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Abstract

In view of the ability of flavones to displace radiolabelled benzodiazepines from brain tissue and the interesting behavioural profile of
these compounds, the present study investigated the activity of 6-methylflavone at ionotropic y-aminobutyric acid (GABA) receptors
expressed in Xenopus laevis oocytes. 6-Methylflavone (1-100 pM) was found to be a positive allosteric modulator at o; 3,7y, and a3,
GABA, receptors with no significant difference between the enhancement seen at either receptor subtype. At 100 pM, 6-methylflavone
enhanced the response to 5 pM GABA by 1834+20% at o3y, GABA4 receptors. The methyl substituent was important since the parent
flavone was significantly weaker as a positive modulator (103424% enhancement of 5 uM GABA by 100 pM flavone). This enhancement is
not mediated via high-affinity benzodiazepine sites as it was not inhibited by the classical benzodiazepine antagonist flumazenil under
conditions where flumazenil inhibits the potentiation of the GABA response to diazepam. 6-Methylflavone (60 uM) did not significantly
affect the GABA dose—response curve at p; GABA( receptors. 6-Methylflavone acts as a positive modulator of recombinant GABA 5

receptors at sites independent of flumazenil-sensitive benzodiazepine sites.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

v-Aminobutyric acid (GABA) is the major inhibitory
neurotransmitter in the mammalian brain and it has long been
known that many neuroactive drugs, such as the benzodia-
zepines, interact with GABA, receptors by binding to
modulatory sites within the receptor complex. Benzodiaze-
pines have been prescribed for their anxiolytic, sedative and
myorelaxant effects since the 1960s; however, it is often not
possible to separate these actions, thus any unwanted actions
become side effects, resulting in a reduction in the therapeutic
value of benzodiazepines (Fielding and Lal, 1979). Other
disadvantages include amnesic-like effects (Lister, 1985),
ataxia, ethanol and barbiturate potentiation as well as toler-
ance and dependence (Gallagher and Primus, 1992).

GABA,4 receptors belong to the superfamily of ligand-
gated ion channels that include GABA(, nicotinic acetyl-
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choline, strychnine-sensitive glycine and 5-HT; receptors.
GABA4 receptors are hetero-oligomeric receptors forming a
pentameric structure. At least 16 human GABA, receptor
subunits have been described and are classified under six
subfamilies of protein subunits: «, B, vy, 6, €, 8 (Chebib and
Johnston, 2000).

Classically, benzodiazepine agonists act as positive mod-
ulators at a subpopulation of GABA, receptors by increas-
ing the frequency of chloride channel openings (Rogers et
al., 1994; Chebib and Johnston, 2000). The benzodiazepine
binding sites for this action, which can be blocked by
flumazenil, are considered to lie between the o and <y
subunits (Klausberger et al., 2001). Flumazenil-insensitive
positive modulation of GABA, receptors has been de-
scribed in receptors lacking a -y subunit by benzodiazepines
at uM concentrations. For example, Malherbe et al. (1990)
found that recombinant o3, GABA, receptors from rat
brain were sensitive to potentiation by benzodiazepine
receptor ligands, with both diazepam and flumazenil acting
as positive modulators. Walters et al. (2000) found that
classical benzodiazepines produce biphasic potentiation at
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rat recombinant a3y, GABA4 receptors via two distinct
mechanisms. This biphasic potentiation is believed to be
mediated via two sites referred to as high-affinity and low-
affinity benzodiazepine sites. Both sites are present at
receptors composed of a;P,y, GABA, subunits and low-
affinity potentiation can be selectively observed at receptor
combinations lacking a vy subunit such as o;p, GABA,
receptors. Furthermore, low-affinity potentiation at both
receptor combinations is insensitive to flumazenil.
Flavones belong to a class of compounds called flavo-
noids, which are phenylbenzopyrones. Flavonoids are
known to display a variety of biological activities in the
periphery (for review, see Harborne and Williams, 2000);
however, there is increasing interest in their action as
benzodiazepine receptor modulators. The majority of re-
search into the action of flavones at GABA receptors has
involved the use of binding studies targeted at the benzodi-
azepine site of GABA, receptors, as well as behavioural
studies in rodents. More recently, this has been extended to
include functional studies of flavonoid activity at recombi-
nant GABA4 receptors (Ai et al., 1997; Viola et al., 2000).
There have been extensive structure—activity studies
aimed at developing models of benzodiazepine pharmaco-
phores (Gupta and Paleti, 1998; Maddalena and Johnston,
1995) that have been extended to include flavonoids (Deker-
mendjian et al., 1999; Hong and Hopfinger, 2003; Huang et
al., 2001; Kahnberg et al., 2000; Marder et al., 2001). A
problem common to most of these studies is that the activity
data is based on ligand binding studies to what is now
known to be a mixture of benzodiazepine binding sites.
Given our increased knowledge of the diversity of benzo-
diazepine actions arising out of studies on cloned receptors
of defined subunit composition and studies on transgenic
animals (Mohler et al., 2002), future structure-activity
studies need to be based on data from functional studies
on GABA receptors of known subunit composition.
6-Methylflavone has been described as a benzodiazepine
partial agonist/antagonist on the basis of studies on diaze-
pam and flumazenil binding to human recombinant GABA 5
receptors of the aBayas, Pryas, a3P2yzs and asPayas
subtypes expressed in Sf-9 insect cells (Ai et al., 1997). The
present study describes the action of 6-methylflavone as a
positive modulator at human recombinant o 37y, and oy 35
GABA, receptors expressed in Xenopus laevis oocytes
acting at sites that appear to be independent of classical
flumazenil-sensitive benzodiazepine sites.

2. Materials and methods
2.1. Drugs

Diazepam and flumazenil were gifts from Hoffman-La
Roche (Nutley, NJ, USA). GABA and dimethyl sulfoxide

(DMSO) were obtained from Sigma (St. Louis, MO, USA).
Flavone was obtained from Aldrich (Milwaukee, WI, USA)

and purified by silica gel chromatography to remove a 10%
phenol impurity.

2.2. Synthesis of 6-methylflavone

The synthesis of 6-methylflavone was carried out by the
reaction of 5 -methyl-hydroxyacetophenone and benzoyl
chloride according to previously described methods (Tietze
and Eicher, 1989). Crude product was treated with activated
charcoal, filtered through celite and recrystallised twice
from acetone to afford 6-methylflavone (>99% by 'H
NMR). The structure was confirmed by NMR ('H and
13C), IR, mass spectrometry and X-ray crystallography (Hall
et al., 2001). Elemental analysis was also carried out.

2.3. Expression of recombinant GABA receptors in X. laevis
oocytes

The procedures involving the use of X. laevis were
carried out according to those described by Huang et al.
(2003) and were approved by the Animal Ethics Committee
of the University of Sydney. Female X. /aevis were anaes-
thetised by immersion in 0.17% 3-aminobenzoic acid ethyl
ester with 0.02% NaCl for 10—15 min, and a lobe of the
ovaries was surgically removed. The lobe was rinsed with
oocyte releasing buffer 2 (OR2) (82.5 mM NaCl, 2 mM
KCL 1 mM MgCl,-6H20, 5 mM HEPES, pH 7.5) and
treated with Collagenase A (2 mg/ml in OR2, Bohringer
Mannheim, Germany) for 2 h to separate oocytes from
connective tissue and follicular cells. Released oocytes were
rinsed in ND96 ‘wash’ solution (96 mM NaCl, 2 mM KCI, 1
mM MgCl,-6H20, 1.8 mM CaCl,, 5 mM HEPES, pH 7.5).
Stages V—VI oocytes were collected and stored on an
oscillator at 16 °C in ND96 ‘storage’ solution (ND96 ‘wash’
solution supplemented with 2.5 mM pyruvate, 0.5 mM
theophylline and 50 pg/ml gentamycin).

Human a4, B, and y,;. DNA in pcDMS8 were provided by
Dr. Paul Whiting (Merck, Sharpe and Dohme Research
Labs, Harlow, UK). Human p; DNA in pcDNAI.1 (Invi-
trogen, San Diego, CA, USA) was provided by Dr George
Uhl (National Institute for Drug Abuse, Baltimore, MD,
USA). Plasmids containing o, 3, or 'y, DNA and p; DNA
were linearised using the restriction enzymes NOT1 and
Xbal, respectively. RNA was synthesised from linearised
DNA using the ‘mMessage mMachine’ kit from Ambion
(Austin, TX, USA). A ‘Nanoject’ (Drummond Scientific,
Broomali, PA, USA) was used to inject either o;B,y5r, (20
ng/50 nl), a;B> (20 ng/50 nl) or p; (10 ng/50 nl) RNA
dissolved in nuclease-free water into the cytoplasm of the
oocytes, which were then stored at 16 °C in ND96 storage
solution. For o>y, GABA, receptors, the RNA for each
subunit was injected in the ratio 1:1:2, respectively, to
favour incorporation of the +y subunit. For a3, GABA,L
receptors, the RNA for each subunit was injected in a 1:1
ratio. Sham-injected oocytes were prepared by injection
with nuclease-free water.
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2.4. Recording from oocytes

Two to seven days after injection of RNA, receptor
activity was measured by two-electrode voltage clamp
recording. Glass micropipettes for the electrodes were
made using a micropipette puller (Narishige Scientific
Instrument Lab, Tokyo, Japan) and filled with 3 M potas-
sium chloride. Oocytes were transferred into a cell bath,
impaled by two micropipettes and voltage clamped using a
Geneclamp 500 amplifier (Axon Instruments, Foster City,
CA, USA). The membrane potential was clamped at —60
mV and the electrodes had resistance values between 0.5
and 2 M. In the cell bath, oocytes were continuously
superfused with ND96 solution and drugs were applied in
the perfusate. Current traces were recorded using a Mac
Lab 2e recorder (AD Instruments, Sydney, NSW, Australia)
and Chart v.3.5.2.

Oocytes expressing o P,y GABA, receptors were
screened with 10 puM Zn*" in the presence of two concen-
trations of GABA (10 and 100 pM) to ensure that the -y
subunit was incorporated. GABA, receptors without a
gamma subunit are sensitive to inhibition by zinc, whereas
those expressing a gamma subunit are not (Hosie et al.,
2003). To test for positive modulation, low GABA doses at
each subtype were chosen for the control doses since
benzodiazepines produce greatest enhancement of the
GABA response at lower GABA doses. The 5 and 1 uM
GABA were used as control GABA doses at o 3,7y, and
1P GABA, receptors, respectively, as these doses corre-
sponded to approximately an EC;, response at each sub-
type. Stock solutions in DMSO of 100 mM (6-
methylflavone, diazepam and flumazenil) concentrations
were prepared. GABA stock solutions (100 mM) were
prepared in milli-Q water. For experiments where any drugs
were dissolved in DMSO, all drug solutions were stand-
ardised to contain 0.8% DMSO, which had no significant
effect on the oocytes.

2.5. Data analysis

Standardised responses were plotted against drug con-
centration on a semi-logarithmic scale using GraphPad
Prism version 2.0. Logarithmically transformed data were
tested for significance using a linear regression fit. Provided
the slope of the curve significantly deviated from zero, a
nonlinear regression fit was performed using a sigmoidal
dose response (variable slope), the equation of which is

[ = ]max/<1 + [ECSO/(A)]nH)

where [A] is the agonist concentration, / is the current and
Iax 18 the maximum current. ECsq is the concentration of
agonist that produces a response that is 50% of the maxi-
mum current and sy is the Hill coefficient. For diazepam
action at o; Boyor, GABA4 receptors where the data displays
two components of potentiation, a sum of two sigmoidal

dose response curves (variable slope) was used to fit the
data, the equation of which is

I = Inax, /(14 [ECs0, / (A)]"™") +Imax, / (14 [ECs0, /A)]"™)

where the values corresponding to the first and second
components of the potentiation have been differentiated by
1 and 2, respectively. ECsy values are expressed as mean
with 95% confidence intervals. Hill coefficients (ny) are
expressed as mean+S.E.M. Significant differences were
determined using two-way ANOVAs producing F and P
values, which have been quoted where appropriate.
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Fig. 1. (A) Diazepam potentiates the response to GABA at human
recombinant o Bo7yor and o 3o GABA,4 receptors (control GABA doses at
each receptor subtype were 5 and 1 pM, respectively). Data are
mean+S.EM. (n=3-9 oocytes). Potentiation of the GABA response at
(B) human recombinant o;B,y,; GABA, receptors by diazepam is
inhibited by increasing concentrations of flumazenil (0.01-10 pM) (n=7),
while the potentiation at (C) human recombinant a;3, GABA,4 receptors
by diazepam is not inhibited by flumazenil (0.01—-100 uM) (n=4). Control
GABA doses used were (B) 5 and (C) 1 uM.
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3. Results
3.1. Expression of GABA receptors in X. laevis oocytes

Injection of aPyyar, a1 or py receptor mRNA into
Xenopus oocytes resulted in expression of GABA-sensitive
channels. Increasing concentrations of GABA produced a
dose-dependent increase in inward whole-cell current until a
maximal response was reached. Respective ECsq values are
37.1 uM (n=4, 95% CI: 29.8-46.2 pM), 3.92 uM (n=4,
95% CI: 3.08-5.00) and 1.25 pM (=3, 95% CI: 1.16-
1.34). Hill coefficients (ny) are 1.19+0.07, 1.28+0.2 and
2.59£0.02, respectively. GABA did not produce any re-
sponse at sham-injected oocytes (n=3).

3.2. Biphasic potentiation by diazepam at o5y, GABA,
receptors

Diazepam enhanced the effects of a low dose of GABA
at GABA receptors (n=3-9, F=226.4, P<0.0001). Fig. 1A
shows the concentration—response relationship for diaze-
pam in the presence of GABA at a1 By, and o B GABA
receptors. Since the curve at ooy, GABA4 receptors had
two phases of enhancement, two ECsq values were obtained.
The ECs, for the high-affinity effect of diazepam was 0.09
uM (95% CI: 0.06—0.16) with a Hill coefficient of
1.3£0.16 (n=9). The ECs, for the low-affinity effect of
diazepam was 56.5 pM (95% CI: 35.8—78.6) with a Hill
coefficient of 3.3£1.2 (n=3). The low-affinity effect of
diazepam could be selectively observed at a3, GABA4
receptors. There was a significant difference between the
effect of diazepam at each receptor subtype (n>3, F=32.33,
P<0.0001). Diazepam produced monophasic potentiation at
a1 PBr GABA4 receptors that was similar to the second phase
of potentiation observed at o;B,y,; GABA, receptors
however the ECs, was somewhat lower. The ECs, for
diazepam potentiation at o3, GABA, receptors was 21.1
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Fig. 2. 6-Methylflavone (structure shown) potentiates the response to
GABA at human recombinant o;P,y,. and a3, GABA, receptors
(control GABA doses at each receptor subtype were 5 and 1 pM,
respectively). Data are mean+S.E.M. (n=4—7 oocytes).
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Fig. 3. 6-Methylflavone (60 uM) shifts the GABA dose response curve to
the left at human recombinant o Boyor, GABA, receptors, decreasing the
mean ECsy by 33+£5.4%. Data are mean+S.E.M. (n=4 oocytes).

uM (95% CI: 14.2-31.3) with a Hill coefficient of
1.87+£0.35 (n=3). Diazepam did not have any effect on
sham-injected oocytes (n=3). While the ECs5, and Hill
coefficient at a;3, GABA, receptors appear to be signifi-
cantly different from the ECsy and Hill coefficient for the
low-affinity effect of diazepam at o;3,y,; GABA, recep-
tors, this difference may not be real because of the over-
lapping sites at a;Pry>r GABA, receptors. These
overlapping sites cannot be individually resolved; thus, it
is difficult to provide accurate data for the low-affinity site
at a1 By, GABA, receptors.

The high-affinity diazepam potentiation at oPoyor
GABA 4 receptors was sensitive to antagonism by flumaze-
nil, a known benzodiazepine antagonist. At these receptors,
flumazenil (10 uM) completely abolished the enhancement
by 0.6 uM diazepam (ECs5,=0.09 uM for high-affinity
diazepam action) (Fig. 1B). In contrast, potentiation at
a1P> GABA,4 receptors by diazepam was not inhibited by
flumazenil (0.01-100 pM) (n=4, Fig. 1C).

1007 A GABA + 60uM 6-Methylflavone

- . 1 : 10 - ......1.(.30
GABA Concentration (uM)

Percentage of maximal GABA response

Fig. 4. 6-Methylflavone (60 pM) has no significant effect on the GABA
dose—response curve at human recombinant p; GABA( receptors. Data are
meantS.E.M. (n=8 oocytes).
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Fig. 5. Flavone (structure shown) potentiates the response to GABA at
human recombinant o B2y,1 GABA4 receptors (control GABA dose was 5
uM) to a lesser extent than 6-methylflavone (see Fig. 2). Data are
mean+S.E.M. (n=5 oocytes).

3.3. 6-Methylflavone as a positive allosteric modulator at
GABA 4 receptors, inactive at GABA receptors

6-Methylflavone had no activity when administered
alone; however, it enhanced the normal response to GABA
at recombinant o R,y,r, and a3, GABA, receptors (Fig.
2) (n=4, F=18.79, P<0.0001) at concentrations from 1—
100 uM. There was no significant difference between the
enhancement produced by 6-methylflavone at either recep-

A Flumazenil 0.01uM
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GABA (5uM)  —

100nA L

B Flumazenil
6-Methylflavone (30uM) —
GABA (1uM) e —
100nA |

1 min

1

tor subtype (n=>4, F=0.22, P=0.6082). The limit of solu-
bility for 6-methylflavone was 100 uM; thus, an accurate
ECso at oyPorysr GABA, receptors could not be deter-
mined; however, at this concentration, 6-methylflavone
enhanced the control response to GABA by 183£20%
(n=7). At o;p, GABA, receptors, a maximum was
reached and an ECsy of 8.7 pM (n=4, 95% CI: 2.6—
29.7) was obtained. The Hill coefficients were 1.10£0.26
and 1.50+0.11 at a;Pryor and o;B, GABA, receptors,
respectively (Fig. 2). 6-Methylflavone (60 uM) shifted the
GABA dose—response curve to the left (n=4, F=16.38,
P=0.0004), decreasing the mean ECsq at o; By, GABAA
receptors by 33+5.4% (Fig. 3).

6-Methylflavone (60 uM) did not significantly affect the
GABA dose—response curve at p; GABA( receptors (n=5,
F=0.52, P=0.4740) (Fig. 4). Furthermore, 6-methylflavone,
at concentrations below those producing significant en-
hancement (i.e. 0.01-10 uM), had no effect on the en-
hancement produced by 0.1 pM diazepam in the presence of
5 uM GABA at aB,y>r. GABA, receptors (n=7, F=1.084,
P=0.3032). 6-Methylflavone did not have any effect at
sham-injected oocytes (n=3).

Flavone also potentiated the response to 5 uM GABA at
a1Pryor GABA, receptors; however, a lower level of
enhancement was observed. It enhanced the control re-
sponse to GABA by 103+24% at a concentration of 100
uM (n=5) (Fig. 5).

0.1uM 1uM 10uM  100uM
+ + + +

0.01uM  0.1pM  1uM 10uM 100uM
+ + + +

Cr
uj

) \

Fig. 6. Potentiation of the GABA response at human recombinant (A) o 3,7y2r and (B) a1 3, GABA, receptors by 6-methylflavone (30 uM) is not inhibited by
flumazenil (0.01—-100 uM) (n=5 and 4, respectively). Control GABA doses used were (A) 5 and (B) 1 pM.
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Fig. 7. Flumazenil (10 pM) has no significant effect on the dose response
curve for 6-methylflavone at P>y GABA, receptors. Data are
mean®S.E.M. (n=3 oocytes).

3.4. Flumazenil insensitive action of 6-Methylflavone

Flumazenil (0.01-100 uM) did not block the enhance-
ment produced by 30 pM 6-methylflavone at oqPyyor
GABA, receptors (Fig. 6A), whereas under the same
conditions 10 pM flumazenil completely blocked the re-
sponse to 0.6 uM diazepam (Fig. 1B). Flumazenil (10 uM)
did not have any significant effect on the dose response
curve for 6-methylflavone in the presence of 5 uM GABA
(n=3, F=0.37, P=0.5453) at o;Pry>,r GABA, receptors
(Fig. 7). As is the case for diazepam, flumazenil (0.01—
100 pM) did not inhibit potentiation by 6-methylflavone at
a1, GABAL receptors (n=4, Fig. 6B).

4. Discussion

To date, much of the flavonoid research related to GABA
receptors has focused on the ability of these compounds to
displace radiolabelled benzodiazepines in binding assays,
and also on the behavioural effects exhibited in rodents.
Many studies have shown that there are definite links
between the ability of flavones to bind to the benzodiaze-
pine binding site and the many behavioural effects that they
induce; however, little has been done to investigate the
molecular mechanisms underlying flavone action at the
GABA receptor in functional studies.

The current study showed that 6-methylflavone acted in a
similar way to a benzodiazepine agonist by positively
modulating the response to a low dose of GABA (5 uM)
at recombinant o;B,y,; GABA, receptors. It may be
predicted that this enhancement was mediated through the
benzodiazepine site, as 6-methylflavone has been shown to
inhibit the binding of [*H]flumazenil and [*H]diazepam to
synaptosomes (Ai et al., 1997). However, the positive
modulation by 6-methylflavone was not blocked by fluma-
zenil, under conditions where flumazenil inhibited positive
modulation by diazepam.

Furthermore, 6-methylflavone displayed potentiation at
GABA,4 receptors both with and without a vy subunit (i.e.
a1Poryar and agf;). In both cases, this potentiation was
insensitive to flumazenil. In contrast, diazepam displayed
biphasic potentiation at o;P,y,r GABA, receptors and
monophasic low-affinity potentiation at o, GABA,
receptors as described by Walters et al. (2000). The high-
affinity component of diazepam action at a; P,y GABAA
receptors was sensitive to antagonism by flumazenil, where-
as the low-affinity component at both a;B,y>r and a3,
GABA, receptors was insensitive to flumazenil (Walters et
al., 2000), which was also shown in this study for a;p,
GABA, receptors. Although flumazenil enhanced the re-
sponse to 5 pM GABA at higher doses, this did not appear
to influence it’s antagonist activity at lower doses. Fluma-
zenil enhancement of the GABA response appeared to occur
most significantly at flumazenil concentrations above 100
puM, which was well above the concentration required to
antagonise the response to diazepam. Thus, it is unlikely
that the apparent flumazenil insensitivity of 6-methylfla-
vone-induced positive modulation was due to any positive
modulation by flumazenil itself.

A complete dose—response curve displaying 6-methyl-
flavone-induced enhancement was not obtained since a
maximal response to 6-methylflavone was not achieved at
the limit of solubility for this compound. Thus, the enhance-
ment of the GABA response has been expressed as a
percentage of the response to 5 pM GABA at the dose of
6-methylflavone producing the greatest enhancement (100
uM). In contrast, at a; 3, GABA, receptors, it appears that
the potentiation by 6-methylflavone reached a maximal
response at a concentration of 60 uM; thus, it was possible
to establish an ECso value. Despite this discrepancy, there
was no significant difference between the enhancement
produced at either receptor subtype.

Although we have shown that potentiation of the GABA
response by 6-methylflavone is independent of high-affinity
benzodiazepine sites, it is possible that 6-methylflavone is
interacting with high-affinity benzodiazepine sites as an
antagonist. It has been reported that 100 uM 6-methylfla-
vone has an antagonistic effect on the diazepam-induced
enhancement of GABA currents at human o;3,y,5 GABAA
receptors expressed in Sf-9 insect cells (Ai et al., 1997). At
concentrations (0.01-10 pM) below those that produce
enhancement, 6-methylflavone had no effect in our oocyte
expression system on the response to 5 pM GABA in the
presence of 0.1 pM diazepam at a1 3,y,1. GABA 4 receptors.

Ai et al. (1997) characterised the actions of 6-methyl-
flavone using radiolabelled binding assays on both rat brain
membranes and human recombinant GABA, receptors
expressed in Sf-9 insect cells, as well as functional studies
using the whole-cell patch clamp technique. On the basis of
GABA ratios in these binding studies, 6-methylflavone was
found to act as a weak partial agonist at o;B,Yy,s, an
antagonist at a;PoYss, and azPoyas, and a partial inverse
agonist at asPry,s GABA, receptors, while functional
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studies characterised 6-methylflavone as a weak benzodiaz-
epine partial agonist/antagonist at these receptors (Ai et al.,
1997). Using Sf-9 insect cells, it was found that 6-methyl-
flavone (25 uM) showed a similar weak positive modulation
of GABA-induced chloride currents in all of the four
GABA, receptor subtype combinations tested (otqP27Yas,
a0 PrY2s, d3P2Y2s, as5P2Y2s). Furthermore, 6-methylflavone
(100 uM) antagonised the potentiating effect of diazepam
(2.5 pM) on GABA-induced chloride currents at recombi-
nant oy Boy.s GABA, receptors.

In the present study, any diazepam antagonist action of 6-
methylflavone may have been masked by the observed
positive modulatory action on GABA responses. It may be
that the Xenopus oocyte expression system used in the
present study is more sensitive to the positive modulatory
action of 6-methylflavone on GABA responses than is the
insect expression used by Ai et al. (1997). While the current
study used a different vy, splice variant to that used by Ai et
al. (1997) to form o Py, GABA, receptors, it is unlikely
that this is significant since the positive modulation by 6-
methylflavone observed in the current study is independent
of the «y subunit. The extent of phosphorylation mediated by
endogenous protein kinases in the two expression systems
may be sufficiently different to favour 6-methylflavone
having a predominately flumazenil-like action in the insect
cells and a predominately flumazenil-independent positive
modulation action in the oocytes. Protein kinases are known
to be very important in GABA receptor function and cell
surface expression (Brandon et al., 2002). The importance
of protein kinases in this action of 6-methylflavone at
GABA, receptors could be tested using specific protein
kinase inhibitors.

6-Methylflavone did not affect the response to GABA
at p; GABA( receptors; thus, it appears that the modulat-
ing action of 6-methylflavone is selective for GABAA
receptors. Furthermore, the methyl group seems to be
important since flavone produces a lower level of poten-
tiation than 6-methylflavone.

There are several reports in the literature of flavonoids
having flumazenil-insensitive effects that may be associated
with GABA, receptors. Thus, Avallone et al. (2000) and
Zanoli et al. (2000) described sedative and locomotor effects
of apigenin that are flumazenil-insensitive. Goutman et al.
(2003) have recently described flumazenil-insensitive
effects of apigenin and related flavonoids on recombinant
a1PB1Y2s GABA, and p; GABA( receptors, while we have
reported that amentoflavone is a flumazenil-insensitive
negative modulator at recombinant o 31y, GABA, recep-
tors (Hanrahan et al., 2003). Some of these flumazenil-
independent effects of flavonoids may be mediated through
effects on protein kinases associated with GABA receptors
(Huang et al., 1999, 2001).

The current study shows that 6-methylflavone is a
positive modulator at recombinant GABA, receptors of
a1PBoyzr and o P, subtypes expressed in Xenopus oocytes.
This action is not sensitive to antagonism by flumazenil thus

it is not mediated via high-affinity benzodiazepine sites.
Since 6-methylflavone appears to act as a partial agonist/
antagonist at the benzodiazepine sites of some GABA,
receptor subtype combinations (Ai et al., 1997), and it has
been demonstrated in this study to produce positive modu-
lation at GABA, receptors through an additional site, it is
likely that this compound binds to more than one site at
GABA, receptors.
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