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Abstract

Research aimed at developing selective drugs acting on g-aminobutyric acid (GABA)A receptors introduced compounds from diverse

chemical classes unrelated to the 1,4-benzodiazepines, including flavonoids. These studies also revealed the potential use of inverse

agonists as cognition-enhancing agents. Here we report pharmacological properties of the novel synthetic isoflavonoid 2-methoxy-3,8,9-

trihydroxy coumestan (PCALC36). PCALC36 displaced [3H]flunitrazepam binding to rat brain synaptosomes with an IC50 of 13.8 AM.

Scatchard analysis of the effect of PCALC36 showed a concentration-dependent reduction of the Bmax of [3H]flunitrazepam, without a

marked change in Kd. This effect could be reversed by diluting and washing the preparation. Addition of 20-AM GABA shifted to the

right the inhibition curve of PCALC36 on [3H]flunitrazepam binding (IC50 ratio of 0.68), which is characteristic for inverse agonists.

PCALC36 produced little change in the GABAergic tonic currents recorded by whole-cell patch clamp in cultured rat hippocampal

neurones, but it caused a 20% reduction in miniature inhibitory postsynaptic current amplitude and completely antagonised the full (direct)

agonist midazolam in a quickly reversible manner. The data suggest that the coumestan backbone can be useful for developing novel

ligands at the GABAA receptor.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction pentameric protein composed of subunits from different
Since their discovery in the 1960s, 1,4-benzodiazepines

have been utilized with great success in therapy, mainly as

anxiolytics. Benzodiazepines exert their anxiolytic, seda-

tive/hypnotic, anticonvulsant, and myorelaxant effects by

enhancing the inhibitory neurotransmission in the central

nervous system. In fact, benzodiazepines are allosteric

modulators of the g-aminobutyric acid (GABA)A receptor

complex, a ligand-gated ion channel that mediates the flux

of chloride ions, usually leading to neuronal membrane

hyperpolarization. Benzodiazepines are thought to bind at

the interface between the a and g subunits of the hetero-
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families, namely a1-6, h1-3, g1-3, q, y, k, and u (Korpi

et al., 2002). Modulation of chloride conductance is also

possible through the action of drugs binding at distinct

allosteric sites, as is the case for barbiturates, general

anaesthetics, neurosteroids, picrotoxin and other convul-

sants, ethanol, and some divalent cations (Korpi et al.,

2002; Gordon, 2002). In spite of being among the most

frequently prescribed drugs, benzodiazepines have limita-

tions particularly in relation to long-term use, such as

development of tolerance and dependence, rebound symp-

toms upon withdrawal, and amnesic effects (Korpi et al.,

1997). The need for a more restricted activity profile

(anxiolytic effect without sedation, for example) is another

stimulus for the search of new compounds acting on the

GABAA receptor complex. Recent advances in the molec-

ular biology of the GABAA receptor indicate that the



Fig. 1. Structure of PCALC36.
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various behavioural responses to benzodiazepines are me-

diated by specific receptor subtypes in distinct neuronal

circuits (Rudolph et al., 1999; Möhler et al., 2002). Data

from gene knock-in experiments suggest that receptors

containing the a1 subunit may be responsible for anticon-

vulsant, sedative, and amnesic effects; those containing the

a2 subunit for anxiolytic effects, while those with a2, a3,

and a5 subunits would be implicated in myorelaxation and

ethanol potentiation (Rudolph et al., 1999; Möhler et al.,

2002). As a consequence of an improved definition of the

appropriate targets, the development of tranquilizers without

the undesirable effects of classical benzodiazepines is cur-

rently a hot topic in medicinal chemistry (Marder et al.,

2001; Huang et al., 2000). This search is not limited to

modifications of the benzodiazepine backbone because a

variety of compounds structurally unrelated to 1,4-benzo-

diazepines bind with high affinity to the same site at

GABAA receptors, such as h-carbolines (Braestrup et al.,

1984), triazolopyridazines, cyclopyrrolones, quinolines

(Gardner et al., 1993), and flavonoids (Hui et al., 2002;

Medina et al., 1990; Viola et al., 1994; Wolfman et al.,

1998; Salgueiro et al., 1997; Viola et al., 2000; Kahnberg et

al., 2002; Nielsen et al., 1988; Dekermendjian et al., 1999).

Recent electrophysiological evidence established the

functional diversity of GABAA receptors at the single-cell

level. Mature neurones from several brain regions seem to

express two GABAA response types: the ubiquitous phasic

currents, comprised of large (multiquantal) and miniature

synaptic currents, and also the tonic currents (IT) associated

with low-level, persistent activation of GABAA receptors

(Valeyev et al., 1993; Brickley et al., 1996). Once action

potential activity has been halted by a sodium channel

blocker, the presence of IT can be revealed by its disappear-

ance upon application of a GABAA receptor antagonist, like

bicuculline, as seen in neurones from the cerebellum

(Kaneda et al., 1995; Wall and Usowicz, 1997; Leão et

al., 2000; Rossi et al., 2003) and the hippocampus (Bai et

al., 2001; da Silva et al., 2002; Stell and Mody, 2002;

Valeyev et al., 1993; Yeung et al., 2003). The GABAA

receptors underlying the tonic and phasic responses show

differences in biophysical and pharmacological properties,

suggesting that they may be of distinct subtypes. In hippo-

campal neurones, IT is effectively potentiated by benzodi-

azepine agonists (Bai et al., 2001; da Silva et al., 2002;

Yeung et al., 2003), raising the possibility that it may be an

important target for drugs affecting limbic seizure threshold,

anxiety, or cognition.

As part of a program aimed at synthesizing biologically

active flavonoids, we recently reported the synthesis of five

coumestans structurally related to the naturally occurring

wedelolactone, a constituent of the plant Eclipta prostrata

L. (Asteraceae; da Silva et al., 2001). Because wedelolac-

tone inhibited the binding of [3H]flunitrazepam to rat brain

synaptosomes, we have selected one of the more recently

synthesized coumestans, namely, 2-methoxy-3,8,9-trihy-

droxy coumestan (PCALC36), for studying in detail its
molecular interaction with the benzodiazepine site at the

GABAA receptor in preparations from rat brain. Binding

assays were indicative of a negative allosteric modulator

profile of PCALC36 at GABAA receptors. Drugs with such

activity may have many undesirable effects, but they can

also improve learning and memory (Eid and Rose, 1999;

Maubach, 2003). Therefore, we have investigated the effects

of PCALC36 in the GABAergic, benzodiazepine-sensitive

IT in neurones from the rat hippocampus. Present results

indicate that this original synthetic isoflavonoid, whose

structure is shown here for the first time, acts as a low-

efficacy inverse agonist at the central benzodiazepine

receptor.
2. Materials and methods

2.1. Synthesis of 2-methoxy-3,8,9-trihydroxy coumestan

(PCALC36)

The compound PCALC36 (Fig. 1) was prepared accord-

ing to the methodology described previously for the syn-

thesis of five coumestans with different patterns of

oxygenation in rings A and D, using available benzalde-

hydes, isovanillin, and piperonal as starting materials (da

Silva et al., 2001). The purity of PCALC36 crystals was

>95% as assessed by 1H NMR and 13C spectroscopy.

PCALC36 was dissolved in dimethylsulphoxide (DMSO)

as a 30-mM stock solution stored at � 15 jC for no more

than 2 weeks. Just before its use, the stock solution was

diluted with Tris–HCl buffered Krebs solution (pH 7.4 at 4

jC) for binding experiments or with extracellular solution

(see below) for electrophysiological recordings.

2.2. Tissue preparation

Brains, without cerebellum and brainstem, were obtained

from male Wistar rats sacrificed by decapitation. Briefly,

tissues were homogenized in a Potter apparatus with a

motor-driven Teflon pestle at 4 jC in 15 V of ice-cold

0.32-M buffered sucrose (pH 7.4) per gram of organ. After

centrifuging at 1000� gmax for 10 min, the supernatant was

centrifuged at 48,000� gav for 20 min to obtain the crude

synaptosomes that were resuspended in a buffered Krebs

solution and stored at � 80 jC until use. Alternatively, in

order to eliminate the endogenous GABA, the synaptosomal

preparation was subjected to an osmotic shock at 25 jC
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before being recentrifuged at 48,000� gav for 20 min to pick

up the pellet that was resuspended in 50-mM Tris–HCl (pH

7.4 to 4 jC) and stored at � 80 jC (washed preparation).

2.3. [3H]flunitrazepam binding assay

Synaptosomes (200 Ag protein) were incubated at 4 jC
for 90 min in a buffered Krebs solution containing 0.2 nM

[3H]flunitrazepam (85 Ci/mmol, New England Nuclear Life

Science Products, USA). After incubation, samples were

rapidly diluted with 3 ml of ice-cold Krebs buffer and

immediately filtered on glass fibre filters (GMF 3, Filtrak,

Germany) under vacuum. Filters were then washed once

more with 3 ml buffer, dried, and immersed in a scintillation

cocktail (0.1 g/l of 1,4-bis-[2-(5-phenyloxazolyl)]-benzene

[POPOP] and 4.0 g/l 2,5-diphenyloxazole [PPO] in tolu-

ene), and the radioactivity retained in the filters was counted

with a Packard Tri-Carb 1600 TR liquid scintillation analy-

ser. Saturation experiments were performed by the addition

of increasing concentrations of unlabeled flunitrazepam (0.1

nM to 5.0 nM) to 0.2 nM [3H]flunitrazepam. Nonspecific

binding was estimated in the presence of 5-AM unlabeled

flunitrazepam.

In another experiment (reversibility assay), crude synap-

tosomes were preincubated at 4 jC in 5 ml of buffered

Krebs solution for 90 min in the absence (control) or

presence of 30-AM PCALC36. After this period, the syn-

aptosomes were diluted to 20 ml with Krebs Tris–HCl

buffer and centrifuged for 30 min at 48,000� g. The pellets

were washed again by resuspension and incubated in 20 ml

of buffered Krebs solution for 30 min at room temperature

followed by a second centrifugation under the same con-

ditions described above, using a protocol similar to the one

described previously (Silva et al., 1996). Final pellets were

used to measure the binding of [3H]flunitrazepam as previ-

ously described.

To investigate the kinetics of flunitrazepam dissociation,

synaptosomes (200-Ag protein) were first incubated at 4 jC
in 5-ml buffered Krebs solution containing 0.2 nM [3H]flu-

nitrazepam. After 90 min, either 5 Al of unlabeled fluni-

trazepam alone (final concentration: 300 nM) or 5 Al of
flunitrazepam plus 5 Al of PCALC36 (final concentrations:

300 nM and 30 AM, respectively) was added. At various

time intervals, 500-Al samples were filtered as described

above. All values were corrected for nonspecific binding,

defined as binding in the presence of 5-AM unlabeled

flunitrazepam.

2.4. Electrophysiology

Pregnant Wistar rats at 18–20 days of gestation were

sacrificed under CO2 narcosis and hippocampal cells from

the foetuses were isolated and cultured by standard methods

(Goslin and Banker, 1991). About 7� 105 cells (neurones

and glia) were plated per 35-mm poly-L-lysine-coated dish

and were used 24–44 days after plating, when neurones
showed mature morphology and abundant synaptic activity.

Maintenance medium was modified Eagle’s medium

(MEM) with Earle’s salts supplemented with 5 g/l of D-

glucose, 2-mM glutamine, and 10% horse serum. Whole-

cell membrane currents were recorded with an Axopatch

200A patch clamp (Axon Instruments, USA) using a fast-

switching perfusion system to apply drug pulses (Castro et

al., 1999). The extracelullar solution was (in mM): NaCl

165, KCl 5, CaCl2 2, D-glucose 10, HEPES 5, and NaOH

f 2 (pH 7.3). For tonic current recordings, drugs were

dissolved in extracellular solution with added tetrodotoxin

0.6 AM (Alomone Labs, Israel) to block voltage-gated

sodium channels, 6-cyano-7-nitroquinoxaline-2,3-dione

(CNQX) 10 AM to block non-NMDA receptor channels,

and MgCl2 1 mM to partially block NMDA receptor

channels. The intracellular solution was (in mM):

CsCH3SO3 115, CsCl 20, 1,2-bis(2-aminophenoxy)ethane-

N-N-N=-N=-tetraacetic acid (BAPTA) 10, HEPES 10,

Mg1.5ATP 4, and di-Tris-phosphocreatine 10 (pH 7.3 with

CsOH). Under these conditions, outward currents evoked

by GABA could be isolated from spontaneous cationic

currents due to endogenous glutamate by clamping the

membrane potential at 0 mV. Recordings were made at

room temperature.

2.5. Data analysis

Data from saturation experiments at equilibrium were

graphically represented using Scatchard plots. The model

parameters (IC50, Bmax and Kd, and rate constants) were

estimated using a computerized nonlinear regression anal-

ysis of the untransformed data (Prism, GraphPad Software),

assuming a single population of binding sites, where

applicable. The data of the dissociation assay were ana-

lysed using the model of one-phase exponential decay to a

certain plateau. The time course of flunitrazepam binding

was analysed using the model of one-phase exponential

association (Prism, GraphPad Software). The association

rate constant (k+ 1) was calculated according to Eq. (1)

(Bennett, 1978):

kþ1 ¼ ðkobs � k�1Þ=½L� ð1Þ

where kobs is the slope of the line obtained by plotting Ln

[Beq/(Beq�Bt)] versus time where Bt is the amount of

specifically bound ligand at time t, Beq is the bound ligand

at the steady state, k� 1 is the dissociation rate constant and

[L] is the (free) ligand concentration. In the GABA shift

assay, the GABA ratio was calculated dividing the IC50

value of the test compound measured in the absence of

GABA by the IC50 value measured in the presence of 20-

AM GABA.

Tonic current recordings were digitised and analysed

using the EDR program (J. Dempster, Strathclyde Univer-

sity, Scotland). Drug effects were expressed as percent

changes of the average tonic GABAergic current, which



Table 1

Effect of modulators of [3H]flunitrazepam binding in crude and washed

preparations from rat brain

[3H]Flunitrazepam bound (%)

GABA

20 AM
Bicuculline

20 AM
Flunitrazepam

1 nM

PCALC36

10 AM

Crude Preparation 112.4 66.9 18.1 33.2

Washed Preparation 160.2 92.4 27.0 31.3

Synaptosomes were incubated at 4 jC for 90 min in the presence of 0.2 nM

[3H]flunitrazepam and Krebs solution (control) or either 20-AM GABA, 20-

AM bicuculline, 1-nM unlabeled flunitrazepam, or 10-AM PCALC36.

Results are expressed as % of [3H]flunitrazepam bound. Data represent

means of a typical experiment performed in triplicate. Similar results were

obtained in two other experiments.

D.V.S. Lopes et al. / European Journal of Pharmacology 495 (2004) 87–9690
was determined (in the presence of tetrodotoxin) as the

difference between the average spontaneous current level

and the true baseline level revealed by application of the

GABAA receptor antagonist bicuculline. Miniature inhibi-

tory postsynaptic currents (IPSC) were low-pass filtered at 1

kHz (Bessel) and digitised at 4 kHz for processing with a

Mini Analysis software (Synaptosoft, USA). The root-

mean-square (RMS) value of the current fluctuations was

estimated for each trace as the mean from three 512-point

data segments, and it was used for setting the threshold for

miniature IPSC detection. In most recordings, a ubiquitous

low-amplitude synaptic ‘‘noise’’ contributed significantly to

the overall baseline noise, preventing proper analysis of

small miniature IPSC. Therefore, an amplitude threshold of

six times the average RMS was used for event detection.

Unless otherwise noted, data are reported as meanF S.D.
3. Results

3.1. Effect of PCALC36 on [3H]flunitrazepam binding to

rat brain synaptosomes

Equilibrium binding of [3H]flunitrazepam to crude syn-

aptosomes was measured at 4 jC in the presence or absence

of 1- to 100-AM PCALC36. As shown in Fig. 2, PCALC36

inhibited the binding of 0.2 nM [3H]flunitrazepam in a

concentration-dependent manner, with estimated IC50 of

13.8F 2.7 AM and Imax of 101F 6% as determined by

nonlinear regression fitting of the data. Such effect could be

due either to direct competition of PCALC36 at the benzo-

diazepine binding site or to an indirect effect through an

allosteric site. We first considered the hypothesis of an

antagonism at the GABA agonist site, which would depend

on the presence of endogenous GABA in the crude synap-

tosome preparation. In order to test this hypothesis, we

compared the effect of 10-AM PCALC36 in crude and
Fig. 2. Effect of PCALC36 on [3H]flunitrazepam binding to crude rat brain

synaptosomes. Results, expressed as percent inhibition of 0.2-nM

[3H]flunitrazepam binding, are meansF S.E.M. from three experiments

performed in triplicate. Curves were drawn using the parameters fitted by

nonlinear regression with the model of a sigmoidal dose– response curve

(one binding site).
washed preparations from rat brain. As shown in Table 1,

binding of 0.2 nM [3H]flunitrazepam to crude synaptosomes

was only slightly stimulated by the addition of GABA but

was inhibited by 30% in the presence of bicuculline, a

competitive antagonist of the GABA site. In washed syn-

aptosomes, addition of GABA increased by more than 60%

the binding of [3H]flunitrazepam, whereas bicuculline

showed little effect. These data indicate that endogenous

GABA was at nearly saturating concentrations in the crude

preparation and at low, nonsaturating concentrations in the

washed preparation. PCALC36 inhibited [3H]flunitrazepam

binding to a similar extent in both crude and washed

preparations (Table 1), thus ruling out the hypothesis of

an action through antagonism at the GABA site. Another

classical mechanism of noncompetitive inhibition of fluni-

trazepam binding could be an allosteric effect at modulatory

site(s) at the GABAA receptor complex. To examine the

allosteric modulation hypothesis, we analysed the influence

of PCALC36 on the dissociation kinetics of 0.2 nM

[3H]flunitrazepam in an isotopic dilution assay. Fig. 3 shows
Fig. 3. Influence of PCALC36 on [3H]flunitrazepam dissociation kinetics in

rat brain synaptosomes. After a 90-min incubation, the dissociation of the

[3H]flunitrazepam-receptor complex was initiated by isotopic dilution with

300-nM unlabeled flunitrazepam alone (o, control) or with 300-nM

unlabeled flunitrazepam+ 30-AM PCALC36 (D). The fitted curves were

obtained by nonlinear regression using the model of a biexponential decay

(Chiu et al., 1981). Each point represents the mean of F S.E.M. of triplicate

determinations of specific binding in a typical experiment (repeated twice,

with similar results).



Table 2

Values of Kd and Bmax for [3H]flunitrazepam binding measured in the

presence and absence of PCALC36

Kd (nM) Bmax (fmol/mg)

Control 2.70F 0.14 2239F 70.0

PCALC36 3 AM 2.92F 0.50 2169F 226

PCALC36 10 AM 3.39F 0.36 1849F 123

PCALC36 30 AM 3.93F 0.56 1463aF 147

Kd and Bmax values were calculated by nonlinear regression from the data

shown in Fig. 4. The calculated standard error represents here the precision

of the parameter estimated by fitting (goodness of fit for this parameter) of

the mean curve and not a classical standard error indicating the interassay

variability.
a P < 0.05.
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that the dissociation of flunitrazepam from its binding site

was not modified by the addition of a high concentration of

PCALC36 because the apparent half-life was around 22 min

in both cases. This result ruled out an allosteric interaction

between the PCALC36 and flunitrazepam-binding sites, at

least as far as dissociation kinetics is concerned. The

remaining possibility of a direct interaction of PCALC36

with the benzodiazepine site was then examined. Saturation

curves were obtained with [3H]flunitrazepam at equilibrium,

in the absence and presence of increasing concentrations of

PCALC36. Fig. 4 shows that the presence of PCALC36 did

not modify the affinity of flunitrazepam (Scatchard plots are

nearly parallel and Kd values are very similar) but decreased

its maximal binding in a concentration-dependent manner

(Table 2). Analysis of the time course of flunitrazepam

binding (Fig. 5) indicated that PCALC36 slightly decreased

the association rate constant (k+ 1) of flunitrazepam (from

0.110 to 0.058 nM/min). This very small decrease of k+ 1

(less than two times) associated with the lack of effect on

k� 1 is compatible with the lack of a significant effect of 30-

AM PCALC36 on the Kd (k� 1/k+ 1) of flunitrazepam; in fact,

a small increase of Kd (around 1.5 times) was measured, but

this was not statistically significant (Table 2).

Considering the possibility that irreversible binding of

PCALC36 to the benzodiazepine binding sites underlay the

decrease of Bmax for flunitrazepam (i.e., by irreversible

competition), we carried out experiments to investigate the

stability of the PCALC36–GABAA receptor complex. In

this reversibility assay, we compared the binding of [3H]flu-

nitrazepam to crude synaptosomes pretreated with 30-AM
PCALC36 or with buffered Krebs solution (control) after

extensive washing to promote the dissociation of bound

PCALC36. Analysis of the Scatchard plots indicated that the

number of [3H]flunitrazepam binding sites (Bmax) after the

washout of PCALC36 (5417F 216 fmol/mg) was not sig-

nificantly smaller than in the untreated control (5712F 181

fmol/mg) and that there was no alteration of the Kd
Fig. 4. Scatchard plot for the specific binding of [3H]flunitrazepam to rat

brain crude synaptosomes in the presence of PCALC36. About 150–200

Ag protein was incubated at 4 jC for 90 min in the absence (n) or presence

of 3 AM (E), 10 AM (.), or 30 AM (z) PCALC36. The fitted curves were

obtained by nonlinear regression using the model of a single class of

binding sites. Data are means from three experiments performed in

triplicate.
(4.05F 0.24 and 3.85F 0.18 nM for pretreated and control,

respectively; Fig. 6). This suggests that the binding of

PCALC36 to its site on the GABAA receptor is reversible.

As a first attempt to investigate the intrinsic efficacy of

PCALC36, we performed a classical in vitro test, the so-

called GABA shift assay (Braestrup et al., 1982, 1984),

where the IC50 of the ligand for inhibition of [3H]flunitra-

zepam binding is measured in the absence and presence of

GABA. Fig. 7A shows that the addition of 20-AM GABA to

the incubation medium decreased the apparent affinity of

PCALC36 in washed synaptosomes, as observed by a shift

to the right of the inhibition curve (IC50 ratio = 0.68). This

effect of GABA was similar to that of methyl 6,7-dime-

thoxy-4-ethyl-h-carboline-3-carboxylate (DMCM; IC50 ra-

tio = 0.72; Fig. 7B), a classical full inverse agonist at the

benzodiazepine binding site, and opposite to the one

measured with the agonist flunitrazepam (IC50 ratio = 1.47;

Fig. 7C).
Fig. 5. Effect of PCALC36 on [3H]flunitrazepam association kinetics in rat

brain synaptosomes. Proteins (200 Ag) were incubated at 4 jC for 90 min in

the absence (.) or presence of 30-AM PCALC36 (E). The fitted curves

were obtained by nonlinear regression using the model of one-phase

exponential association. Data are meansF S.E.M from two experiments

(each performed in triplicate). Inset: plot of Ln [Beq/(Beq�Bt)] versus time

where Bt is the amount of specifically bound ligand at time t, Beq is the

bound ligand at the steady state, k� 1 is the dissociation rate constant (see

Fig. 4) and [L] is the (free) ligand concentration. The slopes of the lines

(kobs = 0.068 min� 1 and 0.046 min� 1) were calculated by linear regression

and used for calculation of k+ 1 (see Material and methods).



Fig. 7. Inhibitory effect of PCALC36, DMCM, and flunitrazepam on

[3H]flunitrazepam binding to rat brain synaptosomes in the presence and

absence of GABA (GABA shift). Around 200 Ag washed protein was

incubated at 4 jC for 90 min in the absence (.) or presence of 20-AM
GABA (n) and increasing concentrations of PCALC36 (A), DMCM (B), or

flunitrazepam (C). Data are expressed as % inhibition of 0.2 nM

[3H]flunitrazepam (specific) binding. Each point represents the mean -

F S.E.M. of three experiments performed in triplicate, except for control

experiments (B and C) where n= 2.

Fig. 6. Reversibility of PCALC36 inhibition of flunitrazepam binding.

Scatchard plot for specific binding of [3H]flunitrazepam in crude

synaptosomes pretreated either with 30-AM PCALC36 (.) or Krebs

Tris–HCl buffer (n, control) and extensively washed (see Materials and

methods). The fitted curves were obtained by nonlinear regression using the

model of a single class of binding sites. Each point represents the mean of

three experiments performed in triplicate.
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3.2. Electrophysiology

All hippocampal neurones sampled in this study

expressed GABAA receptors, as inferred from the presence

of large spontaneous IPSC that reversed the direction at the

Cl� equilibrium potential and could be blocked by 10-AM
bicuculline. The application of 3-AM GABA consistently

evoked currents greater than 1 nA (data not shown).

However, we could not detect a significant effect of mid-

azolam (0.1–1 AM) on currents evoked by 1- to 10-AM
GABA. When macroscopic synaptic activity was blocked

by tetrodotoxin, most neurones (88 out of 90) also exhibited

a tonic GABAergic current (IT), as revealed by fast baseline

shifts and reduction of current fluctuations in response to

pulses of 10-AM bicuculline (Fig. 8). The tonic current was

insensitive to the perfusion rate, suggesting that it was not

due to accumulation of endogenous GABA in the bulk

solution, as previously described in cerebellar (Leão et al.,

2000) and hippocampal neurones (Bai et al., 2001). Com-

pound PCALC36 (60 AM) applied alone seemed to have a

small inhibitory effect, reducing the gross fluctuations of the

control IT in 10 out of 11 tested neurones (Fig. 8). In most

neurones, there was no clear baseline shift upon application

of PCALC36, and the macroscopic effect seemed to involve

inhibition of miniature IPSC. In contrast, midazolam (0.1

AM) potentiated IT in two thirds of the tested neurones, with

an average change to 211F 33% of control (n = 17). In

responding neurones, when 60-AM PCALC36 was added in

the presence of midazolam, IT returned to 101.5F 28.0%

(n = 6) of control levels, showing a complete inhibition of

midazolam-induced potentiation (Fig. 8). The currents

decayed to an apparent plateau in 25.2F 11.3 s when

perfusion of PCALC36 was initiated, and they returned to

the previous level in 12.7F 5.4 s when it ended, showing

that the inhibition could be quickly reversed. In these six

cells, the effects of PCALC36 (60 AM) alone on miniature
IPSC were further investigated. In addition to clearly

identified IPSC, the traces showed a high frequency of

low-amplitude current transients that seemed to be of

synaptic origin and were blocked by bicuculline. To mini-

mise contamination with synaptic ‘‘noise’’, only miniature

IPSC larger than six times the average RMS current fluctu-

ations were analysed in 60- to 100-s data segments recorded



Fig. 8. Effects of PCALC36 on GABAergic tonic currents. Sample

recording from a hippocampal neurone kept for 40 days in culture, clamped

at 0 mV. Upward (spiky) deflections are miniature inhibitory synaptic

currents, which are not resolved at the time scale of this figure. Periods of

drug application are shown by the horizontal bars on top. PCALC36 60 AM
alone seemed to reduce current fluctuations, while 0.1 AM midazolam more

than doubled the control current level (CT), which was measured relative to

the baseline (BL) seen during the application of 10 AM bicuculline (right).

Two pulses of 60-AM PCALC36 transiently and reproducibly abolished the

effect of midazolam.
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before the application of PCALC36 (control), during its

application, and after its removal (washout).

Data obtained in the three conditions were analysed by

repeated-measures ANOVA. The mean control amplitude

ranged from 12.9 to 25.3 pA (n = 39 to 308 events). In the

presence of PCALC36, the mean amplitude was reduced in

all six cells (P < 0.05) with an average reduction of

20.5F 10.2%. This effect was not significantly reversed

after 1 min of washout. Together with the reduction in

amplitude, there was a reduction of 62.2F 15.8% (P < 0.05)

in the frequency of detected events that was partially

reversed in four of the six cells within 1 min of the removal

of PCALC36.
4. Discussion

The search for new ligands of the central benzodiaze-

pine receptor with more selective patterns of effects than

the classical 1,4-benzodiazepines has been stimulated by

recent evidences that specific GABAA receptor subtypes

discriminate between benzodiazepine site ligands (Rudolph

et al., 1999; Möhler et al., 2001). Among the many,

structurally diverse compounds that bind with high affinity

to the benzodiazepine binding site (Braestrup et al., 1984;

Gardner et al., 1993; Chebib and Johnston, 2000), we draw

a special attention to flavonoids, either naturally occurring

or synthetic derivatives (Hui et al., 2002; Medina et al.,

1990; Viola et al., 1994; Wolfman et al., 1998; Salgueiro et

al., 1997; Viola et al., 2000; Kahnberg et al., 2002; Nielsen

et al., 1988). Here we described the molecular mechanism

of the action of a newly synthesized coumestan (2-
methoxy-3,8,9-trihydroxy coumestan—PCALC36) on the

GABAA receptor complex. PCALC36 has moderate to low

affinity for inhibiting flunitrazepam binding to the central

benzodiazepine receptor (IC50 around 10 AM) when com-

pared to classical 1,4-benzodiazepines (nanomolar range)

and some flavonoids (Marder et al., 2001). To the best of

our knowledge, this is the first report to state that coume-

stans, chemically classified as isoflavonoids, interact with

the central benzodiazepine receptor. This effect was not

due to antagonism at the GABA site, where GABA

positively modulates the affinity of benzodiazepine ligands

to their site on the GABAA receptor complex. This

hypothesis has been ruled out by the finding that

PCALC36’s effect was not abolished in a washed prepa-

ration depleted of endogenous GABA (Table 1). A priori,

an allosteric effect on benzodiazepine binding could also

be ruled out because PCALC36 did not increase the

dissociation rate of flunitrazepam (Fig. 3). It is worth

noting that the protocol used in our dissociation assay

has already been used successfully for demonstrating the

(negative) allosteric modulation of pentobarbital at the

picrotoxin/cage convulsant site (Trifiletti et al., 1984).

Theoretically, an allosteric effect should not be definitively

excluded because we detected a small decrease of the

association rate of flunitrazepam binding in the presence of

PCALC36 (Fig. 5). A more direct effect of PCALC36 on

the benzodiazepine-binding site is suggested by the satu-

ration curves of flunitrazepam performed in the presence of

increasing concentrations of PCALC36 (Fig. 4). However,

the decrease of Bmax with no alteration of the Kd of

flunitrazepam ruled out the classical hypothesis of a

reversible competition for the same sites. The simple

alternative mechanism would be that PCALC36 binds to

the benzodiazepine-binding site, but in an irreversible

manner. However, this straightforward explanation has

not been supported by the results of the reversibility assay

described in Fig. 6. There, a simple washing procedure

was enough to dissociate completely PCALC36 from its

binding site. Inasmuch as a different tissue (hippocampal)

was used for current recordings, the fast reversal of the

inhibition of IT when PCALC36 was removed, particularly

in the presence of midazolam, is also strong evidence of

reversible binding. A convincing explanation for the ap-

parent contradictory results is not easy, but two hypotheses

could be raised. First, PCALC36 could bind to an alloste-

ric site but could only decrease the association rate of

flunitrazepam binding so that no effect would be observed

in our dissociation assay. However, in this case, we should

have detected a large decrease of the association rate

constant for flunitrazepam and a significant decrease of

its affinity, but this was not apparent in the Scatchard plots

presented in Fig. 4. Alternatively, binding of PCALC36

could be too stable at 4 jC to allow true competition with

flunitrazepam, but not irreversible, so that dissociation

could occur during the washing procedure of the revers-

ibility assay. Furthermore, in the hippocampal neurons,
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only the effect on IT was quickly reversed by washout,

while the effect on synaptic currents was only slowly and

incompletely reversed after minutes of washout. This is

consistent with the concept that IT is mediated by a

pharmacologically distinct and probably small subset of

GABAA receptors (Bai et al., 2001; Yeung et al., 2003).

The relatively fast unbinding kinetics of PCALC36 to

these receptors may have been missed in the radioligand

experiments if they comprise only a small fraction of the

binding sites in the whole brain preparation. It is also

possible that the synaptic hippocampal receptors sensitive

to PCALC36 belong to the larger fraction that showed

features of pseudo-irreversible binding at 4 jC. Unfortu-
nately, the small magnitude of IT and the high frequency of

spontaneous miniature IPSC precluded the analysis of the

concentration–inhibition relationships in the patch-clamp

experiments, which would have allowed further testing of

the competition hypothesis. This issue requires further

experiments and may be better addressed in a different

preparation showing large benzodiazepine-sensitive

responses to applied GABA.

Regarding the intrinsic efficacy of PCALC36, the bind-

ing assay indicated that it could act as an inverse agonist

because a GABA shift to the right was observed (IC50

ratio < 1). The shifts described in the literature are always

relatively small (from about 0.5 to 2, for full inverse and

‘‘direct’’ agonists, respectively), and they are more easily

quantified when an antagonist is chosen as ligand. In the

present case, we used an agonist, following the lead of the

pioneers of this technique (Braestrup et al., 1982) as well as

others, more recently (e.g., Kawasaki et al., 1996). Positive

controls for an agonist (flunitrazepam) and an inverse

agonist (DMCM) were included in order to show that the

present conditions were able to discriminate between these

two kinds of drugs and in order to facilitate the comparison

with PCALC36. The predictive value of the GABA shift has

recently been further confirmed by Visser et al. (2003), who

reported a highly significant linear correlation between the

in vivo intrinsic efficacy and the log GABA shift. In our

hands too, the prediction of the GABA shift assay was

consistent with the inhibitory effect seen in the electrophys-

iological experiments. PCALC36 produced little change in

the GABAergic IT, but it caused a 20% reduction in

miniature IPSC amplitude and completely antagonised the

full (direct) agonist midazolam. These effects suggest an

inverse agonism, possibly with low intrinsic efficacy. Un-

fortunately, full efficacy standards for comparison are lack-

ing because few studies have addressed the effects of

benzodiazepine-site inverse agonists on miniature IPSC.

Two studies showed that the partial inverse agonist RO

15-4513 (which is a full positive agonist at GABAA

receptors containing the a4 subunit) accelerates the decay

but has no effect on the amplitude of the miniature IPSC

(Cagetti et al., 2003; Hsu et al., 2003). To the best of our

knowledge, the effect of the classical BZP inverse agonist

DMCM on these currents has not been described so far.
Thus, the conclusion that PCALC36 has low efficacy is

conservative, based on the lack of a clear inhibition of the

tonic currents.

PCALC36 was recently shown to inhibit Na+/K+-ATPase

(Poc�as et al., 2003), raising the possibility that part of the

effect on synaptic currents was presynaptic in origin. Intra-

cellular sodium accumulation promoted by a Na+/K+-ATPase

inhibitor would lead to a reversal of the Na+/Ca2 + exchanger,

increasing intracellular [Ca2 +], and then enhancing neuro-

transmitter release. Similarly, the Na+-dependent GABA

transporter could operate in reverse mode, leading to GABA

release instead of GABA uptake. In both cases, an increase in

the frequency of miniature IPSC or in IT would be expected,

contrary to what was observed in the presence of PCALC36.

Furthermore, ouabain causes no significant change in the

frequency or the amplitude of miniature IPSC from rat

neurons in f 5-min applications (Doi et al., 2002).

Our data indicate that PCALC36 acts like an inverse

agonist at the benzodiazepine site of the GABAA receptor

complex. Although inverse agonists are capable of producing

convulsions and anxiety, recent reports indicate that the

effects of such drugs in cognitive function could be clinically

useful (Eid and Rose, 1999; Maubach, 2003). Inverse ago-

nists might enhance cognition because of their ability to

selectively disinhibit cholinergic neurones in the basal fore-

brain (Sarter and Bruno, 1997). This disinhibition would be

particularly important in Alzheimer’s disease, where failure

of memory has been attributed to the degeneration and

functional impairment of the basal cholinergic system

(Whitehouse, 1998). It appears that the beneficial effects of

inverse agonists at the benzodiazepine receptor could be

generalised to the aged nervous system, based on the finding

that RO 15-3505 improved the working memory perfor-

mance of memory-impaired aged mice (Forster et al., 1995).

Much interest is now directed to the development of

selective inverse agonists. A newly described inverse agonist

selective for a5 GABAA receptors improves performance in a

hippocampal-dependent memory task, while being devoid of

proconvulsant activity (Chambers et al., 2003). Because the

a5 receptors are expressed in cultured hippocampal neurons

and may in part be extrasynaptic (Christie and De Blas, 2002;

Brunig et al., 2002), it is tempting to speculate that they

contributed to IT in our experiments, thus being a possible

target of PCALC36.

In addition to their proposed use as cognition enhancers,

inverse agonists could be useful for the (partial) reversal of

intoxication with central nervous system depressants, like

alcohol (Korpi et al., 1997). Indeed, RO 15-4513, a partial

inverse agonist of the benzodiazepine receptor, has been

shown to have some benefits as an alcohol antidote, and

alcohol consumption in rodents has been shown to decrease

after use of negative modulators (Korpi et al., 1997). The

introduction of PCALC36 may inspire structure–activity

relationship studies based on this new structural pattern

aimed at developing drug candidates for the treatment of

cognition impairment and/or ethanol intoxication.
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Braestrup, C., Honoré, T., Nielsen, M., Petersen, E.N., Jensen, L.H., 1984.

Ligands for benzodiazepine receptors with positive and negative effi-

cacy. Biochem. Pharmacol. 33, 859–862.

Brickley, S.G., Cull-Candy, S.G., Farrant, M., 1996. Development of a

tonic form of synaptic inhibition in rat cerebellar granule cells resulting

from persistent activation of GABAA receptors. J. Physiol. 497 (Pt 3),

753–759.

Brunig, I., Scotti, E., Sidler, C., Fritschy, J.M., 2002. Intact sorting, target-

ing, and clustering of g-aminobutyric acid A receptor subtypes in hip-

pocampal neurons in vitro. J. Comp. Neurol. 443, 43–55.

Cagetti, E., Liang, J., Spigelman, I., Olsen, R.W., 2003. Withdrawal from

chronic intermittent ethanol treatment changes subunit composition,

reduces synaptic function, and decreases behavioral responses to posi-

tive allosteric modulators of GABAA receptors. Mol. Pharmacol. 63,

53–64.

Castro, N.G., de Mello, M.C.F., de Mello, F.G., Aracava, Y., 1999. Direct

inhibition of the N-methyl-D-aspartate receptor channel by dopamine

and (+)-SKF38393. Br. J. Pharmacol. 126, 1847–1855.

Chambers, M.S., Atack, J.R., Broughton, H.B., Collinson, N., Cook, S.,

Dawson, G.R., Hobbs, S.C., Marshall, G., Maubach, K.A., Pillai, G.V.,

Reeve, A.J., MacLeod, A.M., 2003. Identification of a novel, selective

GABA(A) alpha5 receptor inverse agonist which enhances cognition. J.

Med. Chem. 46, 2227–2240.

Chebib, M., Johnston, G.A., 2000. GABA-activated ligand gated ion chan-

nels: medicinal chemistry and molecular biology. J. Med. Chem. 43,

1427–1447.

Chiu, T.H., Dryden, D.M., Rosenberg, H.C., 1981. Kinetics of [3H]fluni-

trazepam binding to membrane-bound benzodiazepine receptors. Mol.

Pharmacol. 21, 57–65.

Christie, S.B., De Blas, A.L., 2002. a5 Subunit-containing GABAA recep-

tors form clusters at GABAergic synapses in hippocampal cultures.

NeuroReport 13, 2355–2358.

da Silva, A.J., Melo, P.A., Silva, N.M., Brito, F.V., Buarque, C.D., de Souza,

V.P., Rodrigues, V.P., Poc�as, E.S., Noël, F., Albuquerque, E.X., Costa,
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Schröder,N.,Izquierdo,I.,Rúveda,E.,Paladini,A.,Medina,J.H.,1998.1998.

1998. Pharmacological characterization of 6-bromo-3V-nitroflavone, a
synthetic flavonoid with high affinity for the benzodiazepine recep-

tors. Pharmacol. Biochem. Behav. 61, 239–246.

Yeung, J.Y., Canning, K.J., Zhu, G., Pennefather, P., MacDonald, J.F.,

Orser, B.A., 2003. Tonically activated GABAA receptors in hippocam-

pal neurons are high-affinity, low-conductance sensors for extracellular

GABA. Mol. Pharmacol. 63, 2–8.


	Characterization of a new synthetic isoflavonoid with inverse agonist activity at the central benzodiazepine receptor
	Introduction
	Materials and methods
	Synthesis of 2-methoxy-3,8,9-trihydroxy coumestan (PCALC36)
	Tissue preparation
	[3H]flunitrazepam binding assay
	Electrophysiology
	Data analysis

	Results
	Effect of PCALC36 on [3H]flunitrazepam binding to rat brain synaptosomes
	Electrophysiology

	Discussion
	Acknowledgements
	References


