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1 The GABA-modulating and GABA-mimetic activities of the monoterpenoid thymol were explored
on human GABAA and Drosophila melanogaster homomeric RDLac GABA receptors expressed in
Xenopus laevis oocytes, voltage-clamped at �60mV. The site of action of thymol was also
investigated.

2 Thymol, 1–100mM, resulted in a dose-dependent potentiation of the EC20 GABA response in
oocytes injected with either a1b3g2s GABAA subunit cDNAs or the RDLac subunit RNA. At 100mM
thymol, current amplitudes in response to GABA were 416772 and 715785% of controls,
respectively. On both receptors, thymol, 100mM, elicited small currents in the absence of GABA.

3 The EC50 for GABA at a1b3g2s GABAA receptors was reduced by 50 mM thymol from 1573 to
471 mM, and the Hill slope changed from 1.3570.14 to 1.0470.16; there was little effect on the
maximum GABA response.

4 Thymol (1–100 mM) potentiation of responses to EC20 GABA for a1b1g2s, a6b3g2s and a1b3g2s
human GABAA receptors was almost identical, arguing against actions at benzodiazepine or
loreclezole sites.

5 Neither flumazenil, 3-hydroxymethyl-b-carboline (3-HMC), nor 5a-pregnane-3a, 20a-diol (5a-
pregnanediol) affected thymol potentiation of the GABA response at a1b3g2s receptors, providing
evidence against actions at the benzodiazepine/b-carboline or steroid sites. Thymol stimulated the
agonist actions of pentobarbital and propofol on a1b3g2s receptors, consistent with a mode of action
distinct from that of either compound. These data suggest that thymol potentiates GABAA receptors
through a previously unidentified binding site.
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Introduction

The rapid actions of the neurotransmitter GABA are mediated

by ionotropic GABA receptors; these are pentameric trans-

membrane proteins with an integral, GABA-gated, anion

channel (Moss & Smart, 2001). In vertebrates, all ionotropic

GABA receptors are designated type A, and metabotropic

receptors type B. Vertebrate GABAA receptors are confined to

the nervous system (Sieghart, 1995), whereas insect ionotropic

GABA receptors are present in the nervous system and on

muscle cells (Sattelle, 1990). To date, 20 different vertebrate

GABAA receptor subunit isoforms have been cloned: a(1–6),
b(1–4), g(1–3), d(1), e(1), p(1), y(1) and r(1–3). Further

diversity can arise due to alternative splicing of some subunit

genes (for GABAA receptor classification see, for example,

Korpi et al., 2002). The most common stoichiometry in

mammalian brain is thought to be 2a2b1g (Barnard et al.,

1998), although there is potential for considerable diversity of

subunit composition. No data are available on the subunit

stoichiometry of insect ionotropic GABA receptors, although

three different subunit candidates are known to be expressed,

one of which, RDL, has four splice variants (Hosie et al.,

1997). Subunit composition is an important determinant of the

pharmacological and biophysical properties of recombinant

GABAA receptors (Sigel et al., 1990; Rabow et al., 1995; Moss

& Smart, 2001), and probably also of native insect GABA

receptors (Hosie et al., 1996).

The many known GABA receptor ligands include agonists,

antagonists and modulators; positive allosteric modulators, for

example, potentiate the actions of GABA. In humans and

other mammals, behavioural effects which are typical of

positive allosteric modulators of GABAA receptors include

anxiolysis, cessation of convulsions, sedation and general
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anaesthesia (Sieghart, 1995), although some of these effects may

result from simultaneous action at other receptor types. Some

positive GABAA receptor modulators can also act as agonists

on the same receptors when tested at higher concentrations

(Robertson, 1989; Franks & Lieb, 1994) and this activity may

influence the spectrum of clinical effects observed (Sanna et al.,

1999). Most GABAA receptor potentiating compounds, with

the notable exception of the benzodiazepine clonazepam, also

enhance the action of GABA at native and recombinant insect

GABA receptors, although they are often less potent than on

GABAA receptors and lack the agonist activity observed at

some vertebrate GABAA receptors (Belelli et al., 1996; Hosie &

Sattelle, 1996). Insect GABA receptors are targets for several

pesticides, such as dieldrin, lindane, BIDN and fipronil, all of

which are antagonists (Bloomquist, 1996). One insecticide

analogue, d-HCH, potentiates at GABA receptors, and this has

been proposed to be acting via the barbiturate binding site on

the receptor (Aspinwall et al., 1997).

Thymol is a monocyclic phenolic compound, the usual

natural source being the essential oil of Thymus vulgaris

(Lamiaceae). Its main therapeutic application is in dental

preparations to kill odour-producing bacteria. It is also

employed as a preservative on the strength of its antimicrobial

(see, for example, Cosentino et al., 1999; Venturini et al., 2002)

and antioxidant properties (Aeschbach et al., 1994). Thymol has

molluscicidal (Singh et al., 1999) and insecticidal properties (Lee

et al., 1997; Mansour et al., 2000; Hummelbrunner & Isman,

2001). In the mollusc Lymnaea acuminata, lethal doses of thymol

affected the activity of key nervous tissue enzymes, and this was

postulated to be the cause of toxicity (Singh et al., 1999). As

yet, no mechanism of action has been identified for thymol

lethality, or that of related monoterpenoids, towards insects.

Recently, thymol was shown to have a direct agonist effect

on heterologously expressed human GABAA receptors resem-

bling that of the anaesthetic propofol (Mohammadi et al.,

2001). In this paper, we examine whether thymol, like

propofol, also potentiates the activity of GABA at vertebrate

GABAA receptors at lower concentrations than those required

for agonist activity. We also test the actions of thymol at a

recombinant insect GABA receptor, the Drosophila melanoga-

ster RDLac subunit; this splice variant (one of four products of

the Rdl gene) forms a functional homomeric GABA receptor

and its pharmacology has been described in detail, including

the actions of the insecticides dieldrin, lindane and fipronil

(ffrench-Constant et al., 1991; Belelli et al., 1996; Hosie et al.,

1997). We also examine whether the site of action of thymol is

shared by any other known GABA receptor modulators

(benzodiazepines, barbiturates, pregnane steroids, loreclezole

and propofol).

Methods

Investigations on insect and human GABA receptors were

carried out in different laboratories, and this is reflected in

minor differences in the respective protocols, as detailed in this

section.

GABA receptor subunit cDNAs and cRNAs

Previous publications have described the cloning and sequen-

cing of cDNAs encoding a1, b1, b3, g2 (Hadingham et al.,

1993a, b) and a6 (Hadingham et al., 1996) human GABAA

receptor subunits, and also the Drosophila RDLac GABA

receptor (ffrench-Constant et al., 1991; 1993; Hosie et al.,

1995). Human cDNAs, encoding a1, a6, b3, b1 and g2s
GABAA receptor subunits, were supplied by The Molecular

Biology Department, Merck, Sharp and Dohme, Terling’s

Park, U.K. Wild-type Rdlac cDNA was a gift from Dr Richard

Roush (Cornell University, U.S.A.); it had been inserted into

the cloning vector pNB40 (Brown & Kafatos, 1988). The

plasmid was subcloned following established methods (Hosie

et al., 1995); subsequent extraction of pNB40 from E. coli was

carried out using endotoxin-free, maxi-prep kits (Qiagen,

U.K.). The plasmid was linearised with NotI restriction

endonuclease to provide a transcription template, and RDLac

cRNA was then synthesised with an SP6 RNA-polymerase and

m7G(50)ppp(50)G capped using an ‘mMessage mMachine’

(Ambion), following the manufacturer’s protocol.

Receptor expression in Xenopus oocytes

Human GABA receptor subunit combinations were expressed

in Xenopus laevis oocytes. Mature female Xenopus oocytes

(Blades, U.K.) were anaesthetised by immersion in a 0.4%

solution of 3-aminobenzoic acid ethylester for 30–40min, or

until completely unresponsive, and part of the ovary was

excised via a small abdominal incision. The isolated ovaries

were immersed in modified Barth’s solution (MBS) of the

following composition (mM): NaCl, 88; KCl, 1; NaHCO3, 2.4;

HEPES, 10; MgSO4 � 7H2O, 0.82; Ca(NO3)2 � 4H2O, 0.33;

CaCl2 � 2H2O, 0.91; pH 7.5 (adjusted with NaOH), and then

transferred to a hypertonic isolation medium composed of

(mM): NaCl, 108; KCl, 2; EDTA, 1.2; HEPES, 10; pH 7.9

(adjusted with NaOH), to aid subsequent manual defollicula-

tion. Residual follicular cells were removed by incubating the

oocytes in collagenase type IA (Sigma, U.K.), 0.5mgml�1 in

MBS, for 6min. A manual oocyte injection pipette (Drum-

mond, U.K.) was used to administer 20 nl of GABA subunit

cDNA mixture to each cell nucleus. Combinations of three

human GABAA receptor cDNAs were injected, in the ratios of

either 1 : 1 : 1 or 1 : 0.1 : 1 to optimise the expression of

benzodiazepine-sensitive GABAA receptors. The concentration

of total cDNA in each case was 20 ngml�1, in an injection

buffer consisting of (mM): NaCl, 88; KCl, 1; HEPES, 15; pH 7

(adjusted with NaOH). Following injection, the cells were

transferred to MBS supplemented with gentamycin, 50mg l�1;

penicillin, 10,000U l�1; streptomycin, 10mg l�1; and sodium

pyruvate, 2.5mM. Oocytes were maintained at 191C initially.

Insect GABA receptors were expressed in Xenopus oocytes

by a similar method. In this case, before injection, the ovaries

were washed and stored in standard oocyte saline (SOS), of the

following composition (mM): NaCl, 100; KCl, 2; CaCl2, 1.8;

MgCl2, 1; HEPES, 5; pH 7.6 (adjusted with NaOH). The

cRNA encoding RDLac, 50 ng at 1mg ml�1, was injected

cytoplasmically using a Nanoject pipette (Drummond, U.K.);

some cells were omitted for use in control experiments or

injected with the same volume of dH2O. The incubation

medium employed consisted of SOS supplemented with

antibiotics and pyruvate, at the concentrations described

previously, and horse serum at 10ml l�1. In the 30min

following injection, oocytes were kept at 41C to allow recovery.

Cells were incubated at 161C and transferred to fresh medium

on a daily basis.
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Batches of cells responding with large currents were

transferred to 41C to prevent receptor overexpression and

prolong viability.

Electrophysiology and data analysis

To investigate GABA receptor responses, oocytes were secured

by a ring of stainless-steel entomological pins embedded in the

Sylgard floor of a Perspex bath. Fresh bathing solution was

continually perfused through the chamber by a gravity-fed

system. All drugs were applied dissolved in the bathing

solution, although stock solutions of hydrophobic compounds

were prepared in DMSO or acetone and diluted in bathing

solution such that the concentration of organic solvent did not

exceed 0.1%. Solutions of 0.1% acetone or DMSO had no

effect on the current required to clamp injected oocyte

membranes at �60mV, nor did they affect responses to

GABA. DMSO and acetone (Hosie et al., 1995), at these

concentrations are used as solvents for drugs in oocyte

electrophysiology.

Membrane currents recorded from oocytes expressing

GABA receptors were measured by two-electrode voltage-

clamp, with the membrane held at �60mV, using 2M KCl-

filled electrodes with 1% agar in 2M KCl at the tip for GABAA

receptors, and 3M KCL-filled electrodes for RDLac. Electrode

resistance was maintained at 0.5–5MO. Currents due to

GABAA receptors were amplified using a GeneClamp 500

Amplifier (Axon Instruments, U.S.A.) and recorded on two

outputs: electronically, using ‘Oocyte’ for the Digitimer

Digistoret System (Digitimer Ltd, U.K.), and on chart paper

with a Thermal Arraycorder (WR 8500 series, Graphtec,

U.K.). Currents through RDLac homomers were amplified

using an Oocyte Clamp OC-725C amplifier (Warner Instru-

ment Corporation, U.S.A.) and displayed on a chart recorder.

Each cell expressing GABAA receptors was challenged with

3mM GABA to obtain the maximal response, and those with a

maximal response of less than 100 nA were rejected. This was

not necessary for RDLac receptors, as consistently large

responses were generated. Only oocytes yielding stable

responses were selected for experimental work. Uninjected or

distilled water-injected (dH2O-injected) oocytes did not re-

spond to GABA or thymol.

Responses to drugs were measured at peak current. Dose–

response data were generated using increasing concentrations

of the ligand of interest. Curves were fitted to the data, both

for individual cells and also to the mean data points.

GraphPad Prism (GraphPad Software, U.K.) was used to fit

the four-parameter logistic equation below, which describes a

sigmoid curve of variable slope, to the normalised data:

j ¼ Imin þ ½ðImax � IminÞ=ð1þ 10ðlog EC50�½A	ÞnHÞ	 ð1Þ
where j is the normalised current induced by a given

concentration of agonist, [A]; Imax and Imin are the maximal

and minimal normalised agonist responses, respectively; EC50

is the concentration of agonist predicted to elicit half the

maximal response and nH is the slope (Hill) coefficient. Results

are presented as the mean7one standard error of the mean

(7s.e.m.) of experiments on n cells. EC50 values given in the

text for human GABAA receptors are mean values calculated

from several EC50 values, each of which was estimated from

the dose–response data obtained from an individual cell; for

the insect RDLac receptor, the EC50 was estimated from dose–

response data pooled from 14 cells. For the graphical

presentation of data, all dose–response results were averaged

before a single regression line was fitted. Differences between

mean values were evaluated by unpaired or paired Student’s

t-test, or one-sample t-test, as appropriate, and considered

significant if Po0.05.

Thymol dose–response experiments on human GABAA

receptors were carried out by determining the GABA EC20

for each cell, and then applying the EC20 in conjunction with

increasing doses of thymol after a 40 s preapplication with

thymol alone. To estimate the GABA EC20 for RDLac

homomers, dose–response data from 14 cells were pooled

and equation (1) used to fit a curve to the averaged data. For

thymol dose–response experiments, a set concentration of

thymol was applied for 2min, followed by coapplication of

this concentration with EC20 GABA. This regime was repeated

using increasing concentrations of thymol. Data were handled

in the same manner as for the GABA dose–response curves,

except that each response was normalised to the EC20 GABA

response for each cell.

Further investigations were carried out on human GABAA

receptors. The effects of thymol on the GABA dose–response

curve were estimated by applying increasing concentrations of

GABA to each cell, and then applying the same GABA doses

together with 50mM thymol, each after a 40 s thymol

preapplication. To assess competitive interactions between

thymol and GABA-inhibiting or -enhancing ligands, the

GABA EC20 was applied in conjunction with the ligand in

the presence and absence of 50mM thymol. To assess

competitive interactions between thymol and the agonist-like

effects of the positive modulators pentobarbital and propofol,

the ligand was applied until stable responses were obtained,

and then it was coapplied with 50mM thymol. In order to

minimise desensitisation and rundown effects, washout periods

between drug applications were 5min after a maximal GABA

response, and 3–10min after other applications, depending on

the drug and concentration applied.

Drugs

Propofol (2,6-diisopropylphenol, Aldrich), 3-HMC (Tocris),

GABA (Sigma or Research Biochemicals Inc.), pentobarbital,

5a-pregnanediol, thymol (Sigma), flumazenil (synthesised by

K. Moore in the Medicinal Chemistry Department, Merck,

Sharp and Dohme, Terling’s Park, U.K.).

Results

Potentiation of GABA action by thymol on human
GABAA receptors

Initial studies were performed on human a1b3g2s recombinant
receptors as this subunit combination is abundant in the

vertebrate CNS, and changing one or other of the subunits has

a dramatic effect on the actions of modulators. Thymol,

1–100 mM, applied prior to (for 40 s) and during the applica-

tion of EC20 GABA resulted in dose-dependent potentiation of

the GABA response (Figure 1). Above 100mM, thymol

potentiation decreased with increasing thymol concentration.

The maximal potentiation observed for the a1b3g2s GABAA

receptor was 416772% (n¼ 5) at 100 mM thymol.
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Intrinsic activity of thymol on human GABAA receptors

Cells expressing a1b3g2s did not respond directly to 1–50mM
thymol (the change in membrane current over the course of the

40 s application of thymol was never greater than 9 nA in

amplitude). Thymol at 100mM and above generated responses,

although these were extremely small in amplitude compared to

the striking potentiation of the GABA-induced current by

this same thymol concentration (as illustrated by the trace

in Figure 1). Dose–response curves showing the agonist

action of thymol were not examined because the concentra-

tion of acetone required to solubilise 300 mM and higher

concentrations of thymol affected the current required to

clamp the cell.

Thymol potentiates the GABA response mediated by
recombinant, homomeric insect (Drosophila
melanogaster) RDLac GABA receptors

Of all the splice variants of the Rdl gene, the Rdlac gene

product has been most extensively studied. The GABA dose–

response curve obtained from oocytes expressing RDLac was

used to estimate an EC20 value for GABA of 4 mM. This EC20

test concentration was then deployed in further experiments to

investigate potentiation by thymol. The EC50 was 8.5mM (95%

confidence interval: 7.1–10.0mM), which was close to pre-

viously published EC50 values for this receptor (Belelli et al.,

1996).

Thymol, 1–100 mM, potentiated the EC20 GABA response

when coapplied for 15–30 s, following a 2min preapplication

of thymol alone (Figure 2). The potentiation was fully

reversible and dose-dependent. The degree of potentiation by

thymol was also affected by the GABA concentration, thymol

(100mM) increasing the response to 10mM GABA less than

two-fold (data not shown), whereas the response to EC20

GABA (4 mM) was potentiated over seven-fold.

Any possible potentiation by concentrations of thymol

greater than 100 mM could not be investigated due to instability

of the clamped current at these doses. Thymol at 100mM was

without effect when tested on uninjected oocytes (n¼ 3, from

three separate batches).

Thymol is a weak agonist on Drosophila melanogaster
RDLac GABA receptors

A small-amplitude, direct agonist action of thymol was

observed in oocytes expressing RDLac, but not in uninjected

or dH2O-injected cells: Concentrations of 1–50 mM thymol and

below had a negligible effect, eliciting changes in the

membrane potential of 15 nA or less over a 2min application.

Thymol, at 100 mM, resulted in currents which were 57722 nA

(n¼ 4) in amplitude at 2min (Figure 2, lower inset trace).

Responses to thymol alone began immediately upon applica-

tion, but were slow to gain amplitude and failed to plateau

throughout the 2min application time.

Figure 2 Actions of thymol at an insect GABA receptor. Xenopus
oocytes expressing the Drosophila GABA receptor subunit RDLac

were voltage-clamped at �60mV. The upper inset trace shows
successive recordings from a single RDLac-expressing oocyte and
demonstrates thymol-induced potentiation of the GABA-induced
current through this receptor. The trace also shows that, after
washout, the control GABA response is restored. The lower inset
trace shows the current elicited by high concentrations of thymol, in
this case 100mM; this response was recorded during a preapplication
period, where thymol was applied alone before being applied
together with EC20 GABA, and is shown here at high amplification.
The graph shows thymol-induced dose-dependent potentiation of
the GABA response mediated by RDLac homomers. Currents are
expressed as a percentage of the control response to GABA, shown
here as 100%. Data points displayed are the mean7one s.e.m.
(n¼ 6–7).

Figure 1 The dose-dependent potentiation of the EC20 GABA
response by thymol at recombinant human GABAA receptors with
the subunit combinations a1b1g2s, a6b3g2s and a1b3g2s. The
GABA response was potentiated about equally by thymol at all
the three receptors. Each data point is a mean value7one s.e.m.
(n¼ 3–6). Recordings were obtained from Xenopus oocytes, voltage-
clamped at �60mV. The example trace was recorded from a single
a1b3g2s-expressing cell, and shows 100 mM thymol-induced poten-
tiation of the control GABA current. The trace also illustrates how,
at concentrations of 100 mM and above, thymol induces GABA
receptor-mediated currents when applied alone during the 40 s
preincubation time.
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Effects of thymol on the GABA dose–response curve of
human a1b3g2s GABAA receptors

Thymol potentiates the response to concentrations of GABA

below EC100, the largest effects being seen over the range EC5–

EC50 (Figure 3a, b). The amplitudes of currents induced by 3

and 100mM GABA were 7.671.7% (n¼ 5) and 89.074.8%

(n¼ 5) of the maximum, respectively. In the presence of 50mM
thymol, these responses were potentiated to 45.075.2% (n¼ 5)

and 98.673.0% (n¼ 5) of the maximum GABA response,

respectively. The GABA dose–response curve was shifted to

the left by 50mM thymol (Figure 3b) and the mean EC50 for

GABA was reduced significantly from 1573 to 471mM (paired

t-test). The Hill slope was also reduced significantly (paired

t-test) from 1.3570.14 to 1.0470.16. However, 50mM thymol

had little effect on the maximum GABA response (Figure 3b).

Thymol potentiates the GABA responses mediated by
human GABAA receptors of different subunit composition
with similar potency

In the range 1–100 mM, thymol potentiated the EC20 GABA

response of a1b1g2s and a6b3g2s vertebrate GABA receptors

in a dose-dependent manner. The thymol dose-response curves

obtained for a1b1g2s, a6b3g2s and a1b3g2s receptors were

almost identical: over the range of concentrations tested,

GABA actions on the 3 subunit combinations were potentiated

about equally by thymol (Figure 1, graph).

Thymol-induced potentiation of a1b3g2s human GABAA
receptors is not affected by the modulators flumazenil,
3-hydroxymethyl-b-carboline and 5a-pregnanediol

Flumazenil is a competitive antagonist at the benzodiazepine

site; flumazenil is not expected to depress the GABA response

under normal circumstances, but instead reduces the potentia-

tion of GABA responses by other benzodiazepines. Coapplica-

tion of thymol and GABA, following a 40 s preincubation with

thymol, potentiated the GABA response to 346.5734.7%

(n¼ 4) (Figure 4a, d). Application of 50 mM thymol, EC20

GABA and 1mM flumazenil to oocytes expressing a1b3g2s
receptors following preapplication of flumazenil (30 s) and

thymol plus flumazenil (40 s) resulted in a mean increase of the

EC20 GABA response to 276.376.6% (n¼ 4) (Figure 4a, d).

Mean values for thymol potentiation in the presence and

absence of 1mM flumazenil were not significantly different

(unpaired t-test), suggesting that thymol is not acting via the

benzodiazepine site.

When applied to oocytes expressing a1b3g2s, the b-carboline
3-HMC, 100 mM, caused a slight decrease in the EC20 GABA

response, as expected, the amplitude being 83.773% (n¼ 3)

of control (Figure 4b, d). When challenged with 50 mM
thymol and EC20 GABA in combination, potentiation of the

GABA response to 320760% (n¼ 3) of control values

was observed. Coapplication of 50 mM thymol, EC20 GABA

and 100 mM 3-HMC together, following preapplications

of thymol and 3-HMC, resulted in an augmentation of the

EC20 GABA response to 308764% (n¼ 3). The difference

in the degree of thymol potentiation in the presence and

absence of 3-HMC was not significant using an unpaired t-test,

suggesting a lack of competition between thymol and

b-carbolines.
While there are no steroid site antagonists, the partial

agonist 5a-pregnanediol, at 3 mM, applied with EC20 GABA,

only increased the a1b3g2s GABA response to a small

degree. The amplitude of the potentiated response was

164726% (n¼ 4) of control (Figure 4c, d). The mean

potentiation of the EC20 GABA response by 50 mM thymol

in these cells was 360737% (n¼ 4) of control. Coappli-

cation of thymol, GABA and 5a-pregnanediol, following

Figure 3 Effects of thymol on the GABA dose–response relationship of a human GABAA receptor, heterologously expressed in
Xenopus oocytes, voltage-clamped at �60mV. The degree to which 50 mM thymol potentiates the GABA response of the a1b3g2s
GABAA receptor is dependent on GABA concentration. The example traces (a) show enhancement of the responses to 1 and 10 mM
GABA. The graph (b) demonstrates that 50 mM thymol causes a significant leftward shift of the GABA dose–response curve. Data
were normalised by expression as a percentage of the maximal GABA response, and are shown as the mean of five
observations7one s.e.m.
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preapplications of thymol and 5a-pregnanediol (40 s), en-

hanced the control response to 395739% (n¼ 4). As the

enhancement produced by thymol and 5a-pregnanediol was
not significantly lower than that of thymol alone (unpaired t-

test), these data suggest that this steroid compound does not

compete with thymol.

Actions of pentobarbital and propofol at a1b3g2s human
GABAA receptors are enhanced by thymol

Pentobarbital and propofol potentiate GABAA receptors, and

at saturating concentrations (300 and 60 mM, respectively),

both elicit inward currents in oocytes expressing the a1b3g2s

Figure 4 Benzodiazepine, b-carboline and steroid allosteric modulators have no effect on thymol-induced potentiation of GABA
responses at human a1b3g2s GABAA receptors heterologously expressed in Xenopus oocytes, voltage-clamped at �60mV. This
figure shows the enhancement of EC20 GABA responses elicited by thymol alone and in combination with either (a) flumazenil, (b)
3-hydroxymethyl-b-carboline (3-HMC), or (c) 5a-pregnane-3a, 20a-diol (5a-pregnanediol). The mean data from these experiments
(d) are shown7one s.e.m. (n¼ 3–4).
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receptor. Thymol, 50mM, applied for 40 s prior to coapplica-

tion with 300mM pentobarbital, significantly potentiated

responses to pentobarbital (in a one-sample t-test) to

241736% (n¼ 5) when expressed as a percentage of the

pentobarbital current (Figure 5a, c). In a similar experiment,

thymol, 50 mM, was applied for 40 s prior to coapplication with
60 mM propofol, a general anaesthetic with a similar structure

to thymol. The response to propofol was also significantly

enhanced in the presence of thymol (shown by one-sample t-

test), but to a lesser degree than the pentobarbital response,

showing 11872.9% potentiation (n¼ 4) (Figure 5b, c). These

results suggest that thymol does not compete at the

barbiturate- or propofol-binding sites.

Discussion

Thymol potentiates the actions of GABA at three recombinant

human GABAA receptors of different subunit composition,

and also at a recombinant insect ionotropic GABA receptor.

Modulation of the human a1b3g2s, a6b3g2s and a1b1g2s
GABAA receptors and Drosophila RDLac homomers was dose-

dependent over a similar concentration range, suggesting a

non-subunit-selective action, although it appears that thymol

is less potent on mammalian GABAA receptors than on the

insect model ionotropic GABA receptor. At all subunit

combinations, potentiation was observed at concentrations

where thymol elicited either zero or minimal agonist activity,

indicating that the enhanced response to GABA is likely to be

the result of a positive allosteric action of thymol. A separate

agonist action of thymol was seen at both mammalian and

insect recombinant receptors between 100 and 500 mM, and at

these concentrations thymol failed to generate currents in

uninjected or dH2O-injected eggs, indicating that its effects

were GABA receptor-mediated. Agonist actions of thymol

have also recently been described at rat a1b2g2 GABAA

receptors expressed in HEK cells, although the potentiating

effect was not investigated (Mohammadi et al., 2001).

The significant leftward shift of the GABA dose–response

curve obtained from human a1b3g2s-expressing oocytes

demonstrates that thymol can decrease the apparent EC50 of

GABA, but does not greatly affect the maximum response.

This suggests that thymol is specifically facilitating the manner

in which GABA binds to or activates the receptor, but cannot

increase the current flow above the maximum possible

achieved by GABA alone. Thymol also decreased the Hill

coefficient (nH). In these respects, the actions of thymol on

GABAA receptors are similar to that of the insecticide d-HCH
on RDLac homomers, but distinct from the action of d-HCH
on GABAA receptors. In the case of RDLac homomers,

d-HCH shifts the dose–response curve to the left, decreasing

nH but without affecting the maximal response (Hosie &

Sattelle, 1996), whereas on GABAA receptors d-HCH shifts the

dose–response curve to the left and also depresses the

amplitude of the maximal response (Woodward et al., 1992).

Changing the receptor subunit composition of human

GABAA receptors and observing the resulting impact on

modulator potency is a rapid method of identifying specific

subunits or subunit interfaces that are important for mediating

the effects of a particular ligand. Such areas may form part of

the modulator-binding site. Replacing a1 with a6 renders

receptors otherwise sensitive to most benzodiazepines unre-

sponsive to the majority of this class of compound, with the

exception of certain benzodiazepine site ligands, such as the

partial inverse agonist Ro 15-4513 (Wieland et al., 1992). The

a1/a6 substitution was used previously in an attempt to

characterise a novel positive allosteric modulator of GABAA

receptors, where the activity of (þ )-ROD188 was compared

on benzodiazepine-sensitive (rat a1b2g2s) and benzodiazepine-
insensitive combinations (rat a1b2, rat a6b2g2) of subunits. In
fact, (þ )-ROD188 was most active at receptors containing the

a6 isoform in axb2g2, where x¼ 1, 2, 3, 5, 6 (Thomet et al.,

2000). However, thymol showed no particular selectivity for

a1 or a6 in terms of potency or maximal potentiation, suggesting
that it does not act via the benzodiazepine-binding site, nor the

(þ )-ROD188 site. Loreclezole potentiates the actions of

GABA at both RDLac and GABAA receptors, the determi-

nants of potency at the loreclezole site on GABAA receptors

being shared by the positive modulatory actions of etomidate

and DMCM (Stevenson et al., 1995; Hill-Venning et al., 1997),

but no competitive inhibitors have thus far been identified.

Ligands binding to the loreclezole site are characterised by a

reduced potency on b1-containing receptors in comparison to

b3-containing receptors. Thymol potentiated the activity of

GABA at recombinant a1bxg2s GABAA receptors, where

x¼ 1 or 3, with no difference in potency, suggesting that

thymol does not interact in the same manner as loreclezole.

Studying competitive interactions between ligands is another

method of classifying allosteric sites. Most benzodiazepines are

Figure 5 Thymol potentiates the agonist actions of pentobarbital
and propofol at human a1b3g2s GABAA receptors, expressed in
Xenopus oocytes and voltage-clamped at �60mV. Responses of the
GABAA receptors to (a) pentobarbital or (b) propofol were
enhanced by 50 mM thymol. The mean data from these experiments
(c) are shown7one s.e.m., n¼ 4 in each case. Both compounds show
significant potentiation using a one-sample t-test.
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positive allosteric modulators of vertebrate GABAA and native

insect receptors but, with the exception of 40-chlorodiazepam
(Hosie & Sattelle, 1996), are inactive or weakly active at RDLac

homomers (Sattelle et al., 1988; Hosie & Sattelle, 1996),

probably because activity depends on the presence of more

than one subunit type, as it does in vertebrates (Peters et al.,

1988). It is relatively difficult to perform competition studies

between two compounds that both potentiate GABA re-

sponses; therefore, the potent GABAA receptor benzodiaze-

pine site antagonists flumazenil and the b-carboline 3-HMC

were chosen for study. Flumazenil (Ro15-1788), at 1mM,
suppressed potentiation of the rat recombinant a1b2g2
GABAA receptor by the b-carboline ZK 91085, but had

no effect on the activity of (þ )-ROD188 (Thomet et al.,

2000), suggesting that ZK 91085 has a mode of action in

common with benzodiazepines, but (þ )-ROD188 does not. At

invertebrate GABA receptors, 3-HMC was reported to

competitively antagonise the potentiating effects of 40-chlo-
rodiazepam at RDL homomeric receptors (Hosie & Sattelle,

1996). If thymol acted via the benzodiazepine b-carboline-
binding site, it might be expected that flumazenil or 3-HMC

would displace it and result in a substantial reduction in

thymol activity; no significant reduction in thymol activity

occurred, suggesting that thymol does not act through either

binding site.

Functional competition studies where both agents enhance

the effects of the agonist are more difficult to interpret; it is not

possible to predict exactly how the potentiating activities of

two different compounds, whether acting at the same binding

site or not, will be integrated by the receptor in terms of overall

conformational changes and subsequent effect on the response.

Previous studies (Thomet et al., 2000) have used the rationale

that an interaction between compounds would manifest as a

potentiation by the dual combination less than the (theoretical)

additive effect of the two compounds applied separately. The

partial steroid agonist 5a-pregnanediol was used to investigate

possible activity at the neurosteroid-binding site. The

5a-pregnanediol-induced potentiation of the GABA response

was much lower than that of thymol, as expected. As

5a-pregnanediol is only weakly efficacious, competition

between thymol and 5a-pregnanediol could be expected to

result in a combined enhancement lower than that produced

by thymol alone; instead, the combined enhancement was

higher. This result suggests that thymol does not act via the

steroid-binding site.

At GABAA receptors, barbiturates potentiate the effects of

GABA and also have a direct agonist effect over a higher

concentration range (Peters et al., 1988); since competition

studies between two potentiating compounds yield complex

results, we tested the ability of thymol to potentiate the agonist

effects of pentobarbital and the anaesthetic propofol, ensuring

saturation of the potentiating site. Like (þ )-ROD188

(Thomet et al., 2000), thymol potentiated pentobarbital-

induced currents, and, to a lesser degree, also those of

propofol, indicating a lack of competitive interaction with

these compounds. This was somewhat surprising since

propofol and thymol are relatively similar in structure, and

might be expected to share a site of action.

The evidence reported here suggests that thymol does not

share sites of action with many of the most widely investigated

allosteric modulators of GABAA activity, these being benzo-

diazepines, b-carbolines, barbiturates, propofol, loreclezole

and steroids. It is still contentious as to whether the

barbiturates and propofol act as agonists and positive

modulators via the same or distinct sites. A range of GABA

receptor subunit point mutations influence both agonist and

modulator activities of pentobarbitone and/or propofol

(Amin, 1999; Pistis et al., 1999), but this could reflect common

transduction components rather than a single binding site

(Belelli et al., 1999). The simplest conclusion is that thymol has

a mode of action different from that of pentobarbital and

propofol as GABA receptor agonists, and possibly also as

modulators.

When the effects of one drug are suppressed by another, in

the absence of binding data, it is not possible to classify the

interaction as competitive or allosteric inhibition. Further-

more, variations in drug potency between receptors composed

of different subunit combinations may reflect differential

transduction rather than differential binding. The lack of

effect on the thymol enhancement in all of our experiments

suggests that neither the binding site nor transduction domains

mediating thymol potentiation were affected in any of the test

conditions. In this study, thymol has tentatively been termed a

positive allosteric modulator of GABA receptors even though

no putative allosteric site (as described in reviews such as

Haefely, 1994; Changeux & Edelstein, 1998) has been defined.

This term has previously been applied to ligands before a

binding site on the receptor itself was confirmed, for example,

(þ )-ROD188 was described as a positive allosteric modulator

of the GABA receptor, simply by the virtue that it stimulated

GABA-induced currents at GABA receptors in a concentra-

tion-dependent fashion and induced negligible currents by

itself (amplitude not given). No high-affinity binding sites were

demonstrated for (þ )-ROD188; a weak interaction with the

benzodiazepine site was found, but was clearly not the site

through which potentiation was mediated. Slight selectivity

was shown for a6-containing receptors (Thomet et al., 2000),

but this does not necessarily reflect binding preferences. Until

a specific binding site on the receptor is described, an

intermediary site of action cannot be ruled out.

Intermediary sites of action have previously been proposed

for other enhancers of GABA function, such as anaesthetics.

Many chemicals that are volatile and lipophilic, physicochem-

ical properties shared by thymol, have anaesthetic effects in

humans; furthermore, at therapeutic concentrations, ion

channels are the principal targets of anaesthetics (Yamakura

et al., 2001), but for many years this was thought to be an

indirect action secondary to bilayer disordering, for example,

detergents and free fatty acids affect receptor channel function

in this way (Koenig & Martin, 1992). Thymol is known to

affect plasma membrane properties such as stability (Singh,

1980; Manabe et al., 1987) and permeability to drugs, for

example, piroxicam (Doliwa et al., 2001). In our study, thymol

did not affect bilayer integrity at the concentrations required

for potentiation, as negligible changes in the current required

to clamp the membrane potential (o10 nA) occurred in

uninjected oocytes.

The majority of evidence gathered recently supports

anaesthetic action at discrete sites on the ligand-gated ion

channels themselves. For example, although a huge diversity of

structures enhance GABAA receptor function, within each

chemical group there are strict structure–activity requirements

and subunit preferences, and these observations are supported

by competitive interactions between chemically related mole-
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cules in binding and functional studies (Belelli et al., 1999).

Thus far, it is not possible to draw any conclusions about the

purported thymol-binding site on the GABA receptor. There

could be multiple sites mediating the effect of thymol, for

example, the portions of the GABA receptor protein mediating

potentiation might be separate from those through which the

agonist effect occurs, as proposed for other ligands that elicit

both effects (Mohammadi et al., 2001). As thymol does not

appear to compete with other GABAergic ligands, it is possible

that thymol enhancement occurs via a previously uncharac-

terised allosteric site on the GABAA receptor, which could

represent a new avenue in therapeutic and/or pesticide research.
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