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GABA, receptors are ligand-gated chloride channels composed of five subunits that can belong to different subunit classes.
The existence of 19 different subunits gives rise to a multiplicity of GABA receptor subtypes with distinct subunit
composition; regional, cellular and subcellular distribution; and pharmacology. Most of these receptors are composed of two
o, two B and one y2 subunits. GABA, receptors are the site of action of a variety of pharmacologically and clinically important
drugs, such as benzodiazepines, barbiturates, neuroactive steroids, anaesthetics and convulsants. Whereas GABA acts at the
two extracellular B*o interfaces of GABAA receptors, the allosteric modulatory benzodiazepines interact with the extracellular
oy2” interface. In contrast, barbiturates, neuroactive steroids and anaesthetics seem to interact with solvent accessible pockets
in the transmembrane domain. Several benzodiazepine site ligands have been identified that selectively interact with GABA,
receptor subtypes containing 02f3y2, a3fy2 or a5By2 subunits. This indicates that the different o subunit types present in
these receptors convey sufficient structural differences to the benzodiazepine binding site to allow specific interaction with
certain benzodiazepine site ligands. Recently, a novel drug binding site was identified at the o'~ interface. This binding site is
homologous to the benzodiazepine binding site at the o"y2™ interface and is thus also strongly influenced by the type of o
subunit present in the receptor. Drugs interacting with this binding site cannot directly activate but only allosterically
modulate GABA4 receptors. The possible importance of such drugs addressing a spectrum of receptor subtypes completely

different from that of benzodiazepines is discussed.

Abbreviations

CGS 9895, pyrazoloquinoline 2-p-methoxyphenylpyrazolo[4,3-c]quinolin-3(5H)-one; GABA, receptors, GABA type A
receptors; MTSEA-biotin, N-Biotinylaminoethyl methanethiosulphonate

GABA, receptors are the major inhibitory transmitter recep-
tors in the brain. They are ligand-gated chloride channels
composed of five subunits that can belong to different
subunit classes. The existence of six a, three B, three y, one §,
one ¢, one 0, one n and three p subunits gives rise to an
enormous diversity of GABA, receptor subtypes with different

subunit composition and different pharmacological proper-
ties (Olsen and Sieghart, 2008; Sieghart, 1995). The majority
of GABA, receptors, however, are composed of two o, two
and one y subunit (Olsen and Sieghart, 2008). GABA, recep-
tors are the site of action of a variety of pharmacologically
and clinically important drugs such as benzodiazepines,
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barbiturates, neuroactive steroids, anaesthetics and convul-
sants, which allosterically modulate GABA-induced currents
(Sieghart, 1995). Due to the action of these drugs, it is now
clear that GABA, receptors are modulating anxiety, the excit-
ability of the brain, muscle tonus, vigilance, circadian
rhythms, learning and memory (Sieghart, 1995). Here, we are
briefly reviewing what is known on the structure and phar-
macology of GABA, receptors and their heterogeneity. We
then shortly discuss some drugs that selectively interact with
some of the GABA, receptor subtypes and finally describe the
identification and importance of drugs mediating their effects
via a novel drug binding site at the o'~ interface of GABA,
receptors.

Structure and pharmacology of
GABA, receptors

Binding sites for GABA and for some allosterically modulat-
ing drugs have already been identified on these receptors
(Olsen and Sieghart, 2008). Thus, in the extracellular part of
a GABA, receptor composed of 20, 2B and one y subunit, the
two GABA binding sites are located at the two f*o interfaces
(Smith and Olsen, 1995), and the high-affinity benzodiaz-
epine binding site is located at the oy interface (Sigel and
Buhr, 1997; Ernst etal., 2003) (Figure 1A). Interestingly,
benzodiazepine site ligands, in contrast to GABA or GABA
agonists, cannot directly activate GABA, receptors and
thus only allosterically modulate GABA-induced currents.
This might be explained by a less efficient transduction of
benzodiazepine-induced conformational changes to the
channel as compared with GABA, or by the existence of only
a single high-affinity benzodiazepine binding site at the o'y
interface, which alone is not able to directly activate the
channel in the absence of GABA. For some benzodiazepines,
additional binding sites have been described at GABA, recep-
tors (Hauser et al., 1997; Walters et al., 2000; Hanchar et al.,
2006; Baur et al., 2008), but in many cases, these benzodiaz-
epine site ligands exhibit a quite low affinity for these addi-
tional binding sites, and no systematic study on a possible
direct activation of GABA, receptor associated channels by
such high concentrations of benzodiazepine site ligands has
been performed so far.

In contrast to the allosterically modulating benzodiaz-
epines, steroids, inhalation anaesthetics, i.v. anaesthetics or
barbiturates exhibit two different actions. At low concentra-
tions, they enhance GABA-induced currents, and at higher
concentrations, they are able to directly elicit GABA,
receptor-mediated currents in the absence of GABA (Sieghart,
1995). These compounds, thus, presumably interact with at
least two binding sites at GABA, receptors. A recent model-
ling study indicated the existence of multiple solvent acces-
sible pockets within the transmembrane domain of GABA,
receptors (Ernst et al., 2005). Such pockets are present within
each four helix bundle of the five GABA, receptor subunits
(intra-subunit pockets, marked with a green asterisk in
Figure 1B) as well as at the five interfaces between the four
helix bundles of two neighbouring subunits (inter-subunit
pockets, marked with a purple ellipse in Figure 1B). Mutagen-
esis studies indicated that neuroactive steroids might have at
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Figure 1

Model structures of the extracellular and transmembrane domains of
GABA, receptors and chemical structure of CGS 9895. (A) Extracel-
lular domain or (B) transmembrane domain of a GABA, receptor
composed of one vy, two o and two B subunits. (C) Extracellular
domain of a GABA,4 receptor composed of two o and three 3 sub-
units. (A, B, C) The structures are shown in ribbon representation and
are viewed from the extracellular side. The plus (+) and the minus (-)
side of each subunit is indicated. The two GABA sites are located at
the B*o interfaces, and the benzodiazepine (BZ) binding site is
located at the o'y interface. (B) Solvent accessible space contained
in the transmembrane domain of GABA, receptor models. The intra-
subunit pockets are located within the four helix transmembrane
domains and are marked with a green asterisk. Only helix Il is marked
in all subunits. Helices |-V are only marked for a single § and an o
subunit. The inter-subunit pockets are indicated by a light purple
ellipse and are located between helices Il and Il of one subunit
(+ side) and helices Il and | of a neighbouring subunit (- side). (D)
Chemical structure of CGS 9895.

least two different binding sites within the transmembrane
domain of GABA, receptors: one site seems to be located
within the four helical transmembrane domains of o subunits
mediating allosteric modulation of receptors at low steroid
concentrations. Another binding site seems to be located at
the B'o interface below the GABA binding pocket in the
transmembrane domain and mediates direct activation of
GABA, receptors at high steroid concentrations (Hosie et al.,
2006; 2009). Additional binding sites might exist for the
inhibitory sulphated steroids (Hosie et al., 2007).

Other mutagenesis studies have indicated that inhalation
anaesthetics might elicit their action by binding to the intra-
subunit pocket of o subunits (Mihic et al., 1997; Jenkins et al.,
2001; Yamakura et al., 2001), whereas i.v. anaesthetics might
interact with the intra-subunit pocket of B subunits (Belelli
et al., 1997; Krasowski et al., 2001; Bali and Akabas, 2004) or
at the transmembrane interface of B and o subunits (Olsen
and Sieghart, 2008; 2009). Mutagenesis studies in transmem-
brane domains, however, are difficult to interpret, because
amino acid residues in the transmembrane domain appar-
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ently important for drug action might be either located close
to the respective binding site or/and be important for the
transduction of drug effects. In addition, in the absence of a
crystal structure of GABA, receptors, an unequivocal assign-
ment of amino acid residues to an intra- or inter-subunit
pocket is not possible. A slightly different conformation of
the transmembrane helix to which the respective amino acid
residue contributes could result in its pointing into the intra-
subunit or the inter-subunit pocket (Figure 1B). Finally, the
exact movements and possible rotations of the transmem-
brane helices during opening of the channel or allosteric
modulation of the receptor are not known, thus again
making the assignment of amino acid residues to the one or
the other pocket type difficult.

In any case, using a photo-incorporable etomidate deriva-
tive, a single type of inter-subunit binding pocket was iden-
tified for both the allosteric modulation as well as the direct
opening of the channel by etomidate. This pocket seemed to
be located within the transmembrane domain of GABA,
receptors at the Bfor interface (Li etal., 2006). Photo-
incorporation of etomidate at this interface seemed to be
competitively inhibited by isoflurane (Li et al., 2010), suggest-
ing that at least this inhalation anaesthetic (also) interacts
with the B*o interface. Photo-incorporation of etomidate,
however, seemed to be allosterically inhibited by neuroster-
oids, barbiturates and propofol (for discussion, see Olsen and
Li, 2011), indicating that these drugs do not bind to the
transmembrane B'o interface, or at least bind to a site not
overlapping with the etomidate binding site. An allosteric
interaction of etomidate and propofol seems to be supported
also by another study (Richardson et al., 2007). In addition, a
recent crystal structure from a bacterial homologue (Gloeo-
bacter violaceus) of the pentameric ligand-gated ion channels
indicated that propofol (and desflurane) is binding to the
intra-subunit transmembrane pockets of this receptor (Nury
etal.,, 2011), again supporting an allosteric interaction of
propofol (intra-subunit pocket) and etomidate (inter-subunit
pocket). The additional evidence for the existence of linking
channels between inter-subunit and intra-subunit pockets
(Nury et al., 2011; Figure 1C), together with the high flexibil-
ity of TM3 indicates, that the respective structures may not
form well-defined pockets. Pockets may either communicate
or even fuse with each other or disappear in certain confor-
mational states of the protein. This dynamical view could
well resolve some of the discrepancies concerning anaesthetic
binding sites.

In addition to the intra- and inter-subunit pockets in the
transmembrane domain of GABA, receptors, a variety of con-
vulsant drugs, such as picrotoxinin and other ‘cage convul-
sants’ seem to block the chloride channel of GABA, receptors
by binding to a site within the channel formed by the second
transmembrane domains of the five subunits (Figure 1B)
(Olsen, 2006; Sedelnikova et al., 2006; Bali and Akabas, 2007).
The existence of at least 16 solvent accessible spaces within
the same receptor composed of two o, two B and one y
subunits, that all might act as drug binding sites, explains the
extremely complex pharmacology of GABA, receptors and
also the difficulty to unequivocally identify the individual
binding sites for these drugs. The two intra-subunit o or f
subunit pockets or the two inter-subunit ‘o pockets not
necessarily have the same structure due to the influence of
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different surrounding subunits and might thus exhibit a dif-
ferential interaction with different ligands. In addition, since
each binding step of a pharmacologically active compound
elicits or stabilizes a different conformation of the receptor, it
might also change the properties of a binding site at a
homologous binding pocket, thus complicating analysis of
the effects observed. Drugs acting for instance via the ‘same’
binding site in an intra-subunit transmembrane pocket of an
o or a B subunit, due to the existence of two such pockets in
a receptor could nevertheless show allosteric interactions.
Such considerations might also explain some of the discrep-
ant results discussed above on the location of binding sites in
intra- or inter-subunit pockets and their apparent allosteric
interactions. In addition, they also provide an explanation
for the requirement of different concentrations of a drug for
eliciting the allosteric modulatory or the directly activating
effects of drugs, even if the drug apparently interacts with
only a single type of binding site at GABA, receptors as
discussed for etomidate (Li et al., 2010; Olsen and Li, 2011).

Multiplicity of GABA4
receptor subtypes

GABA, receptor subunits exhibit a distinct but overlapping
regional distribution in the brain. At the single cell level,
there are cells expressing only a few GABA, receptor subunits,
and others expressing most, if not all, of these subunits
(Wisden et al., 1992; Pirker et al., 2000), giving rise to a mul-
tiplicity of these receptors. So far, however, only a limited
number of receptor subtypes have been unequivocally iden-
tified (Olsen and Sieghart, 2008). Nevertheless, individual
receptor subtypes often have a quite specific regional, cellular
and subcellular distribution. Receptors composed of o132,
02fy2, a3By2 are located synaptically, although due to the
small proportion of cell surface occupied by synapses, even
these receptors might be located predominantly extrasynap-
tically (Kasugai et al., 2010). In contrast, receptors composed
of a5By2, or 04P6 and 0636 subunits might predominantly or
exclusively be located extrasynaptically (Nusser ef al., 1998;
Brunig ef al., 2002; Crestani et al., 2002; Farrant and Nusser,
2005). Thus, extrasynaptic receptors seem to be much more
important for drug action than previously thought. Consid-
ering the fact that usually only low GABA concentrations are
present in the extrasynaptic space, drugs interacting with
these receptors will more strongly modulate the current
amplitude of GABA-induced currents than at synaptic recep-
tors, where GABA often more or less saturates the receptors
on synaptic transmission and where allosteric modulators
will predominantly act via a prolongation of the current
decay (Farrant and Nusser, 2005). Currently, we don’t have
much information on the regional, cellular and subcellular
localization of receptors composed of off subunits (Bencsits
etal.,, 1999; Mortensen and Smart, 2006; Sinkkonen et al.,
2004) or those containing €, n, 6 or p subunits (Hedblom and
Kirkness, 1997; Bonnert et al., 1999; Enz and Cutting, 1999;
Bormann, 2000; Moragues et al., 2000; 2002). But it is clear
that these receptor subtypes, although not very abundant
in the brain, exhibit a quite specific regional and cellular
distribution.



A distinct regional, cellular and subcellular distribution of
receptor subtypes also suggests a distinct function. This con-
clusion was supported by transgenic knock-in mice (Rudolph
et al., 1999; McKernan et al., 2000). GABA, receptors of mice
containing a H101R mutation within the ol subunit no
longer can be modulated by diazepam. Thus, all diazepam
actions mediated via GABA, receptors containing the ol
subunit are absent in these mice and thus can be identified by
comparison of diazepam effects in wild-type mice. Studies
investigating these point mutated and wild-type mice indi-
cated that GABA, receptors containing ol subunits seem to
be involved in the sedative, anticonvulsant and anterograde
amnestic actions of diazepam (Rudolph et al., 1999; McKer-
nan et al., 2000). Similar experiments performed with mice
containing the homologous point mutation in the o2
subunit indicated that receptors containing o2 subunits seem
to primarily mediate the anxiolytic, and partially also the
muscle relaxant effects of diazepam (Low et al., 2000), and, in
addition, seem to mediate the analgesic action of local diaz-
epam in the spinal cord (Knabl et al., 2008). Receptors con-
taining the o3 subunit seem to mediate the anti-absence
effects of clonazepam, as indicated by the respective point-
mutated mouse (Sohal et al., 2003), and the a3 global knock-
out mice displayed a hyper-dopaminergic phenotype relevant
for GABAergic control of psychotic-like symptoms (Yee et al.,
2005). Under conditions of higher receptor occupancy,
o3-containing receptors also mediate anxiolytic actions (Dias
et al., 2005; Yee et al., 2005). In contrast, receptors containing
the a5 subunit seem to mediate the effects of diazepam on
learning and memory, shown by improved spatial memory in
mice with knock-out of a5 subunits (Collinson et al., 2002),
and improved trace fear conditioning in mice with a partial
deficit of a5 GABA, receptors in hippocampus (Crestani et al.,
2002). These and other studies for the first time indicated a
possible function of specific GABA, receptor subtypes in the
rodent brain.

Some benzodiazepine site ligands can
distinguish between different
receptor subtypes

All these conclusions were supported by studies using recep-
tor subtype-selective drugs. Drugs presumably interacting
with the transmembrane domain of GABA, receptors, such as
barbiturates, steroids or anaesthetics, exhibit no or only a
weak subtype selectivity for receptors composed of o1-6p72
subunits (Sieghart and Ernst, 2005). Steroids seem to prefer-
entially modulate receptors containing the § subunit (Stell
et al.,, 2003; Hosie etal.,, 2009; Olsen and Sieghart, 2009).
Similarly, classical benzodiazepines, such as diazepam, pre-
dominantly and with comparable affinity and efficacy inter-
act with GABA, receptors composed of a1By2, a2fy2, o3By2
and oS5By2 subunits (Sieghart, 1995; Hevers and Luddens,
1998). The type of  subunit present in these receptors seems
not to significantly modulate benzodiazepine action. Benzo-
diazepine site ligands also interact with receptors containing
v1 or y3 instead of y2 subunits, but their affinity and efficacy
at these receptors usually is lower than that for y2-containing
receptors (Sieghart, 1995; Hevers and Luddens, 1998; Khom
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et al.,, 2006). Imidazobenzodiazepines in addition interact
with receptors composed of 04fy2 and 063y2 subunits.

In the last years, however, subtype-selective drugs inter-
acting with the high-affinity benzodiazepine binding site of
GABA, receptors were developed and could be used to inves-
tigate the proposed selective functions of GABA, receptors
containing different o subunits. Thus, drugs more or less
selectively enhancing GABA-induced currents in GABA,
receptors containing o2 or o3 subunits [TPA023 (Atack et al.,
2006), HZ166 (Rivas et al., 2009; Di Lio et al., 2011), SL651498
(Griebel et al., 2003)], exhibited anxiolytic properties and
were active against neuropathic pain. Interestingly, drugs
selectively interacting with o3-containing receptors [TP003
(Dias et al., 2005) or o31A (Atack et al., 2005)], too, exhibited
anxiolytic or anxiogenic properties, respectively, supporting
the conclusion that a3-containing receptors are also involved
in controlling fear and anxiety. And negative allosteric modu-
lators on GABA, receptors containing o5 subunits, such as
oSIA (Dawson et al., 2006; Buettelmann et al., 2009), PWZ029
(Savic et al., 2008), or RO4938581 (Achermann et al., 2009),
improved learning and memory. Recent work thus indicates
that it will be possible to develop benzodiazepine site ligands
that can selectively address of3y2 receptors containing a spe-
cific o subunit. Since there are six different o and three
different y subunits, it might be possible to develop selective
ligands for 18 different GABA, receptor subtypes.

A novel drug binding site at the
o'f” interface

In addition to the benzodiazepine binding site located at the
extracellular o'y interface and the two GABA binding sites
located at the B*o interface, GABA, receptors composed of
two o, two B and one y subunit contain two other extracel-
lular interfaces, the o~ and the y'f~ interfaces (Figure 1A).
These interfaces so far have not been systematically investi-
gated as candidates for a possible drug binding site. The o'}~
interface is similar to the high-affinity benzodiazepine
binding site formed at the o'y interface. It also contains one
of the six o'sides that together with the y2” side determine the
receptor subtype-specific benzodiazepine pockets, and on
combining six different o and three different  subunits, a
total of 18 different o}~ interfaces can be formed. Therefore,
in a recent study, we systematically investigated the of}~
interface for the presence of a possible drug binding site
(Ramerstorfer et al., 2011). We reasoned that due to the simi-
larity of the binding sites, a binding site at the o'~ interface
might accommodate at least some of the benzodiazepine site
ligands. To identify drugs possibly mediating some of their
effects via the o'f~ interface and to avoid interaction with
the benzodiazepine binding site, we used GABA, receptors
composed of ol and B3 subunits only (Figure 1C). Such
receptors are assumed to be composed of three  and two o
subunits (Tretter et al., 1997; Farrar et al., 1999; Baumann
etal.,, 2001) and should thus have two B3*al” interfaces
(GABA binding sites), two a1*B3~ interfaces and one B3*B3~
interface, but no high-affinity benzodiazepine binding site.
In a screening of >100 benzodiazepine site ligands from
different structural classes, the anxiolytic pyrazoloquinoline
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2-p-methoxyphenylpyrazolo[4,3-c]quinolin-3(5H)-one [CGS
9895, Figure 1D (Yokoyama et al., 1982; Bennett, 1987)] at 1
and 10 uM concentration was able to strongly enhance
GABA-induced currents in recombinant alB3 receptors
expressed in Xenopus oocytes but did not directly elicit a
chloride current in the absence of GABA. Since this com-
pound in radioligand displacement studies has been demon-
strated previously to exhibit a low nanomolar affinity for the
high-affinity benzodiazepine binding site of GABA, receptors
(Yokoyama et al., 1982), we compared its action at 13 and
01B372 receptors. CGS 9895 did not modulate GABA-induced
currents at nanomolar concentrations in o1B3y2 receptors
but at micromolar concentrations elicited a comparable
current enhancement in a1B3 and a1B3y2 receptors (Ramer-
storfer et al., 2011). The effect of CGS 9895 on 013372 recep-
tors in contrast to that of diazepam could not be inhibited by
the benzodiazepine site antagonist Ro15-1788, and 50 nM
CGS 9895, a concentration that completely saturates the high
affinity benzodiazepine binding site of GABA, receptors but
does not stimulate GABA-induced currents, was able to com-
pletely inhibit the effects of diazepam on o1B3y2 receptors
(Ramerstorfer et al., 2011). These data indicate that CGS 9895
is an antagonist at the high-affinity benzodiazepine binding
site at nM concentration and stimulates the receptor at uM
concentrations via a second binding site that is also present at
o1B3 receptors.

This binding site was then identified by applying a steric
hindrance approach. For that, several amino acid residues at
the al®, Y2~ or B3 side, which presumably line the pocket at
the o1*y2” or the a1*B3" interface, were selected by using our
homology model of GABA, receptors as a guide (Ernst et al.,
2003) and were individually mutated to cysteines (Figure 2).
Only mutations that produced no or only small changes in
the GABA induced currents of the receptors, and did not
significantly change the potency and efficacy of diazepam or
CGS 9895 for stimulating these receptors, were further used
for our experiments. Wild-type and mutated receptors were
then exposed to 2 mM MTSEA-biotin that covalently binds to
the introduced cysteines and prevents access of drugs to the
respective binding site. GABA-elicited currents as well as their
potentiation by diazepam or CGS 9895 were then measured
before and after MTSEA-biotin exposure.

Results indicated that it was possible to selectively block
the effects of diazepam but not of CGS 9895 by preventing
access to the benzodiazepine binding pocket via covalently
modified cysteine mutations at the y2" side and to selectively
inhibit the effects of CGS 98935 but not of diazepam by pre-
venting access to the a1*83~ pocket via covalently modified
cysteine mutations at the B3~ side. In addition, blocking
access of CGS 9895 to the a1*B3~ pocket by covalently modi-
fying cysteine mutations at the o.1*as well as B3~ sides in o133
receptors completely abolished the actions of this drug on
these receptors (Ramerstorfer et al., 2011). These data strongly
suggested that CGS 9895 exerts its action by binding to the
o1*B3” interface. The inhibition was not caused by a general
inactivation of GABA, receptors, because the GABA-
enhancing effect of other ligands of the GABA, receptors was
not influenced by MTSEA-biotin. Other experiments indi-
cated that the CGS 9895 effect was dependent on the o and
subunit types forming the interface. CGS 9895 thus repre-
sents the first prototype of drugs mediating benzodiazepine-
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Figure 2

Model structure indicating amino acid residues important for
binding of CGS 9895 into the o3~ interface. The structural model of
the o side and the B~ side is based on the glutamate bound structure
of the glutamate gated chloride channel (Hibbs and Gouaux, 2011),
PDB entry 3RIF. This new template shares the highest sequence
similarity with GABA, receptors of all available homologous crystal
structures. Modeller was used for modelling, VMD for visualization.
(http://salilab.org/modeller/; http://www.ks.uiuc.edu/Research/
vmd/) Residues used in steric hindrance experiments are shown in
yellow label, and those affecting ligand potency or efficacy upon
mutagenesis are shown in gray labels. All shown residues were indi-
vidually mutated into cysteines. For 015204C, o1V211C and
3Q64C the effect of CGS9895 on the mutant receptor was nearly
unchanged, and cysteine modification with MTSEA-biotin drastically
reduced ligand efficacy (Ramerstorfer et al, 2011). The mutations
o1H101C and o1F99C induced a strong reduction of the ligand
effect. Mutations a15205C, a1T206C and [(3A45C caused an
increased potency of CGS 9895. These data strongly indicate that the
binding site is structurally similar to the benzodiazepine binding site
as identical or homologous residues are involved in ligand effects.

like modulatory effects via a defined binding site at the
extracellular o1*B3~ interface of GABA, receptors (Figure 2).
Many other compounds have been demonstrated to allos-
terically modulate GABA-induced currents in of3 receptors
(Sieghart, 1995) and thus could produce their effects via the
extracellular o1*B3~ interface. Some of these, such as the
above-mentioned barbiturates, steroids and anaesthetics,
seem to interact with binding sites probably located in the
transmembrane domain of these receptors. For other com-
pounds, the situation is not as clear. Thus, flurazepam has
been shown to interact with at least two different binding
sites in a1P2y2 receptors (Walters et al., 2000): it not only
enhanced GABA-induced currents via the high-affinity ben-
zodiazepine binding site but at concentrations >10 uM also
inhibited its own stimulation by interacting with the o1*p2"
interface (Baur etal.,, 2008; Sigel and Luscher, 2011).
However, flurazepam neither positively, nor negatively,
modulated GABA-induced currents via this binding site when
the classical benzodiazepine binding site at the a1*y2™ inter-
face of oy receptors was replaced by a flurazepam-insensitive
o6'y2" interface in concatenated receptors (Baur et al., 2008),



possibly indicating that it acts as a neutral modulator
(antagonist) at this site in the absence of a high-affinity
benzodiazepine binding site and thus possibly also in o133
receptors. We thus investigated whether the low-affinity flu-
razepam binding site is identical with the low-affinity CGS
9895 binding site located at the extracellular a1"B3" interface.
In o183 receptors, flurazepam at 250 uM concentrations was
able to partially inhibit the GABA-stimulatory effect of 10 uM
CGS 9895, possibly supporting the conclusion that flu-
razepam is able to inhibit the action of CGS 9895 via the
same binding site (Ramerstorfer et al., 2011). In other experi-
ments, however, it was demonstrated that at the same con-
centration flurazepam negatively influenced GABA-induced
currents in a1B3 receptors, and that this effect could not be
blocked by steric hindrance under conditions where the effect
of CGS 9895 was completely abolished. This clearly indicates
that the negative effect of flurazepam at o133 receptors was
not mediated via the extracellular a1"B3" interface. It is pos-
sible, however, that the effect of flurazepam on o133 recep-
tors represented a third effect unrelated to the low potency
inhibitory effect of flurazepam on its own action observed by
Baur et al. (2008). Whether the low potency self-inhibitory
effect of flurazepam is mediated via the extracellular o1*B2"
interface of a1p2y2 receptors can only be answered by steric
hindrance experiments in appropriately mutated concat-
enated receptors.

Some other compounds interacting with af3 receptors
have already been excluded as possible ligands for the CGS
9895 binding site. Thus, the additional GABA-potentiating
effect at 100 pM diazepam in a1py2 receptors (Walters et al.,
2000) or the effect of 10 uM ROD 188 (Thomet et al., 2000)
on alB3 receptors could not be inhibited by the steric hin-
drance approach under conditions where the effects of CGS
9895 were completely abolished (Ramerstorfer et al., 2011).
Further experiments have to clarify, whether the effects of for
instance Valerenic acid (Khom et al., 2010; Kopp et al., 2010)
or of some flavonoids (Hanrahan et al., 2011) on o133 recep-
tors are mediated via the CGS 9895 binding site.

Although CGS 9895 interacts with the off~ site with a
relatively low potency, this compound can now be used as a
screening tool for the identification of other possible candi-
dates interacting with this binding site. This approach is
especially important for the identification of possible antago-
nists at this binding site (see above). In the absence of a direct
effect of such compounds at GABA, receptors, they only can
be detected by their inhibition of the effects of CGS 9895. In
addition, using the cysteine mutations introduced into the
o'f” pocket and their modification with MTSEA-biotin, com-
pounds that cause a positive or negative modulation of
GABA, receptors via this binding site can now be identified.

Potential importance of drugs
interacting with the extracellular
oB” interface

Drugs interacting with the o~ interface, irrespective of the
type of the o or  subunit, should be able to modulate all o,
ofy, offd, afe, afnr, and of6 receptors. Due to their modula-
tion of a larger number of receptor types, they should exhibit
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a much broader action than benzodiazepine site ligands,
which only interact with af}y2 receptors and to a lesser extent
with ofyl or afy3 receptors. Drugs interacting with the o~
interface might thus also exhibit some novel effects so far not
observed with benzodiazepine site ligands. In addition, the
broader action of such drugs might be especially important
for the treatment of epilepsy. By interacting with a larger
number of receptor subtypes, CGS 9895 type drugs have
more possibilities to enhance GABAergic inhibition and thus
might be able to better reduce over-excitation in neurons
that cannot be sufficiently modulated by benzodiazepines.
Although benzodiazepines are excellent anticonvulsants,
they rapidly loose this property on repeated application,
making them largely unsuitable for a long-term treatment of
epilepsy. This might be due to a benzodiazepine-induced
uncoupling of the GABA and benzodiazepine site of GABA,
receptors (Ali and Olsen, 2001). Such a mechanism presum-
ably would not be possible for drugs interacting via the o~
pocket, since o and B subunits are also essential for forming
the GABA binding site. In addition, even after drug mediated
down-regulation of offy receptors and/or change in subunit
composition, the remaining receptors still would be modu-
lated by these drugs. It thus can be expected that drugs
interacting with the o'~ pocket also would be suitable for a
long-term treatment of epilepsy. Since these drugs cannot
directly activate GABA, receptors, they should have low tox-
icity similar to benzodiazepines, and by enhancing only
ongoing GABAergic transmission, they should be specifically
active in brain areas with exaggerated excitatory and thus
also enhanced GABAergic activity.

Nevertheless, some of these drugs are also able to distin-
guish between different receptor subtypes depending on the
exact o and B subunit type forming their binding site (Ram-
erstorfer et al., 2011). Different o and B subunits have a dis-
tinct regional and cellular distribution (Wisden et al., 1992;
Pirker et al., 2000), and it was demonstrated that not only
benzodiazepine site ligands selectively interacting with recep-
tors containing a certain o subunit (see above) but also drugs
selectively interacting with receptors containing B2 or B3
subunits exhibit quite specific actions (Wingrove et al., 1994;
Hill-Venning et al., 1997; Pirker et al., 2000; Jurd et al., 2003;
Reynolds et al., 2003; Rudolph and Antkowiak, 2004; Olsen
and Sieghart, 2008). So far, only a few compounds, such as
salicylidene salicylhydrazide (Thompson et al., 2004) or some
fragrant dioxine derivatives (Sergeeva et al., 2010), have been
identified that preferentially interact with GABA, receptors
containing a B1 subunit. In posterior hypothalamic neurons
such receptors might be involved in inducing sleep (Sergeeva
et al., 2010) (Yanovsky et al., 2011). Other experiments have
indicated that the hypnotic effect of diazepam is not medi-
ated by GABA, receptors containing a1 but by receptors con-
taining o2, a3 or oS subunits (Tobler et al., 2001). Drugs
selectively activating these 1 subunit-containing GABA,
receptors might thus become more selective sleep-inducing
agents, and the development of drugs that cannot interact
with these receptors might be a good strategy to reduce sleep-
inducing side effects of anxiolytics.

Of course, drugs interacting with an interface composed
of ox* and By, would modulate oxBy, axpyy, oxpyd, oaxpye,
oxByn or axPy0 in a similar manner. But such a set of recep-
tors cannot selectively be addressed so far, and their modu-
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lation might elicit novel and interesting effects. Especially,
receptors composed of less abundant o subunits, such as o2,
03, 04, asS or a6, combined with any one of the B subunit
types, or receptors containing §, €, © or 6 subunits, not only
have a distinct regional and cellular distribution but might
also be involved in quite specific behavioural effects, that
then could be specifically modulated by selective o'~ drugs.
The importance of such a novel pharmacology of drugs inter-
acting with the interface of specific o and B subunits will be
comparable with that of benzodiazepines interacting with
the interface of specific o and y subunits. The overall effects of
the two types of drugs, however, will be different, because
they not only address a subgroup of common receptors (con-
taining the same o, B and v subunit types), but overall differ-
ent receptor populations [all receptors containing the same o
and 7y subunit types (B subunits don’t significantly influence
the effects of benzodiazepine site ligands) (Sieghart, 1995;
Hevers and Luddens, 1998) versus all receptors containing
the same o and B subunit types in the absence or presence of
v, 8, & mor 6 subunits. Subtype-selective drugs interacting
with the off~ interface in contrast to benzodiazepine site
ligands thus also have the potential to distinguish between
ofy2 receptor subtypes containing the same o but different
subunits. And both types of drugs will have a comparably low
toxicity because they are not able to directly activate the
respective receptors in the absence of GABAergic transmis-
sion. The development of drugs interacting with o'~ binding
sites of GABA, receptors will thus increase the spectrum of
GABA, receptor subtypes that can be addressed experimen-
tally and clinically and will thus have a substantial therapeu-
tic potential. Of course, the question remains whether results
from experimental animals can be extrapolated to man. Actu-
ally, in several cases, drugs that were non-sedating anxiolytics
in experimental animals caused sedation in humans (Atack,
2003; Basile etal., 2004; Atack etal., 2011b). Recently,
however, it was demonstrated that an anxiolytic drug exhib-
iting no effect at all on a1By2 receptors behaved as a non-
sedating anxiolytic in animal and man (Atack et al., 2011a).
Thus, avoiding modulation of a1By2 GABA, receptors alto-
gether might be one solution for avoiding sedative effects of
drugs. But avoiding the specific alfxy2 receptor subtype
mediating the sedative effect might be an alternative possi-
bility. A more thorough knowledge on the regional and cel-
lular distribution of GABA, receptor subtypes in the human
brain and their function in modulating behaviour will facili-
tate the rational development of drugs with more selective
actions.
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