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1 GABAA receptor agonists have previously been characterized at human GABAA receptors
expressed in Xenopus oocytes. The correlation between these data and functional in vivo data of
4,5,6,7-tetrahydroisoxazolo[5,4-c]pyridin-3-ol (THIP) has shown that THIP is 100 fold more potent
in clinical studies than in oocytes.

2 THIP and a series of agonists (GABA, Isoguvacine), partial agonists (Imidazole acetic acid; P4S,
4-PIOL, thio-4-PIOL) and one antagonist (SR95531) were characterized in the rat cortical wedge
preparation using inhibition of spontaneous activity in Mg++ free medium as the measurable
parameter.

3 Agonists were in general 40 times more potent in the wedge preparation than at a1b3g2s
containing receptors expressed in Xenopus oocytes, whereas the antagonist was equipotent under
these two conditions.

4 Partial agonists with responses above 6% at a1b3g2s containing receptors were full agonists in the
rat cortical wedge preparation, whereas partial agonists with maximum responses below 6% behaved
as partial agonists in the rat cortical wedge preparation.

5 These data suggest that only a small fraction of the GABAA receptors in the rat cortical wedge
needs to be activated by GABAA agonists in order to obtain a maximum response. Results therefore
indicate a signi®cant contribution of extrasynaptic receptors to pharmacological activity of
exogenous applied GABAA agonists in this system.
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Introduction

In the mammalian brain the inhibitory neurotransmitter g-
aminobutyric acid (GABA) plays a key role in the control of
synaptic activity. Several studies have demonstrated the
involvement of GABA and GABAA receptors in diseases

like anxiety, depression, seizures, schizophrenia and sleep
disorders (recent review: Thomsen & Ebert, 2002). Thus,
much research has focused on the development of ligands for

the GABAA receptor complex selective for certain parts of
the brain or certain receptor subtypes.
The GABAA receptor system is formed by a pentameric

assembly of protein subunits, which all are divided into
subfamilies (Olsen & Tobin, 1990). In the frontal cortex, the
most abundant synaptically located GABAA receptors are

composed of a1b2/3g2S containing receptors and a3b2/3g2S
subunits (McKernan & Whiting, 1996).
In order to understand the functional signi®cance of these

receptors, we and others have carried out pharmacological

characterization of human a1b3g2s GABAA receptors ex-
pressed in Xenopus oocytes (Ebert et al., 1994; 1997; 2001;
Maksay & McKernan, 2001; Maksay et al., 2000). The

conclusion of these studies has been that compounds like
piperidin-4-ylsulphonic acid (P4S), 5-(4-piperidyl)isoxazol-3-
ol (4-PIOL), and 5-(4-piperidyl)isothiazol-3-ol (thio-4-PIOL)
may act as low e�cacy partial agonists with maximal

responses ranging from 1 to 30%, whereas compounds like
Isoguvacine and 4,5,6,7-tetrahydroisoxazolo[5,4-c]pyridin-3-ol
(THIP) are full agonists with maximal responses quite similar

to that of GABA (Ebert et al., 2001).
In contrast to the synaptic receptors, extrasynaptic

receptors in the neocortex contain a4 and d subunits. In

thalamus and other brain regions where a4 is more abundant
than in neocortex and thus easier to investigate, a4 and d
subunits are reported to co-localize (Wisden et al., 1991;

1992; Sur et al., 1999; Pirker et al., 2000). Since a4byd
receptors have proven di�cult to express in recombinant
systems, this subunit composition has not been characterized
in oocytes so far. However, in a very recent study, a novel

mouse Ltk cell line capable of expressing receptors composed
of a4b3d subunits has been created. The pharmacology of
GABA, THIP and muscimol on this receptor subtype was

compared to that of a4b3g2 containing receptors. All agonists
exhibited very high potencies at a4b3d, GABA being the most
potent. In addition, THIP displayed super agonist behaviour
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at this subunit assembly with an Emax of approximately 160%
(Adkins et al., 2001).
Since clinical studies with THIP have indicated that sleep

quality improving e�ects have been obtained at plasma
concentrations around 1 mM (Madsen et al., 1983; Faulhaber
et al., 1997) and the potency at a1b3g2s containing receptors
expressed in Xenopus oocytes is 350 mM (Ebert et al., 1994),

these data clearly suggest that a signi®cant part of the activity
of THIP in a complex system may be mediated via receptors
others than the synaptic a1b3g2s containing receptors.

In order to shed further light on this discrepancy we have
now characterized THIP and a series of direct acting GABAA

ligands in the rat cortical wedge preparation. Within the

neocortex, the major neuronal cell types are pyramidal cells
and non-pyramidal cells. Most pyramidal cells are projection
neurons that are thought to use excitatory amino acids as

neurotransmitters. Projection neurons have long axons and
mediate the output from neocortex to other cortical areas
and to subcortical structures. The pyramidal cell bodies are
located in layer II-VI (Zilles, 1990). From the soma of the cell

body, a single apical dendrite rises that ascends vertically
towards layer I. In addition, from the cell soma, an array of
short dendrites spread laterally. Of particular importance to

the cortical wedge preparation are the corticostriatal
projection neurons, which provide a massive glutamatergic
input from the neocortex to the striatum (Ottersen et al.,

1995). In contrast, most non-pyramidal cells are local-circuit
neurons, which use GABA as neurotransmitter. These cells
have short axons and do not project to other cortical areas or

subcortical structures. The physiological function of the
GABAergic neurons is to focus and re®ne the ®ring pattern
of the excitatory projection neurons. Thus, neuronal
excitability is under GABAergic control. Immunocytochem-

ical studies of GABAA receptor subunit localization have
revealed that a1, b2, and b3 subunits are equally distributed
throughout the six cortical layers, whereas a2, a4, g2 and d are

enriched in the outermost layers. In contrast, a3, a5 and b1
subunits are concentrated in the inner layers (a3 predomi-
nantly in layer V/VI, a5 in IV/VI and b1 and IV) (Pirker et

al., 2000).
As previously mentioned, the corticostriatal projection

neurons provide a dense glutamatergic innervation within
the neocortical region used for the cortical wedge prepara-

tion. Therefore, originally, this method was used for
pharmacological characterization of compounds interacting
with the glutamatergic system as described by Harrison &

Simmonds (1985). Since application of excitatory amino acids
and glutamate analogues to the cortical brain slices gives rise
to a depolarization of the brain tissue, Harrison & Simmonds

(1985) quanti®ed the functional outcome by measuring the
height of the peak recorded on a chart recorder. In addition,
in the original work, it was described that application Mg2+-

free Krebs superfusion medium to the brain slices resulted in
development of spontaneous activity (seen as fast spikes)
within 30 min in some of the slices. The spike frequency
increased upon application of glutamate receptor agonists

and vanished upon application of the NMDA receptor
selective antagonist, (7)-aminophosphonovaleric acid (Har-
rison & Simmonds, 1985). Thus, the spontaneous activity has

NMDA receptor origin. Under physiological conditions
where the extracellular concentration of Mg2+ is approxi-
mately 1 mM, extracellular Mg2+ ions voltage-dependently

block the open NMDA receptor channel thereby providing a
very important inhibition on NMDA receptor activation
(Mayer et al., 1984). This inhibitory mechanism is lost when

Mg2+-free medium is applied to the cortical slices as the
Mg2+ present in the brain tissue gradually washes out giving
rise to development of spontaneous activity.

In order to obtain a high variation in the maximum

response at a1b3g2S containing receptors, known to be present
at the synapses in the neocortex, the following compounds
were selected: GABA and Isoguvacine as full agonists, THIP,

P4S, IAA (imidazole-acetic acid), thio-4-PIOL and 4-PIOL as
partial agonists, and SR95531, (2-(3-carboxypropyl)-3-amino-
6-methoxyphenyl-pyradizinum bromide) as competitive an-

tagonist (Ebert et al., 1994; 2001). These structurally diverse
compounds seen in Figure 1 exhibit very di�erent potencies
and maximal responses when acting via GABAA receptors.

Methods

Compounds were obtained through normal commercial
sources except for 4-PIOL and thio-4-PIOL, which were
synthesized according to previously published methods

(Frùlund et al., 1995; Byberg et al., 1987).
The rat cortical wedge preparation was carried out

according to previously published methods (Harrison &

Simmonds, 1985; Ebert et al., 1997). In short: an adult male
Sprague ±Dawley rat (150 ± 175 g; M&B A/S, Ry, Denmark)
was decapitated and the brain rapidly removed and placed in

ice-cold O2/CO2 (95%/5%) saturated Ca-Krebs medium
((mM) NaCl 118; KCl 2.1; KH2PO4 1.2; D-glucose 11;
NaHCO3 25; CaCl2 2.5). With a coronal section, the
cerebellum was freed from the brain, using a hand-held

razor blade. The cut surface of the remaining block of the
brain was ®xed to a Te¯on pad with a cyanoacrylate glue
(Loctite 401, Loctite Ltd., Dublin, Ireland) (the anterior part

of the brain pointing upwards). The pad was mounted in a
vibratome chamber which was immediately ®lled with ice-
cold Ca-Krebs medium. Using a vibratome (Vibroslice model

HA752, Campden Instrument, Ltd., Leicester, U.K.),
successive coronal sections were made and discarded until
the corpus callosum appeared as an unbroken line connecting
the two hemispheres of the brain. Subsequently, 3 ± 4 slices

(500 mm thick) were cut and carefully transferred to a Petri
dish containing ice-cold Ca-Krebs medium. With two hand-
held razor blades, the slices were divided at the midline,

thereby separating the hemispheres. Parallel with the midline,
a rod (`wedge') of brain tissue, approximately 1.5 mm thick,
was cut from each hemisphere and the striatal tissue was

trimmed o�.
The recording arrangement consisted of a stand holding a

slide (angled 458) containing four two-compartment baths.

The two compartments of each bath were separated by a wall
supplied with a slot for placement of the wedge. Along the
wall in each compartment, a strip of double-layered, non-
woven dishcloth tissue was placed, which when wetted

provided contact to the Ag/AgCl electrodes (Dri-RefTM,
World Precision Instruments, Sarasota, Florida, U.S.A.)
situated in the top of the slide. The electrical potential

between the two compartments was measured by the
electrodes and displayed on a Yokogawa LR 4220E chart
recorder (Yokogawa Electric Corporation, Tokyo, Japan).
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With a pair of forceps, the wedge was mounted across the
slot, with the cortex part of the wedge situated in the left

compartment and the corpus callosum part in the right
compartment. The gap between the two compartments was
insulated with grease (a mixture of high vacuum silicone

grease, Wacker-Chemie, Munich, Germany, and heavy white
mineral oil, Sigma Diagnostics, Inc., St. Louis, Missouri,
U.S.A.) beneath and above the wedge traversing the slot. In
order to prevent the wedge from drying out, another wetted

strip of dishcloth tissue was placed on top of the wedge. The
two compartments were independently and continuously
superfused with Krebs medium at 1 ml min71 (provided by

a peristaltic pump model 110, Ole Dich Instrumentmakers,
Hvidovre, Denmark). In order to ensure that the impulses
would propagate only from the left to the right, Ca-Krebs

was supplied to the left compartment and Krebs medium
devoid of Ca2+ to the right compartment.
The wedges were left for development of spontaneous

activity for 2 ± 3 h. Characterization of e�ects on the
spontaneous activity was initiated when the spontaneous
activity was more than 30 spikes per 12 min and stable over a
30 min period. The number of population responses (spikes)

per 12 min was counted. Compounds were applied in
superfusion bu�er and the wedges were superfused for
20 min. The number of spikes during the last 12 min of the

drug application were counted and the frequency (spikes per
min) were calculated. The relative frequency, calculated as the
ratio between frequencies in the presence and absence,

respectively, of compound was calculated. Dose response
curves were constructed using cumulative doses with increase
in dose every 20 min. Obtained data were analysed using the

non-linear curve ®tting programme GraFit 4.0 (Erithacus
Software) and the logistic equation: Response=Max e�ect
6[Agonist]n / (EC50

n+[Agonist]n).

Results

In initial experiments the inhibitory e�ect of Isoguvacine,
THIP and GABA was compared using either cumulative
curves, with an increase in concentration every 20 min or a

paradigm where every dose of compound was followed by a
20 min washout period. No di�erences in the activities were

detected (data not shown), wherefore cumulative curves were
used in the remaining study.
As illustrated in Figure 2a, Isoguvacine dose dependently

inhibited the spontaneous activity. Analysis of the concentra-
tion response curve gave an IC50 value (hereafter EC50) of
5.2 mM. In order to test whether Isoguvacine was a substrate
for the GABA uptake systems, co-application with the

GABA uptake inhibitor Tiagabine was carried out. As
shown in Table 1, 10 mM Tiagabine increased the potency
of Isoguvacine approximately 3 fold, suggesting that

Isoguvacine is indeed a substrate for the GABA uptake
system.
GABA was ®rst characterized as an inhibitor of

spontaneous activity. The relatively high EC50 value (Table
1: 143 mM) suggested that GABA might be taken up by the
transport system. A dose response curve in the presence of

Tiagabine subsequently con®rmed this. Thus, 10 mM Tiaga-
bine parallel shifted the dose-response curve to GABA 7 fold
to the left, corresponding to an EC50 value of 21 mM. In order
to ensure that the used concentration of Tiagabine blocked

the uptake of GABA without a�ecting other systems,
concentrations of 0.1, 1, 10, 30 and 100 mM Tiagabine were
used. These data showed that at a concentration below 1 mM
of Tiagabine the EC50 value increased, whereas concentra-
tions of 30 mM and above did not further a�ect the EC50

value signi®cantly (data not shown). We therefore decided to

use 10 mM Tiagabine in the subsequent experiments.
THIP, which at oocytes containing a1b3g2S receptors is a

partial agonist with a maximum response of 70% of that of

GABA (Ebert et al., 1994), behaved as a full agonist in the
rat cortical wedge preparation (Figure 2a and b). In
agreement with previous data no di�erence in the potency
of THIP in the presence and absence, respectively, of

Tiagabine was seen, indicating that THIP is not a substrate
for transporters in the synapse.
IAA was subsequently characterized. At human a1b3g2S

containing GABAA receptors expressed in oocytes, IAA is a
partial agonist with a maximum response of 24% of that of
GABA (Ebert et al., 2001). It was therefore very surprising

Figure 1 Structures of compounds used in the present study.
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that IAA in the wedge preparation behaved as a full agonist.
Like Isoguvacine, the potency of IAA was increased 2 ± 3 fold
by Tiagabine, so that the EC50 value of IAA in the presence

of Tiagabine was 12 mM (Figure 2a).
Data in the rat cortical wedge preparation for P4S, which

at human a1b3g2S containing receptors is a weak partial
agonist with a maximum response of 21% (Ebert et al.,

1994), were in agreement with data for IAA. Thus, P4S was
as a full agonist and with an EC50 value of 0.9 mM (measured
in the presence of Tiagabine), the most potent compound

tested (Figure 2a). The relatively shallow curve for P4S
(Figure 2a) is in agreement with ®ndings at neuronal cultures,
where the slope re¯ects the interaction with receptor

populations with di�erent pharmacological pro®le (Hansen
et al., 2001). However, the full agonism of IAA and P4S
prompted us to investigate if any degree of partial agonism
could be detected in the cortical wedge model.

We therefore in the presence of Tiagabine characterized the
competitive antagonist SR95531 as inhibitor of THIP or
GABA responses. As shown in Table 1, SR95531 behaved as

a competitive antagonist with a potency corresponding to
what has previously been determined at GABA receptors
expressed in the oocytes (Ebert et al., 1997). By mixing ®xed

ratios of THIP and SR95531 we were able to predict and
subsequently determine which level the maximum response
would reach as a function of the ratio. As shown in Figure 3

partial agonism at di�erent levels at GABAA receptors is
obtainable in the rat cortical wedge preparation.

We therefore continued with compounds, which in the
oocyte system had agonist responses lower than 20% of the

maximum response obtained with GABA. Thio-4-PIOL
(Maksay et al., 2000) and 4-PIOL (Kristiansen et al., 1991)
have in di�erent systems previously been shown to be low

e�cacy partial agonists. At a1b3g2S containing receptors thio-
4-PIOL with maximum responses of 8% and 4-PIOL with a

Table 1 Pharmacological parameters determined in the rat cortical wedge preparation

Wedge potencies in the Wedge pharmacology in the presence
absence of Tiagabine of 10 mM Tiagabine

Compound pEC50 EC50 (mM) pEC50 EC50 (mM) Max effect

GABA 3.88+0.07 143 4.69+0.029 21 100%
Isoguvacine 5.31+0.04 5.2 5.90+0.20 1.4 100%
P4S 5.91+0.14 1.3 6.07+0.19 0.9 100%
THIP 5.17+0.08 6.8 5.35+0.05 4.5 100%
IAA 4.56+0.16 29 4.93+0.14 12 100%
4-PIOL ND ND 4.19+0.38 82 32+2.7%
Thio-4-PIOL ND ND 4.71+0.18 21 50+5.0%
SR95531 ND ND 7.01+0.19 Ki: 0.11 antagonist

Values represent mean+s.e.mean of at least four experiments.

Figure 3 Dose response curves for di�erent ®xed ratios of THIP
and SR95531 in the rat cortical wedge preparation. Curves were
obtained in the presence of 10 mM Tiagabine and carried out at not
less than four di�erent wedges on at least 2 di�erent days. Dotted
lines are ®tted curves using the waud equation (Lazareno & Birdsall,
1993) using ®xed ratios of agonist and antagonist and a ®xed value of
Ki for SR95531. Values are mean values+s.e.mean.

a

b

Figure 2 (A) Dose response curves for P4S, Isoguvacine, THIP and
IAA obtained in the rat cortical wedge preparation. Curves were
obtained in the presence of 10 mM Tiagabine and carried out at not
less than four di�erent wedges on at least 2 di�erent days. Values are
mean values+s.e.mean. (B) Trace from the rat cortical wedge
preparation illustrating the dose dependent inhibition of spontaneous
activity with increasing concentrations of THIP.
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maximum response of 3% both are partial agonists with very

low e�cacy. 4-PIOL with a maximum response of 30% and
thio-4-PIOL with a maximum response of 50%, were indeed
partial agonists in the rat cortical wedge preparation (Figure

4).

Discussion

The rat cortical wedge preparation has previously been used
to characterize GABAA receptor ligands. In one of these

studies, Harrison & Simmonds (1985) showed that muscimol,
as expected, is able to inhibit spontaneous activity, but no
attempts were made to use this for more quantitative studies.

Others have used very high concentrations of GABA to
induce a depolarization of the slice (e.g. Phillips et al., 1998)
a method, which can be used in quantitative studies.
However, the determined potencies of GABA are in the

mM range, which, since the changes in ionic strength may
start to play a role for the response, makes full dose-response
correlations for compounds weaker than GABA di�cult to

produce.
In order to be able to determine the functional

consequences of GABAA receptor activation at physiological

and ± in the case of THIP ± at clinical relevant concentrations,
we decided to use the indirect modulation of NMDA
receptor mediated spontaneous activity as a measurement.

This may be a more physiologically relevant method, since
inhibitory neurons determine the excitability of a certain
tissue. The advantage of this method is that it supposedly
re¯ects the in vivo situation well, however, the major

disadvantage is that the system is like a black box, since
the individual cell and network parameters contributing to
the overall membrane potential and thus the spike frequency

is only sparsely understood. However, it is known that
GABAA receptors (primarily a1b3g2S) are located at the
synapses, whereas a certain number of a5 and a4 containing

receptors are located at dendrites and extrasynaptic sites.
In the present study GABA was initially characterized as a

weak agonist (Table 1). Without Tiagabine, EC50 values of

143 mM and 6.8 mM for GABA and THIP, respectively, were

established. Upon co-application with 10 mM Tiagabine, the
potency of GABA was enhanced 7 fold (EC50=21 mM)
whereas THIP essentially was una�ected (4.5 mM) con®rming

that only GABA is substrate for re-uptake. In neuronal cell
cultures, it has been estimated that GAT-1 contributes to
approximately 70% of the re-uptake. The remaining 30% is
mediated via GABA transporters other than GAT-1 (Borden

et al., 1995). Therefore, since Tiagabine only inhibits a
fraction of the total re-uptake, it is likely that the true EC50

value of GABA in the rat cortical wedge preparation is lower

than 21 mM.
It is interesting that THIP and other GABAA agonists are

more than 50 times more potent in the wedge than at the

cloned a1b3g2S GABA receptors expressed in oocytes. This
observation is in agreement with data by Kemp et al. (1986),
who in the hippocampal slice showed that, when measured

with extracellular electrodes, lower potencies were seen.
Similarly, in isolated neurons, Kristiansen et al. (1991) and
Hansen et al. (2001) have shown that the potencies of
agonists are much lower than in the cortical preparation,

suggesting that at the single neuron, when measuring Cl7

¯uxes, the sensitivity towards GABAA agonist is similar to
that seen in to Xenopus oocytes. However, it must be

emphasised that whereas oocytes express receptors with a
con®ned subunit composition (in this case a1b3g2S), a wide
variety of di�erent subunit assemblies are present in

neocortex. In situ hybridization and immunoprecipitation
techniques have revealed that a1, b2, b3, and g2S are the most
abundant subunits in neocortex whereas a2, a3, a4, a5, g3 and

d are present in lower amounts (Fritschy & MoÈ hler, 1995;
Pirker et al., 2000; Wisden et al., 1991; 1992).
One possible reason why THIP acts much more potently in

the rat cortical wedge preparation may be therefore that the

e�ect of THIP in this system is not mediated primarily via
a1b3g2S containing receptors although these receptor subunits
(along with b2) are the most predominant in neocortex. A

previous study (Ebert et al., 1994) in Xenopus oocytes
expressing GABAA receptors composed of various combina-
tions of a1, a3, a5, b1, b2, b3, g1, g2 and g3 has revealed that

THIP exerts the greatest potency at a5b3g2 and a5b3g3
receptors (with EC50 values of 40 mM and 29 mM, respec-
tively). At both these receptor subtypes THIP acts as a full
agonist (showing Emax values of 99 and 93%, respectively)

(Ebert et al., 1994). The higher potency of THIP and the
behaviour as a full agonist in the rat cortical wedge
preparation may therefore be ascribed to a preferential

activation of a5b3g2/3 receptors.
Another likely explanation for the high potency of THIP

observed in the rat cortical wedge preparation is that the

e�ect of THIP to a large extent may arise from activation of
extrasynaptically located a4 containing receptors. At a4b3d
containing receptors muscimol, Isoguvacine and THIP all

exhibited very high potencies. In addition, THIP displayed
superagonist behaviour at this subunit assembly with an Emax

of approximately 160% (Adkins et al., 2001). The physiolo-
gical role of extrasynaptic receptors is presumably to respond

to synaptic spill-over of neurotransmitter (Brickley et al.,
1996) and must therefore be sensitive to low concentrations
of transmitter. A preferential localization of a4b3d receptors

at extrasynaptic sites in neocortex, would implicate that this
receptor subtype is more readily accessible to exogenous
GABAA receptor ligands, since a di�usion of the ligand into

Figure 4 Dose dependent inhibition of spontaneous activity by 4-
PIOL and Thio-4-PIOL in the rat cortical wedge preparation. Curves
were obtained in the presence of 10 mM Tiagabine and carried out at
not less than four di�erent wedges on at least 2 di�erent days. Values
are mean values+s.e.mean.
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the synaptic cleft prior to interaction with the receptor is not
necessary. This, and in particular the fact that GABAA

agonists act very potently at a4b3d receptors suggest that the

e�ects of GABA and THIP in the rat cortical wedge
preparation are mainly mediated via this receptor subtype.
This assertion, however, raises the question; Why is the
potency of GABA established from experiments using the rat

cortical wedge model lower than that observed in Xenopus
oocytes expressing GABAA receptors composed of a1b3g2S
subunits?

Several lines of evidence have shown that GAT-1 and
GAT-3 are located in and around axon terminals (GAT-3
exclusively in glial cells and GAT-1 both in glial cells and

presynaptically (Minelli et al., 1995; 1996; Pietrini et al.,
1994)). In contrast, it has been suggested that BGT-1 is
distributed at neuronal dendrites (Pietrini et al., 1994).

Thus, in the rat cortical wedge preparation, inhibition of
GAT-1 mediated GABA reuptake with Tiagabine will
prevent the exogenous GABA from being cleared from the
synaptic cleft, thereby increasing the e�ective concentration

of GABA in the synapse.
Assuming that the exogenous GABA will cause a drug ±

receptor interaction with synaptic a1b2/3g2 as well as

extrasynaptic a4b3d receptors (at which the potency of
GABA is & 8 fold that of a1b2/3g2), GAT-1 inhibition will
a�ect only synaptic a1b2/3g2 receptors, which will be activated

to a larger extent than in the absence of Tiagabine, thereby
lowering the apparent EC50 value. However, since Tiagabine
does not inhibit BGT-1 transporters, the re-uptake mechan-

ism on the dendrites remains intact and accordingly
extrasynaptic receptors will not be additionally activated.
Thereby, a very e�ective component of the integral response
is precluded. For THIP which is substrate of neither of the

GABA transporters, interaction with extrasynaptic a4b3d
receptors is not prevented by re-uptake mechanisms. There-
fore, a full-scale activation of the highly sensitive extra-

synaptic receptors is possible. Had all re-uptake mechanisms
been inhibited completely, GABA might very well have
exhibited a potency higher than that observed for THIP, as is

the case at recombinant a4b3d receptors.
Alternatively, the voltage clamp condition may in part

explain the discrepancy. Under voltage clamp conditions the
membrane potential is by default kept constant, allowing a

direct correlation between chloride conductance and channel
openings to be determined. In contrast under non-voltage
clamp conditions a complex correlation between the

membrane potential and the chloride conductance is present.
Thus, a minor activation of the GABAA receptor, may lead
to a minor change in the chloride conductance, which, in

contrast to the voltage clamp condition, subsequently will
largely a�ect the membrane potential thereby leading to a
very steep dose response curve for the inhibition of the

spontaneous activity mediated via membrane depolarisations.
Although this explanation may account for the increased
potency and to some degree the increased maximum response
for the partial agonists no steep dose response correlation is

found.
Alternatively, if one assumes that the hyperpolarizing

response and subsequent inhibition at spontaneous activity

is a consequence of an integration of small contributions
from the whole network, the level of activation at the
individual sites can be predicted. Thus, under the very

unlikely assumption of a homogenous receptor population,
where all receptors contribute equally only 3 ± 5% of the
receptors need to be activated in order to obtain a maximum

inhibition of the spontaneous activity. If this is true, any
agonist with an Emax above 3 ± 5% will behave as a full
agonist, whereas only low e�cacy partial agonists like 4-
PIOL and thio-4-PIOL will behave as partial agonists. Our

data therefore clearly suggests that in terms of spontaneous
activity a large functional receptor reserve is present. It still
needs to be clari®ed if this receptor population is formed by

extrasynaptic receptors containing a4b3d subunits.
In line with this are the functional partial agonism data for

THIP and SR95531. If the interaction between THIP and the

GABAA receptor antagonist SR95531 is purely competitive it
should be possible to mix the two compounds in ®xed ratios
and thereby determine the maximum response prior to the

experiment. The parameters, EC50 and Ki value for THIP
and SR95531, respectively, were estimated from dose-
response curves and parallelshifts of GABA dose-response
curves and then inserted into the waud equation (Lazareno &

Birdsall, 1993), which allows prediction of maximum
responses as function of mixtures of agonists and antagonists.
As illustrated in Figure 3, a high correlation between

predicted and obtained values is seen, indicating that the
compounds are interacting competitively. Furthermore, as the
potency of SR95531 and other antagonists is similar to those

determined at oocytes and single cells, there is no indication
of di�erences within the GABA receptor populations in the
two systems. The di�erences in potency of the agonists in the

two systems must therefore originate from di�erences in the
measured endpoint, and therefore the number of receptors
activated.

In agreement with the idea of the extrasynaptic receptor

reserve are ®ndings for the partial agonists. THIP, IAA and
P4S, which all are partial agonists with maximum responses
ranging from 80% to 25% of that of GABA at a1b3g2S
receptors, are full agonists in the wedge preparation.
However, when low e�cacy partial agonists with 3 ± 6% are
tested these compounds still behave as partial agonists, but

with much higher maximum responses.
Since this high e�cacy partial agonism is obtainable as a

consequence of altered measurement of endpoint it clearly
suggests a large functional receptor reserve.

If indeed GABAA receptor agonists only need to activate a
small fraction of the GABAA receptor ligands in order to
induce a large response, this will have large consequences for

the mode of action. If only a minor fraction of the receptors
are activated this will give a very reduced risk of tolerance.
THIP, which is the only GABAA receptor agonist in clinical

development, has been characterized in animals during 5 days
of treatment (Lancel & Langebartels, 2000). In these studies,
where benzodiazepines normally induce tolerance after 4 ± 6

days of treatment no fading in response was seen. In addition
to this one would predict that the interaction between THIP
or other GABAA agonists and benzodiazepines or barbitu-
rates would be very low in complex systems whereas an

interaction similar to that of GABA would be seen in e.g.
oocytes. (Maksay et al., 2000; Skerritt & Macdonald, 1984).

In conclusion the present study suggests that extra-synaptic

receptors may play an important role for the activity of
partial and full GABAA receptor agonists in the rat cortical
wedge preparation. The correlation with the in vivo situation
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must be evaluated before conclusions on the consequences
can be drawn.

Drs U�e Kristiansen and Christian Thomsen are thanked for
constructive comments.
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