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1 We examine the sensitivity of GABAA and glycine receptors (same ionotropic superfamily) to
oleamide. We address subunit-dependence/modulatory mechanisms and analogies with depressant
drugs.

2 Oleamide modulated human GABAA currents (a1b2g2L) in oocytes (EC50, 28.94+s.e.mean of
1.4 mM; Maximum 216%+35 of control, n=4). Modulation of human a1 glycine homo-oligomers
(signi®cant), was less marked, with a lower EC50 (P50.05) than GABA receptors (EC50,
22.12+1.4 mM; Maximum 171%+30, n=11).

3 Only the hypnogenic cis geometric isomer enhanced glycine currents (without altering slope or
maximal current, it reduced the glycine EC50 from 322 to 239 mM: P50.001). Modulation was not
voltage-dependent or associated with a shift in Er.

4 b1 containing GABAA receptors (insensitive to many depressant drugs) were positively
modulated by oleamide. Oleamide e�cacy was circa 26 greater at a1b1g2L than a1b2g2L
(P=0.007). Splice variation in g subunits did not alter oleamide sensitivity.

5 cis-9,10-Octadecenoamide had no e�ect on the equilibrium binding of [3H]-muscimol or [3H]-
EBOB to mouse brain membranes. It does not directly mimic GABA, or operate as a neurosteroid-,
benzodiazepine- or barbiturate-like modulator of GABAA-receptors.

6 The transport of [3H]-GABA into mouse brain synaptoneurosomes was una�ected by high
micromolar concentrations of cis-9,10-octadecenoamide. Oleamide does not enhance GABA-ergic
currents or prolong IPSCs by inhibiting GABA transport.

7 Oleamide is a non-selective modulator of inhibitory ionotropic receptors. The sleep lipid exerts
its e�ects indirectly, or at a novel recognition site on the GABAA complex.
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Introduction

The fatty acid amide, cis-9,10-octadecenoamide (`oleamide' or
cOA), was isolated from the cerebrospinal ¯uid of sleep

deprived cats, and synthetic cOA can induce sleep when
injected i.p. or i.c.v. into naõÈ ve animals (Cravatt et al., 1995;
Basile et al., 1999). 5HT1, 2 and 7 receptors have been cited as

high-a�nity targets (Boger et al., 1998a) and 5HT receptors are
certainly involved in sleep (Pascoe, 1994) but the concentration
of oleamide required to exert a maximal modulatory response

in recombinant 5HT receptors (Huidobro Toro & Harris,
1996) is below the physiological range of oleamide reported in
the CSF of even alert animals (Basile et al., 1999).
In contrast, at concentrations greater than 10 mM, oleamide

can uncouple gap junctions (Boger et al., 1998b). It has been
suggested that cOA blocks gap junctions by increasing the
membrane homeoviscosity of neurones (Lerner, 1997). Others

suggest that although oleamide (410 mM) can ¯uidize
membranes this is not relevant to sleep induction, but their

ex vivo experiments suggest that sleep-inducing doses of the
lipid result in very high brain concentrations (Gobbi et al.,
1999).

Oleamide is broken down by fatty acid amide hydrolase
(FAAH) enzymes, which also degrade the endocannabinoid
anandamide. Exogenous oleamide's e�ects on locomotor

activity (Cheer et al., 1999) and sleep are broadly
cannabinomimetic (Mendelson & Basile, 1999). However,
oleamide binds only weakly to CB1 receptors (Cheer et al.,
1999) and it cannot directly alter GTPgS binding (Boring et

al., 1996). A popular interpretation of the above evidence is
that oleamide competes with anandamide for FAAH, causing
the levels of anandamide to increase thus producing sleep

(Cheer et al., 1999).
We have highlighted that GABAA receptors (see also Yost

et al., 1998) and voltage-gated sodium channels are both
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stereoselectively modulated by oleamide (trans-oleamide was
much less potent as a sleep inducer and is not active at these
presumptive targets in vitro) (Laws et al., 2001). Sodium

channels are blocked by oleamide in a state/voltage-
dependent manner, which is an acknowledged e�ect of
several classes of depressant drug (Verdon et al., 2000;
Nicholson et al., 2001). GABAA receptor currents are

enhanced in the presence of oleamide (Lees et al., 1998).
The modulatory e�ects of oleamide on GABAA receptors,
and the fact that it blocks voltage-gated sodium channels in a

manner similar to anaesthetic and anticonvulsant drugs,
suggests that this or related lipids may be endogenous ligands
for drug recognition sites (Laws et al., 2001). Most

anaesthetics (with the exception of ketamine, nitrous oxide
and xenon) are demonstrably active at GABAA receptors,
where their potency mirrors their anaesthetic potency in vivo

(Franks & Lieb, 1994; Laws et al., 2001). Glycine receptors
share sensitivity to a variety of anaesthetics and were an
important tool in seeking key anaesthetic recognition
domains on the GABAA receptor protein (Belelli et al.,

1999b). The b subunit of the GABAA receptor and the a
subunit of the glycine receptor contain sites on the M2 and
M3 domains which are crucial for modulatory e�ects of

depressant drugs. These sites confer sensitivity of the receptor
not only to anaesthetics but also to the anticonvulsant
loreclazole (Wa�ord et al., 1994) and the recently disclosed

depressant e�ects of NSAIDS (Halliwell et al., 1999).
Naturally occurring subunit combinations (isoforms) of the
GABAA receptor show di�ering sensitivity to volatile

anaesthetics, with the b1 containing receptors being insensi-
tive. The b1 and b2 subunits contain di�erent amino acid
residues (b1, Ser-290, b2, Asn-289) in the M2 domain leading
to the insensitivity of b1 to etomidate and loreclazole (Belelli

et al., 1997). The M2 domain on both the a and b subunits
confers absolute sensitivity to two volatile anaesthetics and
ethanol (Mihic et al., 1997). A later publication by Krasowski

& Harrison (2000) showed that 12 out of 13 general
anaesthetics, including iso¯urane and en¯urane, had a
reduced or no modulatory e�ect on GABA receptors

containing mutations in the M2 domain of a and/or b
subunits. This site on the M2 domain may represent a site for
direct binding of oleamide to the GABAA receptor although
the GABAA receptor-chloride ion channel has a remarkable

capacity for allosteric regulation by both drugs and steroid
hormones. In this study we examine the sensitivity of glycine
receptor subunits to modulation by oleamide. Furthermore,

we probe the in¯uence of GABAA b subunits and of splice
variation in g subunits (which alter the sensitivity to ethanol)
on oleamide modulation. Biochemical experiments on GABA

uptake and EBOB/muscimol binding are used to seek a
mechanism for potentiation of chloride currents by oleamide.

Methods

Recombinant receptors in oocytes

Stage V ±VI oocytes were isolated from female xenopus laevis

and stripped of their follicular layer (Edwards & Lees, 1997).
cRNA for the human glycine a1 homo-oligomer (kindly
supplied by Dr S. Daniels, University of Cardi�) was injected

into the vegetal pole. cDNA for human subunits (speci®ed
combinations in text: all kindly supplied by Dr Paul Whiting,
MSD, Harlow) were injected blind into the animal pole in

sterile bu�er (0.2 ± 0.3 ng of each cDNA subunit mixed to
20 nl per oocyte). Injected oocytes were incubated at 18 ±
228C for 1 ± 5 days prior to electrophysiological studies. All
data reported here was obtained from a minimum of two

independent batches of oocytes.

Electrophysiology

Oocyte electrodes were bevelled (Narishige diamond wheel
Model no. EG-40) to give a resistance of 0.5 ± 1.5 MO and ®lled

with 2 M KCl. Frog ringer saline contained (mM): NaCl 115,
KCl 2.5, HEPES 10, CaCl2 1.8, pH 7.2 (NaOH) and was
perfused at approximately 10 ml min71. Cells were voltage

clamped at 760 mV using the two electrode voltage clamp
technique (GeneClamp 500, Axon Instruments, CA, U.S.A.).
Results were measured as a current shift. Recordings were
made on a chart recorder, and digitized using Polyview

Software (Polyview, Grass Instruments, U.S.A.). GABA and
glycine were applied for long enough to produce peak responses
(5 ± 30 s). All experiments were conducted at 22 ± 248C.

Oocyte pharmacology

Mefenamic Acid (courtesy of Dr Bob Halliwell, University of
Durham, U.K.) was dissolved in DMSO and diluted 1 in 1000
with extracellular saline. Oleamide was dissolved in DMSO and

diluted 1 in 1000 with extracellular saline. All experimental
salines contained 0.1% DMSO: to study oleamide, 0.033%
BSA was also routinely added (to facilitate the dissolution of
oleamide). Oleamide and mefenamic acid were formulated

daily and perfused from glass containers via Te¯on lines.
GABA and glycine were dissolved in saline and applied via a
rapid (solenoid based) agonist perfusion system. Drugs or

receptor modulators were superfused at 10 ml min71 between
and during agonist pulses (to achieve/maintain equilibrium).

Radioligand binding

cis-9,10-Octadecenoamide and the corresponding trans isomer
were synthesized and puri®ed by Professor C.R. Ganellin

(University College London). The radiochemicals [3H]-EBOB
(30 Ci mmol71)); [methylene-3H]-muscimol (11.8 Ci mmol71)
and [3H]-GABA (36.2 Ci mmol71) were obtained from NEN

Life Science Products (Boston, MA, U.S.A.). Lindane,
picrotoxin, bicuculline, bovine serum albumin (BSA) and
nipecotic acid were obtained from Sigma-Aldrich Canada Ltd

(Oakville, Ontario, Canada). Unlabelled GABA was pur-
chased from Calbiochem-Neurobiochem Corporation (La
Jolla, CA, U.S.A.). Whatman GF/C ®lters were purchased

from Fisher Scienti®c (Nepean, Ontario, Canada), 12,14-
dichloro-dehydroabietic acid was purchased from Helix
Biotech Corporation (Richmond, BC, Canada). Binding and
transmitter uptake experiments were conducted using male

CD1 mice (20 ± 30 g) obtained from Charles River Labora-
tories (St. Constance, Quebec, Canada). Mice were main-
tained on a 12 h light : 12 h dark photoperiod and given ad

libitum access to food and water. Animal husbandry and all
experimental procedures involving mice complied with the
Canadian Council on Animal Care guidelines.
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[3H]-muscimol binding assay

Synaptic membranes were routinely prepared from the brains

of four mice, as described by Beaumont et al. (1978), and
binding assays were conducted using the procedure of Negro
et al. (1995). Brie¯y, membranes (circa 0.5 mg protein) were
incubated with [3H]-muscimol (20 nM ®nal concentration)

and oleamide isomers, drugs or solvent (DMSO) controls, in
darkness, at 48C for 30 min. Incubations were terminated by
adding 4 ml ice-cold Tris-citrate bu�er and rapid mixing.

Membranes were promptly ®ltered on Whatman GF/C ®lters
and subjected to three subsequent 4 ml rinses. Filters were
then incubated with sodium dodecyl sulphate to dissolve

membranes and release any trapped tritium. Radioactivity
was quanti®ed by liquid scintillation counting (l.s.c.) using a
Beckman LS 3801 scintillation counter. In a given experi-

ment, individual treatments were performed at least in
duplicate and non-speci®c binding determined using 100 mM
GABA, was 4% of total binding.

[3H]-EBOB binding assay

The isolation of brain membranes and the [3H]-EBOB

binding assay was carried out according to methods
published by Cole & Casida (1992). Brain membranes (circa
0.4 mg protein) were incubated with [3H]-EBOB (750 pM ®nal

concentration) together with study compounds or control
solvent (DMSO) as necessary, for 90 min at 378C. The
binding reaction was stopped by rapid ®ltration through

Whatman GF/C ®lters and membranes were given three
washes with 4 ml ice-cold phosphate bu�er prior to
determination of radioactivity using l.s.c. Assays were
performed at least in duplicate and non-speci®c binding was

determined in the presence of lindane at a saturating
concentration (5 mM).

Isolation of synaptoneurosomes and assay of
[3H]-GABA uptake

Synaptoneurosomes were isolated from mouse brain essen-
tially as described by Harris & Allen (1985), but with certain
modi®cations (Bloomquist et al., 1986). Whole brains were
removed from two animals and rapidly cooled in ice-cold

isolation bu�er (mM): NaCl 137, KCl 5, CaCl2 2.5, MgSO4

1.2, glucose 54, 1 mg/ml BSA and HEPES 20, adjusted to
pH 7.4 with Tris base). Brain tissue was chopped thoroughly

using a razor blade and then gently homogenized (eight
excursions; by hand) in 2.5 ml isolation bu�er. A further
12.5 ml of isolation bu�er was added and the suspension was

then passed through two layers of cheese cloth. The ®ltrate
was centrifuged at 1000 g for 15 min and the resulting pellet
resuspended in a further 10 ml of isolation bu�er and

centrifuged again. The ®nal pellet (synaptoneurosomal
fraction) was resuspended in isolation bu�er containing
BSA (1 mg ml71) and held on ice. This fraction was diluted
1 in 16 for assay.

The transport of GABA was measured isotopically based
on a method described by Martin & Smith (1972).
Synaptoneurosomes (0.412 mg protein) were preincubated

with test compounds for 10 min in saline (mM): NaCl 137,
KCl 5, CaCl2 0.8, MgSO4 1.2, Na2HPO4 1, HEPES 20,
glucose 14, bu�ered to pH 7.4 with Tris base), prior to being

transferred to saline containing [3H]-GABA (®nal GABA
concentration 0.95 mM; 0.2 mCi) and the same concentration
of test compound. GABA uptake was continued for 3 min,

whereupon 2 ml ice-cold saline was added followed by rapid
mixing. Synaptoneurosomes were quickly ®ltered (Whatman
GF/C; vacuum ®ltration) and then ®lters were washed with a
further 5 ml ice-cold saline. Radioactivity was determined as

described in preceding sections. In experiments examining the
sodium dependence of synaptoneurosomal uptake of GABA,
NaCl was replaced with an equivalent concentration of

choline chloride. DMSO was used to introduce oleamide into
the assay, and the concentration of this solvent did not
exceed 0.33% v v71.

Assay of protein

The assay of protein was carried out using the procedure of
Peterson (1977), with BSA as the protein standard.

Analysis

Data are presented as mean+s.e.mean throughout. Repeated
measures one-way ANOVA and Student's t-tests were used as

appropriate using Prism (Graphpad U.S.A.). P values of
50.05 were considered signi®cant. Composite ®gures were
produced using Smart Draw 5 software (San Diego, CA,

U.S.A.).

Results

Stereoselective modulation of both GABA and glycine
currents by oleamide

Saturating dose ± response pro®les were obtained for glycine
receptors, and GABAA a1b2g2L receptors in the absence of

drugs or hormones (not shown). The modulatory capacity of
oleamide was studied at circa the EC20 for each neuro-
transmitter (1 mM for GABA and 100 mM for glycine).

Recombinant GABAA receptors (a1b2g2L) were modulated
by oleamide in a dose dependent manner (Max=216%+35,
EC50=28.94+1.4 mM, hillslope=2.4+1.59, n=4: see Figure
1). Glycine currents were also signi®cantly increased by

oleamide (Max=171%+30, EC50=22.12 mM+1.4, hill-
slope=1.9+0.89, n=11: Figure 1b). The EC50 for modula-
tion of GABAA receptors by oleamide was signi®cantly larger

than that for glycine receptors (P50.05, n=4± 11), see
Figure 1c. The maximum modulation and the hillslopes for
modulation by oleamide were not signi®cantly di�erent

between GABAA receptors and glycine receptors (P40.05
for both parameters, n=4± 11).
Both glycine and GABAA receptors were sensitive to

32 mM oleamide, but only the cis geometric isomer was
e�ective (Figure 2). The trans isomer (also 32 mM) produced
no signi®cant modulation at GABAA receptors (control,
1738+240.9 nA; cOA, 2213+154.7 nA, P50.05; tOA,

1704+223.5 nA, P40.05, n=4) as previously reported in
cultured cells (Verdon et al., 2000), or at glycine receptors
(control, 591.1+135.2 nA; cOA, 668.5+155.0 nA, P50.05;

tOA, 563.8+155.2 nA, P40.05, n=6).
Glycine-evoked currents were outwardly rectifying, with a

reversal potential of 717.8+0.6 mV (not shown) which is
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entirely consistent with the chloride equilibrium potential in
mature oocytes. In the presence of 32 mM oleamide the

reversal potential was not signi®cantly di�erent 719.6+0.5
(P=0.108, n=4). The per cent of modulation at each voltage
(Vh ranging from 0 to 780 mV, in 20 mV increments) was
not signi®cantly di�erent using a repeated measures one-way

ANOVA (P=0.860, n=4). This suggests that modulation of
inhibitory receptors by oleamide is not voltage dependent and
that the enhanced currents do not re¯ect a change in ECl (not

shown, but consistent with earlier results on GABAA

receptors) (Lees et al., 1998). The sigmoid log concentra-
tion ± response curve for glycine was shifted to the left (not

shown) in the presence of 32 mM oleamide (pre-treatment:
Max=1318 nA+573, EC50=322.2 mM+1.04, hillslope=
3.6+1.5, oleamide: Max=1281 nA+573, EC50=239.4 mM+
1.03, hillslope=3.3+0.24, n=4). The EC50 was signi®cantly
reduced in the presence of oleamide (P50.001, n=4),
whereas the maximum response and hillslopes were un-
changed. This suggests that oleamide is increasing the a�nity

of glycine for its receptor without changing the maximum
response, although other allosteric mechanisms might apply.

The b subunit alters the magnitude of the oleamide
modulation of the GABAA receptor but is not an
absolute determinant of sensitivity

Substitution of a b2 subunit for b1 did not change the
sensitivity of the receptor to GABA. One mM GABA

produced a saturating response, and 1 mM produced approxi-
mately 20% of the maximum response in receptors contain-
ing both types of subunit (b1, 1 mM, 21.46+2.71% of
maximum response; b2 1 mM, 19.97+2.18% of maximum

response, P=0.685, using an unpaired 2-tailed Student's t-
test). To validate that the b1 had been successfully expressed,
we examined the e�ects of the NSAID mefenamic acid

(MFA) which has recently been characterized as a GABAA

modulator and behavioural depressant in laboratory animals
(Halliwell et al., 1999). We examined MFA at 10 mM (for b2
containing oocytes) and 100 mM (for b1 containing oocytes)
according to protocols devised by Halliwell and co-workers
(Halliwell et al., 1999). As noted in these earlier studies,

mefenamic acid signi®cantly enhanced the current produced
by 1 mM GABA in oocytes containing a1b2g2L (Control,
411.7+205.1 nA, 10 mM MFA, 1078.0+329.4 nA, P=0.02,
n=5: Figure 3a). GABA currents in the b1 isoform were

depressed by mefenamic acid (Control, 1270.0+520.4 nA,
100 mM MFA, 585.5+384.1 nA, wash, 901.9+448.2 nA,
P=0.01, n=4: Figure 3b) which con®rmed di�erential

subunit expression. At GABA concentrations of 1 mM
(EC20), in contrast to the NSAID, oleamide (32 mM)
produced a signi®cant positive modulatory e�ect on GABAA

receptors (Figure 4) containing both the b1 (control;
410.4+143.3 nA, 32 mM cOA; 979.8+252.9 nA, P50.01,
wash; 552.8+146.2 nA, P40.05; P=0.0003, n=8) and b2
subunits (control; 587.0+254 nA, 32 mM, cOA;

755.8+262.6 nA, P50.01, wash; 660.3+240.5, P40.05;
P=0.0058, n=8). To determine which receptor subtype (b1
or b2 containing) was more sensitive to modulation by

oleamide, the current in the presence of oleamide was also
analysed as a percentage of the control response. The
modulatory e�ect of oleamide on b1 containing receptors

was signi®cantly greater than b2 containing receptors (b1;
293.8+39.31%, b2; 157.4+16.94%, P=0.007, n=8: Figure
4c).

Influence of g subunit

g2L subunits bear a splice variant which confers sensitivity to

protein kinase C and may be important in conferring
sensitivity to the sedative e�ects of ethanol (Wa�ord et al.,
1991). As in our pilot experiments (Lees et al., 1998b),

oleamide (32 mM) was able to modulate both short and long
forms of the receptor (a1b2g2L; Control, 469.9+140.9 nA,
32 mM cOA, 694.2+169.0 nA, Wash, 537.1+153.8 nA,

Figure 1 Oleamide enhanced the e�ects of both glycine and GABA
at their respective receptors. (a) Perfusion of increasing concentra-
tions of oleamide to oocytes responding to the EC20 of Glycine and
GABA. Control responses are shown on the far left of each trace.
(b) Concentration-response curves for oleamide modulation of
glycine and GABAA receptors (Glycine: Max=1.72+0.34,
EC50=22.12+1.4, Hillslope=1.9) (GABA: Max=2.16+0.35,
EC50=28.94+1.4, Hillslope=2.4, n=4±11). (c) Compounded data
from replicated experiments. Unpaired, 2-tailed Student's t-tests were
used to compare the maximum responses, EC50s and hillslopes for
the two curves. Only the EC50 was signi®cantly di�erent (P=0.305,
0.017, 0.781 respectively, n=4±11).
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P=0.014, n=5: a1b2g2S; Control, 807.1+245.7 nA, 32 mM
cOA, 965.0+285.2 nA, Wash, 820.0+246.9 nA, P=0.007,
n=4: Figure 5). When we compared the intrinsic e�cacy of

the response in short and long splice variants they were not
signi®cantly di�erent (g2L, 166.3+24.2%, n=5; g2S,
128.3+9.668%, n=4, P=0.229).

Effects of oleamide on [3H]-muscimol and
[3H]-EBOB binding

The basis for the positive modulation of GABAA receptor
function by oleamide in mammalian brain was further

examined using radioligand binding approaches. High
micromolar concentrations of cOA failed to a�ect the speci®c
binding of [3H]-muscimol to mouse brain preparations, under

conditions where GABA and bicuculline produced character-
istic inhibition (Figure 6). A very weak e�ect of cOA on [3H]-
EBOB binding to brain membranes was detected (approxi-

Figure 2 Modulatory e�ects of oleamide at chloride channels were
only seen with the cis geometric isomer. The trans isomer was
inactive at both Glycine and GABA receptors. (a) Representative
trace showing the e�ects of 32 mM cOA and 32 mM tOA on glycine
currents. (b) Trace showing the e�ects of 32 mM cOA and 32 mM tOA
on GABAA receptors. (c) Replicated data shown as a bar graph. On
Glycine receptors, 32 mM cOA produced a signi®cant increase in
response, whereas 32 mM tOA did not alter the peak current. (d)
32 mM cOA signi®cantly enhanced GABA currents but 32 mM tOA
did not. A repeated measures one-way ANOVA with a Dunnett's
post test was used (see Results).

Figure 3 Mefenamic acid (MFA) enhanced GABA induced currents
in b2 containing recombinant receptors, but depressed currents in b1
containing receptors. (a) Trace showing the e�ects of MFA on
a1b2g2L GABAA receptors. (b) Trace showing the e�ects of MFA
(horizontal bar) on a1b1g2L GABAA receptors. (c) Paired 2-tailed t-
test and repeated measures one-way ANOVA show that MFA
signi®cantly enhanced responses in GABA receptors containing the
b2 subunit (P=0.02, n=5), and signi®cantly (and reversibly) blocked
isoforms containing the b1 subunit (P=0.01, n=4).
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mately 10 ± 15% inhibition), however responses bore no

relation to cOA concentration (Figure 7). The positive
controls lindane and 12,14-dichlorodehydroabietic acid
(Nicholson et al., 1999), produced full inhibition of [3H]-

EBOB binding in these experiments.

GABA transport

In other experiments using synaptoneurosomes, cOA had no
signi®cant e�ect on [3H]-GABA uptake in situations where
10 mM nipecotic acid inhibited uptake by 98.5+0.5% (Figure

8). Using these assay conditions, replacement of Na+ by
choline and conducting experiments at 08C, reduced the
association of [3H]-GABA with synaptoneurosomes by

97.3+0.3 and 89.2+0.8% respectively. The non-hypnotic
isomer (tOA) showed a similar pro®le to cOA in both the
binding and the uptake assays.

Discussion

Although GABA is the most prevalent inhibitory neuro-
transmitter in the brain, glycine also couples to a related
ionotropic receptor. Glycinergic inhibition is important in the

brain stem and spinal cord and has been associated with
active sleep (Soja et al., 1991). Most anaesthetics and
depressant drugs modulate glycine receptors, but to a lesser

extent than GABA receptors (Belelli et al., 1999a, b).

Oleamide was also found to have a marginally less profound
maximum modulatory e�ect on glycine receptors. However,
oleamide had a signi®cantly higher a�nity for glycine

receptors than GABA receptors. The glycine receptors
expressed were human a1 homomers. Therefore, oleamide
most likely binds to the a1 subunit to produce its e�ect,
although indirect e�ects via 2nd messengers or kinases cannot

be discounted. Oleamide is stereoselectively active on both
glycine and GABAA receptors, i.e. the cis isoform positively
modulates currents through these receptors, whereas the trans

isoform produced no signi®cant e�ect. This stereoselective
e�ect suggests that the molecular structure of the molecule is
important both in sleep induction and ion channel modula-

tion. Both GABAA and glycine receptors produced outwardly
rectifying currents in the presence and absence of oleamide
(Lees et al., 1998): the modulatory e�ects were not voltage-

dependent. Oleamide had no e�ect on the reversal potential,
inferring that it does not regulate chloride pumping or
transmembrane chloride gradient. As with GABAA receptors
(Lees et al., 1998a) oleamide shifts the dose response curve

for glycine to the left. This is evidence that oleamide increases
the a�nity of glycine for its receptor, without a�ecting the
maximal current, although allosteric e�ects on gating can not

be discounted.
Our GABAA data suggest that the positive modulatory

e�ects of oleamide are not absolutely dependent upon the

Figure 4 Oleamide di�erentially enhanced GABA induced currents in both b1 and b2 containing recombinant receptors. (a) Trace
showing the e�ects of oleamide on a1b1g2L GABAA receptors (b) Trace showing the e�ects of oleamide on a1b2g2L GABAA

receptors. (c) Repeated measures one-way ANOVA, with a Dunnett's post test shows that cOA signi®cantly enhanced responses in
GABA receptors containing the b1 subunit (P50.01, n=8). (d) The b2 subunit (P50.01, n=8). (e) Unpaired 2-tailed Student's t-test
shows that b1 containing GABA receptors were modulated by cOA more than b2 containing receptors (P=0.011, n=8).

British Journal of Pharmacology vol 135 (8)

Oleamide modulates glycine and GABAA receptorsL. Coyne et al1982



presence of b2 subunits in the receptor complex in contrast to
the diverse depressant drugs mentioned earlier, suggesting
that the sites of action di�er. The work of Yost et al. (1998)

suggests that oleamide cannot synergize inhalational anaes-
thetics, which is unusual for other depressant drugs which
target the GABAA complex (e.g. benzodiazepines, barbitu-
rates, steroids). On the other hand the in vivo e�ects of

oleamide are highly dependent upon formulation strategies
and routes/methods of administration used in di�erent
laboratories. Although isoforms of the GABAA receptor

containing both the b1 and b2 subunits are sensitive to
oleamide, this does not imply that the b subunit is not
important in oleamide recognition. Clearly, b1 containing

receptors are signi®cantly more sensitive to oleamide that b2
containing receptors. This mirrors barbiturate (pentobarbital)
e�ects on the GABAA receptor: b1 containing receptors are

enhanced more than b2 containing subunits (Thompson et
al., 1996). Comparing these data to those of Mihic et al.
(1997) and Belelli et al. (1997): it becomes apparent that
neither oleamide nor barbiturates bind to the site of action of

volatile anaesthetics or loreclazole on the M2 domain of the
b subunit. However, it is unlikely that oleamide produces its
modulatory e�ect by binding to the same site of action as

barbiturates. Evidence of this has been produced by recent
work in our laboratories, which have shown that oleamide
and pentobarbital have additive e�ects: see also binding data

Figure 5 Oleamide enhanced GABA induced currents in both g2L and g2S containing receptors. (a) Representative trace showing
the e�ects of oleamide on a1b2g2L GABAA receptors. (b) Trace from a di�erent oocyte showing the e�ects of oleamide on a1b2g2S
GABAA receptors. (c) Replicated data. Repeated measures, one-way ANOVA showed that cOA signi®cantly enhanced responses in
GABA receptors containing both the g2L subunit (P=0.014, n=5), and (d) the g2S subunit (P=0.007, n=4). (e) Unpaired 2-tailed
Student's t-test showed that there was no signi®cant di�erence in the per cent of modulation by oleamide in g2L containing receptors
and g2S containing receptors (P=0.229, n=4±5).
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below (Laws & Lees, 2001). The concept of a shared receptor
seems less likely when one considers that glycine receptors are
insensitive to barbiturates (Kotchine et al., 1996). Further-

more, barbiturates but not oleamide can modulate a and b
receptors in the absence of g subunits (Lees et al., 1998).

Sensitivity of the GABAA receptor to certain depressant
drugs is dependent on the presence and/or type of g subunit

present. Benzodiazepines require the presence of a g2 subunit
in order to produce a modulatory response (Tecott, 2000).
Sensitivity to the sedative e�ects of ethanol may be

determined by the splice variant of the g2 subunit present
in the GABA receptor (Wa�ord et al., 1991). Oleamide,
although requiring the presence of the g subunit to produce

its modulatory e�ect on GABA receptors (Lees et al., 1998)
could not distinguish between the long and short form of the
g subunit, producing similar modulatory e�ects in receptors

containing both g2L and g2S (Lees et al., 1998b).
We used mefenamic acid to con®rm the expression of b1

(isoforms containing this receptor were insensitive to the
positive modulatory e�ects of mefenamic acid). (Halliwell et

al., 1999). Interestingly, we found that mefenamic acid
sensitivity was altered (we saw a marked antagonist e�ect
rather than no modulation at all) by using the g2L subunit

rather than the g2S, which was used in earlier studies
(Halliwell et al., 1999). This emphasises the complex
manifestations of isomerism within the receptor superfamilies.

It is unclear at present whether cis-oleamide exerts its e�ect
at the GABAA receptor by interacting with a novel receptor
or by activating a second messenger system (e.g. a

phosphorylation process). Moreover, we cannot rule out
physical e�ects such as selective intercalation with lipid
molecules in the receptor microenvironment, or by perturbing
the lipid ± protein interface of the receptor, which may lead to

membrane ¯uidity changes. The latter proposal has been
rejected by others (Gobbi et al., 1999).

The modulatory e�ects reported here have been character-

ized at 10 ± 32 mM, although e�ects of oleamide at recombi-
nant GABAA receptors have been reported at 0.1 mM (Yost et
al., 1998). Analytical studies to date have revealed that the

concentrations of oleamide in `bulk' CSF are relatively low
(30 ± 170 nM, increasing to 450 nM during sleep deprivation)
(Hanus et al., 1999). These results did not take into account
oleamide's high lipid solubility (log P=6.5), which causes it

to be distributed locally in cell membranes nor do they
acknowledge the short-range peri-synaptic roles of unidenti-
®ed endocannabinoids at functional nerve terminals (Wilson

& Nicoll, 2001). Furthermore, FAAH is present in bulk CSF,
resulting in the degradation of oleamide as soon as it leaves
the membrane. Pilot experiments suggest that FAAH does

not limit the e�cacy of oleamide in our cultures at room
temperature. Our results and those of Gobbi et al. (1999),
suggest that in functional terms oleamide is a low-a�nity

modulator of inhibitory receptor function.
In common with the anxiolytic benzodiazepines, synthetic

anaesthetic steroids and barbiturates, cis-oleamide potentiates
GABA-evoked currents in mammalian neuronal systems

(Mehta & Ticku, 1999). The considerable body of evidence
supporting allosteric modulation of GABAA receptors in the
central nervous system by benzodiazepines neurosteroids, and

barbiturates originates mostly from radioligand binding data.
For example, neuroactive steroids act allosterically to
enhance the equilibrium binding of [3H]-muscimol to the

Figure 6 Lack of e�ect of cOA, tOA and picrotoxin on the binding
of [3H]-muscimol to mouse brain membranes. GABA and bicuculline
produced signi®cant inhibition.

Figure 7 Failure of cOA to in¯uence the binding of [3H]-EBOB to
brain membranes in a concentration-dependent fashion. tOA showed
a similar e�ect, whereas lindane and 12,14-dichlorodehydroabietic
acid produced full block.

Figure 8 Inhibition of the transport of [3H]-GABA into synapto-
neurosomes by nipecotic acid and inability of cOA or tOA to a�ect
this process.
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GABA recognition site and inhibit the binding of the bicyclic
ligand [35S]-TBPS to the non-competitive antagonist binding
site on this complex (Turner et al., 1989; Delory et al., 1993;

Goodnough & Hawkinson, 1995; Ito & Ho, 1994).
Barbiturates allosterically inhibit the binding of caged
convulsants (e.g. [35S]-TBPS) to brain membranes (Squires
et al., 1983; Ramanjaneyulu & Ticku, 1984). In contrast, the

benzodiazepines, especially those of the anxiolytic type are
generally considered poor inhibitors of the binding of both
bicyclophosphorothionate (e.g. [35S]-TBPS) and bicyclo-

orthobenzoate (e.g. [3H]-TBOB) radioligand probes (Squires
et al., 1983; Lawrence et al., 1985), although, stimulatory and
inhibitory e�ects on [3H]-TBOB binding with clonazepam and

zolpidem has been reported (Sakurai et al., 1994). Allosteric
enhancement of [3H]-muscimol binding by diazepam and the
volatile anaesthetic iso¯urane has also been demonstrated

(Delory et al., 1993; Harris et al., 1994). [3H]-muscimol and
[3H]-EBOB (an improved bicylo-orthobenzoate probe for the
TBPS recognition site (Huang and Casida, 1997)) were
therefore considered ideal radioligands to determine whether

cis-oleamide facilitates GABAA receptor function through
similar mechanisms. The results of the present investigation
clearly show that high micromolar concentrations of cis-

oleamide do not a�ect the equilibrium binding of either
probe to neuronal membranes. Our ®ndings therefore tend to
exclude the possibility that cis-oleamide mimics GABA itself,

or interacts directly with the neurosteroid, benzodiazepine or
barbiturate recognition sites on GABAA-receptors. It is
noteworthy that certain structurally similar unsaturated free

fatty acids (e.g. arachidonic and oleic acids) have been
reported to stimulate [3H]-muscimol binding and to inhibit
the binding of [35S]-TBPS to brain membranes (Koenig &
Martin, 1992), thus highlighting the selective pharmacology

that the amide linkage of cOA imparts at this complex.
The rapid uptake of GABA from the synaptic cleft into the

nerve ending by a high a�nity, sodium-dependent transport

system, serves as a critical mechanism for signal termination
at GABA-ergic synapses (Iversen & Neal, 1968; Martin &
Smith III, 1972). GAT1 provides the primary neuronal

uptake mechanism for GABA (Itouji et al., 1996) and
inhibition of GAT1 in vivo leads to substantial anticonvulsant

e�ects (Suzdak et al., 1993). We reasoned that inhibition of
GABA reuptake by GAT1 in synaptic regions may help
explain the hypnotic and some of the in vitro e�ects of cis-

oleamide (such as prolongation of IPSCs and potentiation of
low concentrations of exogenous GABA). The results of the
present investigation clearly exclude this possibility since the
sleep inducer did not a�ect the uptake of GABA into

synaptoneurosomes under conditions where nipecotic acid, a
potent inhibitor of GAT1 and other GAT subtypes (Thomsen
et al., 1997), produced substantial inhibition.

Conclusion

Oleamide can mimic the actions of many depressant drugs as
modulators of both GABAA and glycine receptors which are
crucial regulators of excitability throughout the brain and

spinal cord. However, its site of action on the GABAA

receptor chloride channel complex is not identical to those
for benzodiazepines, barbiturates, etomidate, loreclazole or
inhalational anaesthetics. Serotonergic metabotropic recep-

tors and pre-synaptic voltage-gated Na+ channels respond to
lower levels of the sleep lipid than these ligand-gated anion
channels but a consensus mode of action for oleamide has

not yet emerged. Brain permeant oleamide mimics clearly
have the potential to induce sleep. Currently used hypnotics
have several undesirable features including habituation,

tolerance, hangovers and amnesia. Strategies which regulate
the physiological levels of endogenous sleep hormones may
yield safer long-term hypnotic drugs: inhibitors of FAAH

and selective blockers of fatty-acid amide uptake transporters
are particularly attractive pharmaceutical targets.
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