyl-b-cyclodextrin in PSS, under nitrogen, until a clear

solution was obtained. This stock solution was ®ltered
through a 0.22 mm Millipore ®lter and stored at 7208C.
To enrich hippocampal neurones with cholesterol, half of

each preparation of dissociated neurones was incubated at
318C in oxygen-saturated PSS containing either a 1 in 20
dilution or a 1 in 10 dilution of the cholesterol+methyl-b-
cyclodextrin stock solution for 5 ± 30 min, depending on the

degree of enrichment required. The cholesterol transfer was
terminated by centrifugation at 3406g for 3 min and two
washes of the neurones with PSS. The other half of the

neurones was subjected to the same procedure but without
the cholesterol+methyl-b-cyclodextrin complex and these
were designated control neurones.

To deplete membrane cholesterol, dissociated neurones
were incubated with 10 mM methyl-b-cyclodextrin in PSS,
using a similar protocol to that described for cholesterol
enrichment, to obtain a range of depletions.

To deplete and then restore membrane cholesterol,
dissociated neurones were incubated at 318C in oxygen-
saturated PSS containing 10 mM methyl-b-cyclodextrin for

20 min. Following centrifugation at 3406g for 3 min, the
pellet was resuspended in oxygen-saturated PSS containing a
1 in 30 dilution of the cholesterol+methyl-b-cyclodextrin
stock solution and incubated at 318C for 1 ± 10 min. The
cholesterol transfer was terminated by centrifugation at
3406g for 3 min and two washes of the neurones with PSS.

To incorporate epicholesterol into the neuronal mem-
branes, a stock solution of epicholesterol complexed with
methyl-b-cyclodextrin was prepared exactly as described for
cholesterol. Dissociated neurones were incubated with a 1 in

20 dilution of the stock solution for 20 min, using the same
protocol as for enrichment with cholesterol.
The batches of hippocampal neurones subjected to these

procedures were the same as those reported in Sooksawate &
Simmonds (2001) where quantitative details of the cholesterol
levels achieved can be found.

Cholesterol and protein assays in dissociated neurones

After plating samples of the pretreated neurones for

electrophysiological recording, the remaining neurones were
frozen for later assays of cholesterol and protein. For the
assays, the thawed neurones were homogenized in ice-cold
wash bu�er containing (mM): Tris-base 5, EDTA 1, pH 7.4 at

48C. The homogenate was centrifuged at 48,4006g and the
pellet resuspended in ice cold wash bu�er. Cholesterol and
protein assays were carried out on the suspensions using the

Sigma cholesterol diagnostic kit (Sigma Diagnostics, St Louis
MO, U.S.A.) and the BioRad Protein Assay (Bio-Rad
Laboratories, Munich, Germany), respectively.

Electrophysiological measurements

Patch pipettes prepared from thin wall borosilicate glass
capillaries (Clark Electromedical Instrument, U.K.) were
®lled with a solution containing (mM): CsCl 140, MgCl2 4,
Na2 ATP 4, EGTA 11, CaCl2 1, and HEPES 10, adjusted to

pH 7.2 with Tris-base. The resistance between the patch-
pipette and a reference electrode in the external solution
(PSS) ranged from 3 ± 5 MO.

Neurones plated onto coverslips were allowed to adhere for
at least 30 min before attempting to attach a patch electrode
for whole-cell patch clamp recording (Hamil et al., 1981).

Membrane currents were recorded from the somata of the
neurones, voltage-clamped at 720 mV. Membrane current
was measured with a List EPC-7 patch clamp ampli®er and

was recorded with a Gould pen recorder. During recording,
neurones were superfused with PSS at a rate of 3 ml min71.
All experiments were performed at room temperature
(*208C).

Drugs and chemicals

GABA was dissolved in PSS and applied close to the
recorded neurone for 3 s, once a minute, using the rapid
application `U-tube' method previously described (Sooksa-

wate and Simmonds, 1998). Pentobarbitone sodium was
dissolved in PSS; pregnenolone (5b-pregnan-3a-ol-20-one),
alfaxalone (5a-pregnan-3a-ol-11,20-dione), propofol, ¯unitra-
zepam and pregnenolone sulphate (5-pregnen-3b-ol-20-one
sulphate) were dissolved in DMSO and then diluted into PSS.
These drugs were applied simultaneously with GABA in the
same solution. The ®nal concentration of DMSO applied to

the neurones was less than 0.1%, which was shown to have
no e�ect of its own on the responses to GABA.

All drugs and chemicals were purchased from Sigma with

the following exceptions: alfaxalone was a gift from Glaxo
Group Research (Greenford, U.K.); epicholesterol was
purchased from Steraloids (U.S.A.); and methyl-b-cyclodex-
trin from Aldrich (U.K.). CsCl, MgCl2 and CaCl2 were from
BDH (Poole, U.K.).

Data analysis

For concentration-response analysis data from each neurone
were plotted using GraphPad PRISM (GraphPad Software,

U.S.A.) and ®tted with a logistic equation in the form:

I � Imin � �Imax ÿ Imin�=�1� �EC50=�X��H� �1�
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where I is the GABA current at GABA concentration [X].
Imin and Imax are the minimal and the maximal responses,
EC50 is the concentration of GABA eliciting 50% of the

maximal response and H is the Hill coe�cient. To combine
data from di�erent neurones, the GABA responses on each
neurone were expressed as percentages of the derived
maximum response to GABA on the same neurone.

Combined data are expressed as mean+s.e.mean and
di�erences were tested for signi®cance by ANOVA and
Dunnett's test, P50.05 being considered signi®cant.

The maximum current evoked by GABA, although
reproducible in individual neurones, di�ered considerably
between neurones. Consequently, the e�ects of membrane

cholesterol on the maximum response to GABA could not be
determined with any con®dence because di�erent neurones

were recorded for each cholesterol condition. In contrast,
EC50 values for GABA are highly reproducible across
di�erent neurones (Sooksawate & Simmonds, 2001).

Results

Membrane cholesterol and the potentiation of GABA by
neuroactive steroids

In control neurones, not subjected to manipulation of
membrane cholesterol, 1 mM pregnanolone caused the ex-
pected increase in submaximal responses to GABA (Figure 1)

which was quanti®ed as a decrease in GABA EC50 (Table 1).
The potentiation was not associated with any obvious

Figure 1 Examples of whole cell current responses to GABA alone and GABA+1 mM pregnanolone in a control neurone, a
neurone depleted of cholesterol to 56% control and a neurone enriched with cholesterol to 235% control. Applications of
pregnanolone alone gave no response (data not shown). For display purposes, the responses to GABA alone and
GABA+pregnanolone are shown alternately, with increasing GABA concentration. In the actual experiments, the responses to
GABA alone were all obtained ®rst, with increasing concentrations of GABA, followed by all the responses to
GABA+pregnanolone.
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reduction in the fade of the response during the application

of GABA. The maximum response to GABA, determined
from the ®tted curve (Figure 2), showed only a marginal
increase of 6.3+1.89% (P50.05, n=9) due to pregnanolone.

The Hill slope was signi®cantly decreased by pregnanolone
(Table 2).
A similar overall pattern of e�ect of pregnanolone was seen

with neurones that had been depleted of cholesterol to 56%

control and with neurones that had been enriched with
cholesterol to 235% control (Figures 1 and 2), except that the
e�ect of pregnanolone on GABA EC50 was enhanced by

cholesterol depletion and reduced by cholesterol enrichment
(Table 1). Cholesterol depletion and enrichment did not
change the Hill slope of the GABA concentration-response

relationship nor the extent of its reduction by pregnanolone
(Table 2). The marginal increase in maximum response to
GABA due to pregnanolone persisted unchanged in the
cholesterol-depleted neurones as a 4.6+1.99% increase

(P50.05, n=6) and in the cholesterol-enriched neurones as
a 1.9+0.81% increase (P50.05, n=9). It can also be seen in
Figure 2 that both cholesterol depletion and enrichment

increased the EC50 for GABA alone (see also the footnote to
Table 1), an aspect of the data from these experiments that
has already been reported in detail (Sooksawate &

Simmonds, 2001).
Figure 3 shows that progressive decreases in membrane

cholesterol were associated with progressive increases in the

potentiation of GABA by pregnanolone, the increases in
potentiation being statistically signi®cant for cholesterol
depletions to 67 and 56% control. Enrichment of membrane
cholesterol to 156% control was associated with a statistically

signi®cant decrease in the potentiation of GABA by
pregnanolone, and no further progression of this e�ect with
cholesterol enrichments up to 235% control.

Alfaxalone 1 mM caused less potentiation of GABA than
did 1 mM pregnanolone but the same dependency of the
potentiation on membrane cholesterol was seen (Table 1).

Further experiments were made to check that the increase in
e�ect of the neuroactive steroid associated with the depletion of
cholesterol did, in fact, result from the loss of cholesterol,
rather than from some other in¯uence of the incubation with a

high concentration of methyl-b-cyclodextrin. Figure 4 shows
that the speci®c repletion of cholesterol, following its depletion,
fully reversed the increase in e�ect of pregnanolone.

Table 1 Membrane cholesterol depletion and enrichment, and the incorporation of epicholesterol into control membranes, in¯uences
the potentiation of GABA by various drugs

GABA EC50 ratio
Cholesterol-depleted Cholesterol-enriched Epicholesterol

Potentiator Control (56% control) (182% control) incorporated

1 mM pregnanolone 0.197+0.014 (9) 0.115+0.011 **(6) 0.293+0.024 }} (9) 0.151+0.014 (9)
1 mM alfaxalone 0.275+0.015 (9) 0.185+0.008 ** (7) 0.358+0.022 }} (7) ND
5 mM propofol 0.228+0.014 (10) 0.196+0.023 (9) 0.122+0.008 ** (9) 0.131+0.021 ** (8)
10 mM flunitrazepam 0.477+0.018 (10) 0.397+0.039 (10) 0.276+0.017 ** (8) 0.297+0.010 ** (8)
20 mM pentobarbitone 0.563+0.023 (8) 0.518+0.033 (8) 0.437+0.013 ** (10) 0.477+0.021 * (8)

Potentiation of GABA is expressed as GABA EC50 ratio, i.e. (GABA EC50 in the presence of a potentiator)/ (GABA EC50 prior to
addition of the potentiator); thus, the smaller the value, the greater is the potentiation. Each value is the mean+s.e.mean from the
numbers of neurons shown in brackets. Increases in GABA EC50 ratio, compared with control, are indicated as }} (P50.01), and
decreases as * (P50.05) and ** (P50.01) (ANOVA + Dunnett's test). ND=not done. Typical EC50 values for GABA alone, taken
from the pregnanolone series of experiments, were 5.15+0.14 mM (n=9) for control neurones; 20.4+0.93 mM (n=6) for cholesterol-
depleted neurones; 15.3+0.66 mM (n=9) for cholesterol-enriched neurones; 15.8+0.56 mM (n=9) for epicholesterol-incubated neurones.

Figure 2 In¯uence of membrane cholesterol on the potentiation of
GABA by 1 mM pregnanolone. In each panel, the responses to GABA
alone (*) and to GABA in the presence of pregnanolone (*) are
expressed as per cent of the calculated maximum response to GABA
alone. Each data point is the mean+s.e. mean of six (depleted), nine
(control) and eight (enriched) experiments. Cholesterol depletion was
to 56% of control and enrichment to 235% control.

British Journal of Pharmacology vol 134 (6)

Cholesterol interactions with neuroactive steroidsT. Sooksawate & M.A. Simmonds1306



If the in¯uences of the cholesterol manipulations on GABA

potency and the potentiation of GABA by pregnanolone are
taken as a whole, the EC50 for GABA in the presence of 1 mM
pregnanolone in control neurones (0.97 mM) is signi®cantly
increased (P50.01) by both cholesterol depletion (to 2.30 mM)

and enrichment (to 5.68 mM). The in¯uence of cholesterol
depletion is a dominant reduction in GABA potency overiding
an enhanced potentiation by pregnanolone, whereas the

in¯uence of enrichment is the additive e�ect of a reduction in
GABA potency and a reduced potentiation by pregnanolone.

Membrane cholesterol and the potentiation of GABA by
propofol, flunitrazepam and pentobarbitone

The GABA log. concentration-response curve was shifted to
the left by each of the potentiators 5 mM propofol, 10 mM
¯unitrazepam and 20 mM pentobarbitone (Table 1) with no
statistically signi®cant e�ect on the maximum response to

GABA (data not shown). Thus, in these respects, the
potentiations of GABA closely resembled those due to
neuroactive steroids. The in¯uence of membrane cholesterol

was, however, di�erent. Depletion of cholesterol to 56%
control had no signi®cant e�ect on the potentiation of
GABA by either propofol or ¯unitrazepam or pentobarbi-

tone (Table 1). Enrichment with cholesterol to 182% control

caused small, but statistically signi®cant, enhancements in the
potentiations by each of these three drugs, in contrast to the
decrease in potentiation due to neuroactive steroids (Table 1).

Modulation of GABA potentiations by epicholesterol
incorporated into the membrane

Methyl-b-cyclodextrin has previously been shown to be as
e�cient at adding epicholesterol, the 3a-OH isomer of
cholesterol, to cell membranes as it is at adding cholesterol

(Gimpl et al., 1997). The same authors have also shown that
epicholesterol has similar e�ects to cholesterol on membrane
¯uidity. Experiments were, therefore, performed to determine

whether addition of epicholesterol to the neuronal mem-
branes would mimic the e�ects of enrichment with cholesterol
on the GABA potentiators. It was established that incubation
of neurones with a complex of epicholesterol and methyl-b-
cyclodextrin caused no coincident loss of membrane
cholesterol, which remained at 98.3+2.47% control (mean+
s.e.mean, n=3).

The incubation with epicholesterol had similar e�ects to
enrichment with cholesterol on the potentiation of GABA by
propofol, ¯unitrazepam and pentobarbital (Table 1). In

Figure 3 Potentiation of GABA by 1 mM pregnanolone, expressed
as GABA EC50 ratios, i.e. (GABA EC50 in the presence of
pregnanolone)/(GABA EC50 prior to addition of the pregnanolone).
Each point is the mean+s.e.mean from 6 ± 9 neurones. Depletion of
membrane cholesterol enhanced the potentiation (reduced EC50 ratio)
and enrichment of cholesterol decreased the potentiation. Signi®cant
di�erences from control neurones are indicated by *P50.05 and
**P50.01 (ANOVA+Dunnett's test). The cholesterol content of
control neurones was 0.319+0.009 mmoles mg protein71 (n=12).
Details of the cholesterol contents at each level of depletion and
enrichment, and the protocol used to achieve them, are reported in
Sooksawate & Simmonds (2001).

Figure 4 E�ect of cholesterol depletion and repletion on the
potentiation of GABA by 1 mM pregnanolone, expressed as GABA
EC50 ratios. Reduction in the EC50 ratio represents an enhanced
potentiation. Each point is the mean+s.e.mean from 6 ± 9 neurones.
The cholesterol depletion was achieved by incubation with 10 mM

methyl-b-cyclodextrin at 318C and repletion by incubation with a
complex of 0.1 mM cholesterol+1 mM methyl-b-cyclodextrin at 318C.
Signi®cant di�erences from the value at time 0 are indicated by
*P50.05 and **P50.01 (ANOVA+Dunnett's test).

Table 2 E�ect of 1 mM pregnanolone on the Hill slope of the GABA concentration ± response relationship and the in¯uence of
membrane cholesterol

Hill slope (mean+s.e.mean)
Cholesterol-depleted Cholesterol-enriched

Control (56% control) (182% control)

GABA alone 1.614+0.126 (9) 1.627+0.123 (6) 1.557+0.073 (8)
GABA+
1 mM pregnanolone 1.016+0.104 ** (9) 0.954+0.055 ** (6) 0.961+0.064 ** (8)

** P50.005 (Student's t-test) compared with corresponding value for GABA alone.
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contrast, epicholesterol failed to mimic the e�ect of
cholesterol enrichment on the potentiation of GABA by
pregnanolone. Rather than the reduction in e�ect of

pregnanolone, there was a tendency towards an increase in
e�ect, corresponding with the increased e�ects of the other
GABA potentiators (Table 1).

Membrane cholesterol and the antagonism of GABA by
pregnenolone sulphate

The selective interaction of membrane cholesterol with the
GABA potentiating neuroactive steroids prompted a similar
investigation with pregnenolone sulphate, a neurosteroid

antagonist of GABA. In control neurones, 20 mM pregneno-
lone sulphate doubled the EC50 for GABA and reduced the
maximum response (Figures 5 and 6, Table 3). Both e�ects

were statistically signi®cant (P40.001). The antagonism of
GABA was associated with a marked increase in the fade of
the response during the application of GABA (Figure 5).

Depletion of membrane cholesterol to 56% control signi®-
cantly enhanced the e�ect of pregnenolone sulphate in
reducing the GABA maximum, whilst enrichment with
cholesterol to 182% control signi®cantly decreased the e�ect

of pregnenolone sulphate (Table 3). The GABA EC50 ratio
for pregnenolone sulphate remained unchanged.

Discussion

The non-steroidal potentiators of GABA examined in this
study, propofol, ¯unitrazepam and pentobarbitone, each
interact with their own unique recognition sites on the

Figure 5 Examples of whole cell current responses to GABA alone and GABA+20 mM pregnenolone sulphate in a control
neurone, a neurone depleted of cholesterol to 56% control and a neurone enriched with cholesterol to 182% control. Applications
of pregnenolone sulphate alone gave no response (data not shown). For display purposes, the responses to GABA alone and
GABA+pregnenolone sulphate are shown alternately, with increasing GABA concentration. In the actual experiments, the
responses to GABA alone were all obtained ®rst, with increasing concentrations of GABA, followed by all the responses to
GABA+pregnenolone sulphate.
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GABAA receptor protein (see Sieghart, 1995 for a review).
Despite this distinction, all three drugs were similarly a�ected
by neuronal cholesterol manipulations. Depletion of choles-

terol had no e�ect whilst enrichment with cholesterol, or the
addition of epicholesterol, increased the potentiation of
GABA. It is also apparent in the results that the increased

potentiations were superimposed on simultaneous reductions
in the potency of GABA due to the cholesterol or
epicholesterol enrichments, which we have previously re-
ported (Sooksawate & Simmonds, 2001). We attributed this

latter phenomenon to a reduced plasma membrane ¯uidity,
on the basis that epicholesterol had the same e�ect as
cholesterol not only on GABA potency but on membrane

¯uidity as well (Gimpl et al., 1997). The same line of
reasoning would attribute the cholesterol-induced increases in
potentiation of GABA by propofol, ¯unitrazepam and

pentobarbitone to a reduced membrane ¯uidity. A rather
general e�ect of such a mechanism is not unexpected; indeed,
it might be anticipated that the steroidal potentiators of

GABA should be similarly a�ected, and it is possible that
they were. When an over-riding, more selective interaction
between cholesterol enrichment and pregnanolone was
avoided, by adding epicholesterol to the membrane rather

than cholesterol, the e�ect of pregnanolone tended to
increase like that of the non-steroidal potentiators. Although
our current evidence cannot exclude other mechanisms, a

membrane ¯uidity e�ect does seem to o�er the most plausible
explanation for the increases in potentiator action with
cholesterol enrichment.

A distinctly di�erent pattern and type of dependency on
membrane cholesterol was found to in¯uence, selectively, the
steroidal potentiators of GABA. Pregnanolone and alfax-

alone each showed a reduced e�ectiveness with cholesterol
enrichment, con®rming our earlier observations (Sooksawate
& Simmonds, 1998). This e�ect of cholesterol was not
mimicked by addition of epicholesterol to the membrane.

Even control levels of cholesterol appeared to be exerting
some restraint on the steroidal potentiators since depletion of
membrane cholesterol increased their e�ectiveness. In con-

sidering the overall picture (Figure 3), however, it is possible
that the e�ects of cholesterol enrichment on the neuroactive
steroids included a component analogous to the interaction

of cholesterol with the other GABA potentiators. Such a
component would contribute an enhancement in steroidal
e�ectiveness and would, therefore, appear as a limitation on
the speci®c reduction in neuroactive steroid e�ect in

cholesterol-enriched neurones. Perhaps this is the reason
why the relationship shown in Figure 3 tends to plateau at
cholesterol enrichments above 156% control. Allowing for

this, the speci®c interaction between the neurosteroid
potentiators and membrane cholesterol would operate over
a wide range of cholesterol levels, from about half to about

double the control value.

Figure 6 In¯uence of membrane cholesterol on the antagonism of
GABA by 20 mM pregnenolone sulphate. In each panel, the responses
to GABA alone (*) and to GABA in the presence of pregnenolone
sulphate (&) are expressed as per cent of the calculated maximum
response to GABA alone. Each data point is the mean+s.e.mean of
10 (depleted), 10 (control) and eight (enriched) experiments.
Cholesterol depletion was to 56% of control and enrichment to
182% control.

Table 3 E�ects of depletion and enrichment of membrane cholesterol on the antagonism of GABA by 20 mM pregnenolone sulphate
(PS)

Cholesterol-depleted Cholesterol-enriched
Control (56% control) (182% control)

GABA EC50 ratio 2.11+0.141 (10) 2.00+0.082 (10) 1.87+0.172 (8)
Maximum response to GABA+PS
(per cent of maximum to GABA alone) 83.8+1.55 (10) 68.0+2.54 ** (10) 93.8+2.15}} (8)

GABA EC50 ratio = (GABA EC50 in the presence of PS)/(GABA EC50 prior to addition of PS). Each value is the mean+s.e.mean
from the numbers of neurones shown in brackets. Signi®cant changes in maximum response to GABA+PS, due to cholesterol
manipulation, are indicated as ** for a decrease (P50.01) and }} for an increase (P50.01) (ANOVA + Dunnett's test).
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These conclusions raise the question of the mechanism by
which membrane cholesterol selectively reduces the action of
the steroidal potentiators of GABA. A simple view would be

that cholesterol normally occupies the neuroactive steroid
binding site resulting in competition between these steroids, but
structure-activity considerations do not rest easily with this
view. An absolute requirement for GABA potentiator activity

is a 3-OH in the a-con®guration (Harrison et al., 1987; Purdy et
al., 1990) and cholesterol has a 3b-OH. Furthermore,
epicholesterol which does have a 3a-OH clearly does not

compete with the steroidal potentiators and there is no doubt
that epicholesterol entered the cell membrane since it reduced
the potency of GABA in these same experiments as e�ectively

as did enrichment with cholesterol (Sooksawate & Simmonds,
2001). An alternative view, therefore, is that cholesterol
operates through an allosteric site on the GABAA receptor.

A further consideration is the analogous dependency on
cholesterol of the action of pregnenolone sulphate in reducing
the maximum response to GABA, an e�ect not seen with
picrotoxinin which also reduces the maximum response to

GABA (Sooksawate & Simmonds, 2001). This suggests that
pregnenolone sulphate and picrotoxinin have separate sites of
action on the GABAA receptor, a conclusion already reached

by others on evidence of discrimination in receptors contain-
ing a g2 subunit mutation (Shen et al., 1999). The
mechanisms of antagonism may also di�er, with the

suggestion that exacerbation of GABA desensitization by
pregnenolone sulphate is an important feature of its mode of
action (Shen et al., 2000), although some caution has been

expressed (Akk et al., 2001). Certainly, our results show the
more rapid fade of the responses to GABA to be a prominent
feature of the action of pregnenolone sulphate. There is also
evidence that the site of action of pregnenolone sulphate is

distinct from that of the steroidal potentiators of GABA; the
potentiators remain fully e�ective in the presence of
pregnenolone sulphate and, conversely, pregnenolone sul-

phate remains fully e�ective in the presence of the
potentiators (Zaman et al., 1992; Park-Chung et al., 1999).
The cholesterol dependency of pregnenolone sulphate, there-

fore, is likely to be separate from that of the GABA
potentiating steroids, even though the actions of both classes
of neuroactive steroid are negatively modulated in proportion
to the membrane concentration of cholesterol over a wide

range. We have no evidence at present that would distinguish
a competitive from an allosteric interaction between
cholesterol and pregnenolone sulphate.

The wider implications of all these observations will
depend on how labile the cholesterol content of plasma
membranes is in vivo and on the functional importance of the

regulatory sites a�ected. For well-perfused tissues outside the
central nervous system, it has been estimated that the free
cholesterol content would exchange completely with circulat-

ing free cholesterol within about 1 day (Phillips et al., 1987).
Not surprisingly, therefore, lowering of circulating cholesterol
levels in hypercholesterolaemic patients by treatment with

pravastatin has been shown to result in decreases in
erythrocyte and platelet membrane cholesterol contents
(Lijnen et al., 1996). Moreover, these changes were associated

with an increase in Na+ pump activity in these membranes.
With regard to the central nervous system, whole brain

levels of cholesterol are found to be quite stable. The
turnover is very low, the source of new cholesterol being

synthesis in the brain rather than circulating plasma
cholesterol, for which a blood/brain barrier may operate
(Jurevics & Morell, 1995; LuÈ tjohann et al., 1996). Myelin

contains a substantial proportion of the brain cholesterol and
may account for the stable level overall. It is possible,
however, that the fraction of cholesterol present in grey

matter may be more labile. For example, mice fed a diet
containing 5% cholesterol for 8 weeks, which resulted in a
200% increase in serum cholesterol, were found to have no

signi®cant increase in whole brain cholesterol but they did
show a signi®cant 20% increase in cholesterol measured in
frontal cortex, which has less white matter than the brain as a
whole (Howland et al., 1998). Increases in brain cholesterol

as a result of atherogenic diets have also been reported for
rabbits (Sparks, 1997) and for rats, in which there was an
associated fall in brain Ca2+-ATPase activity (Oner et al.,

1991).
Overall, the results presented here and in our previous

papers (Sooksawate & Simmonds, 1998; 2001) show at least

some of the ways in which the functioning of the GABAA

receptor may be modulated by its lipid environment. It is
clear that the various regulatory sites on the GABAA

receptor protein are di�erentially a�ected, with consequences
for comparisons of drug potency. For example, the present
results show that 5 mM propofol and 1 mM alfaxalone were
equi-e�ective as GABA potentiators in cholesterol-depleted

neurones whereas 5 mM propofol caused a 3 fold greater
potentiation of GABA than did 1 mM alfaxalone in
cholesterol-enriched neurones. The dominant contribution

to this outcome was the selective inverse relationship between
membrane cholesterol levels and neuroactive steroid e�ec-
tiveness. In addition to the pharmacological signi®cance of

these observations, the likely physiological role of some
neuroactive steroids at the GABAA receptor (Compagnone &
Mellon, 2000) points to the possibility that dietary or
therapeutically-induced changes in circulating cholesterol

could have a neuroactive steroid-dependent in¯uence on
GABAA receptor-mediated inhibition. Such an in¯uence
would be in addition to the more direct modulation of

GABA potency by cholesterol that we have previously
reported (Sooksawate & Simmonds, 2001).

This work was supported by the Medical Research Council. T.
Sooksawate would like to thank Chulalongkorn University,
Thailand for support.
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