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Preface
N

Studies on y-aminobutyric acid (GABA) receptor systems have yielded an
abundance of fundamental information on chemical neurotransmission. For
example, characterization of the structure and function of the GABA,
receptor provided much of the evidence that ligand-gated ion channels are
composed of multiple, interacting subunits. The discovery that the benzo-
diazepines, one of the most widely used drug classes, enhance GABA4
responsiveness by increasing the sensitivity of this site for endogenous
GABA provided conclusive proof that allosteric agents can be safe and
effective medications. Moreover, the revelation that the stoichiometry and
subunit composition of GABA 4 receptors differ throughout the brain, and
that the affinity of these sites for orthosteric and allosteric compounds is a
function of these properties, points the way for the development of more
selective ligand-gated channel receptor agonists and antagonists.

Likewise, the characterization of GABAy sites has led to a deeper under-
standing of seven transmembrane receptor systems. Of particular signifi-
cance was the discovery that GABAg receptors are heterodimers. While
second messenger receptor dimers had been suspected for some time, it
was not until the heterodimeric nature of the GABAjy site was identified
that direct support was provided for their existence and functionality
in vivo. This finding energized research in this area, with the results indicating
that homo- and heterodimerization is a characteristic of a variety of seven
transmembrane sites. The implications of these discoveries for most neuro-
transmitter systems, either in terms of biological abnormalities responsible for
clinical conditions, or for drug discovery, remain to be fully exploited.

Because of the impact GABAg receptor research has had in the neuros-
ciences it is noteworthy that the discovery and initial characterization of this

Xv



xvi Preface

site can be so easily traced to a single person, Norman Bowery. Rarely is it
possible to identify one individual who single-handedly opens an entire new
avenue of research. In this case, however, the historical record is clear. In
1980 Norman and his associates were the first to report on a bicuculline-
insensitive response to GABA that is mediated by a novel receptor activated
by baclofen. Subsequently they christened this site the GABAg receptor to
distinguish it from the well-known bicuculline-sensitive, ligand-gated ion
channel receptor, thereafter known as GABA, (see Chapter 1 by Bowery,
this volume).

This monograph was assembled to honor Norman and his work on the
30th anniversary of his discovery. While it is impossible to include reports
from all who have contributed significantly to characterizing this receptor,
the topics covered provide a comprehensive review of the field and the
current state of research in this area. Included are chapters on the chemistry
of GABAg agonists and antagonists, on the molecular composition of the
site, its regulation and trafficking, and its role in controlling cellular, auto-
nomic, and behavioral function. There are also offerings describing the
potential clinical utility of drugs regulating GABAg activity. The informa-
tion contained in this text will be of interest to neuroscientists in general and
neuropharmacologists in particular.

It has been our privilege and pleasure to assemble this volume. The task
was greatly simplified by the eagerness and enthusiasm of the contributors
to prepare their reports out of respect for Norman and his work. We are
pleased this effort has yielded not only a fitting tribute to a good friend and
colleague, but also an authoritative reference on a topic of contemporary
interest and importance to biomedical scientists.

June 1st, 2010
S. J. Enna, Ph.D.
Thomas P. Blackburn, Ph.D.



N. G. Bowery

University of Birmingham Medical School, Edgbaston, Birmingham, UK

Historical Perspective and
Emergence of the GABAg

Receptor
__________________________________________________________|

Abstract

This chapter forms an introduction to the subsequent chapters in this
volume which highlight the significance and potential therapeutic applica-
tion of GABAj receptors. It is now 30 years since the GABA} site was first
described in mammalian tissue. Since then much has emerged about its
physiological role in the mammalian nervous system and its relationship to
other neurotransmitter receptors. It appears to function at pre- and post-
synaptic locations as both an auto- and a hetero-receptor where its activa-
tion modulates the membrane conductance of Ca** and K*. The receptor is

Advances in Pharmacology, Volume 58 1054-3589/10 $35.00
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2 Bowery

G-protein coupled and was the first to be shown to exist, possibly in multiple
forms, as a heterodimer. The primary agonist for the receptor is baclofen and
this continues to be used therapeutically as a centrally active muscle relaxant.
Other potential applications for agonists are suggested and positive allosteric
modulators may provide an alternative and more effective approach. One
application of an agonist, for which there are strong positive clinical data, is
in gastroesophageal reflux disease where the receptor target is outside the
brain. Antagonists of the GABAg receptor may also have therapeutic appli-
cations such as in cognitive deficits, affective disorders, and absence seizures
but robust clinical evidence remains to be demonstrated. Each of these
applications is also discussed in the chapters that follow.

I. Introduction

It is truly an honor to be given the opportunity to introduce this volume
on the GABAg receptor. The collection of chapters that have been assembled
here provides a really impressive and extensive coverage of the current
research status of this G-protein-coupled receptor.

The original research that led up to the discovery of the GABAg receptor
began in the 1970s. This followed on from the many studies that had been
performed during the previous decade, establishing GABA as the major
inhibitory transmitter in higher centers of the brain (Curtis, 1975; Krnjevic,
1974; Krnjevic & Schwartz, 1967). GABA (y-amino-n-butyric acid) is the
single most important inhibitory neurotransmitter within the mammalian
brain where it is estimated that 40% of all inhibitory synaptic activity is
mediated through this neutral amino acid. It was initially shown to act by
increasing the neuronal membrane permeability to Cl . Generally the neu-
ronal membrane potential is such that when chloride ion channels are open
these negative ions tend to flow in an inward direction hyperpolarizing the
cell. But even when the flow is in the outward direction this can still stabilize
the cell to reduce its excitability (see Curtis, 1977).

We had noticed that this effect of GABA was not confined to neurons
from within the central nervous system (CNS) but also occurred in neurons
in the periphery, in particular, neurons of sympathetic and dorsal root
ganglia (Bowery & Brown, 1974; Desarmenien et al., 1984). The action of
GABA on these neurons was comparable to that observed in the CNS with
the production of a selective increase in chloride ion conductance (Adams &
Brown, 1975). However, there appeared to be a major difference in the
membrane reversal potential in sympathetic neurons when compared to that
in neurons of the CNS. In ganglion neurons the reversal potential was
observed to be -42 mV whereas in cortical neurons it is normally in the
region of =75 mV. Thus, the opening of chloride ion channels in ganglion
neurons produces an outward flux of anions whereas the same increase in
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membrane conductance in higher center neurons generally has the opposite
effect. The net effect in ganglion neurons is to produce a membrane depo-
larization rather than a hyperpolarization.

The same depolarization produced by GABA in primary afferent term-
inals of the mammalian spinal cord is believed to provide the mechanism
whereby inhibitory interneurons control the outflow of afferent transmitter
within the dorsal horn (Curtis, 1977). It was this comparative action which
stimulated our interest in using the sympathetic ganglion as a model for the
action of GABA on primary afferent terminals. If GABA depolarized the
terminals of sympathetic fibers in the same manner as the cell bodies, by
increasing an efflux of chloride ions, this could be comparable to the
endogenous action in the spinal cord.

The first problem that arose was how to examine any depolarization in
sympathetic terminals. A direct approach was not possible so we took an
indirect approach examining the effect of GABA on the evoked release of the
sympathetic transmitter, noradrenaline. After all, it was the inhibition of
transmitter release that we were attempting to model. At that time much
interest had focused on the uptake and release of noradrenaline from heart
tissue so we employed the isolated atrium, in which radiolabeled noradrena-
line had been allowed to accumulate, and then examined the effect of GABA
on its release evoked by transmural stimulation. As predicted GABA
decreased the release without affecting basal release and the effect became
more evident in the presence of yohimbine, the presynaptic o-adrenoceptor
antagonist (Bowery et al., 1981). This inhibitory effect was subsequently
observed in cerebrocortical slices of the rat (Bowery et al., 1980). It was only
when we examined the pharmacology of this effect that we realized that a
GABA receptor different from the classical type might be involved. The
primary criteria which differentiated this novel site were that it was unaf-
fected by the competitive GABA antagonist, bicuculline; it was activated by
B-chlorophenyl GABA (baclofen) which is inactive at classical sites for
GABA; and it was not mimicked by isoguvacine or muscimol which are
both active at ionotropic receptors for GABA. Moreover, the action of
GABA at this novel site was shown to be associated with a decrease in
neuronal membrane Ca** conductance and not chloride ion related (Barral
et al., 2000; Chen & Van der Pol, 1998). Of course, all of this work
preceded any knowledge about receptor structure. It was only in the late
1980s that the structure of the ionotropic GABA receptor was discovered
(Levitan et al., 1988; Schofield et al., 1987) and more than 10 years later
that the structure of the novel GABA site was first described (Jones et al.,
1998; Kaupmann et al., 1998; Kuner et al., 1999; White et al., 1998).

A popular method for characterizing receptors before the advent of the
molecular biology approach was the use of high-affinity radiolabeled bind-
ing probes. This technique was developed during the 1960s and 1970s when
suitable probes became available. The characterization of GABA receptor
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binding to neuronal membranes was first described by Zukin and colleagues in
1974 but further analysis of this binding failed to indicate the presence of any
additional binding sites for the amino acid (Enna & Snyder, 1975, 1977). The
only binding site that could be demonstrated was sensitive to bicuculline and
isoguvacine but if there was a novel site for GABA this must surely be present
as well. In 1980 I felt sure that radiolabeled baclofen must have been prepared
in the laboratories of Ciba-Geigy and so I contacted them in Switzerland with
a request for a sample for our studies. Eventually after some 9 months or more
I was kindly sent a sample together with a much-appreciated letter from Dr
Helmut Bittiger. This informed us that they were aware of our studies and this
had led them to attempt to obtain a binding assay for *H-baclofen. Their
attempts had failed and all the indications were that a binding site does not
exist. They also kindly sent us a resume of the approaches they had employed
in trying to obtain displaceable binding. A variety of buffer systems had been
tried and this meant that we could immediately look elsewhere. It occurred to
us that all the buffer solutions that had been tested were, as usual, nonphysio-
logical so, as we knew we could measure the functional site in Kreb’s
physiological solution, perhaps we could do the same with the binding site.
Even in our first study using neuronal membranes under these conditions, a
displaceable binding component could be detected although this was less than
20% of total binding (Bowery et al., 1983; Hill & Bowery, 1981). This
enabled us to show the presence of a site that had the same pharmacological
characteristics as the functional site in isolated atria and brain slices (Bowery
et al., 1980, 1981). It was at this point in 1981 that we designated the term
“GABAg” to distinguish this novel site from the classical GABA receptor which
we classified as “GABA4” (Hill & Bowery, 1981) and this nomenclature has
been retained as the International Union of Basic and Clinical Pharmacology
(IUPHAR) terminology (Bowery et al., 2000).

The primary factor, which enabled GABAj binding to be detected, was
dependence on divalent cations such as Ca** and Mg>* and this was sup-
ported by data indicating that functional GABAg responses were dependent
on Ca** with no dependence on chloride ions, unlike GABA,-mediated
responses. The detection of a novel binding site enabled us not only to
characterize the receptor but also to demonstrate its distribution within
the brain and spinal cord (Price et al., 1984; Wilkin et al., 1981) and to
make comparisons with that described for GABA, sites.

Many electrophysiological studies indicated that GABAjy sites were
located presynaptically to control the release of endogenous transmitter as
well as on postsynaptic membranes to influence neuronal function directly
(Colmers & Pittman, 1989; Dutar & Nicoll, 1988a, 1988b; Mott & Lewis,
1994; Newberry & Nicoll, 1984). The activation of GABAg receptors
decreases membrane Ca®* conductance (Doze et al., 1995; Isaacson, 1998;
Wu & Saggau, 1995) but also increases K* conductance. These effects tend,
though not exclusively, to be site directed such that the decrease in Ca** is
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more associated with presynaptic receptors (Dunlap, 1981) while K* effects
are predominantly postsynaptic (Luscher et al., 1997; see Deisz, 1997;
Premkumar & Gage, 1994). As a consequence of these effects receptor
activation can produce neuronal hyperpolarization (K* mediated) (Gage,
1992) or a decrease in evoked neurotransmitter release (Ca** effect).

Both of these events are mediated by G-proteins that are members of the
pertussis toxin-sensitive family G;o/Gge, (Odagaki & Koyama, 2001; Oda-
gaki et al., 2000). However, presynaptically mediated events, which are
generally associated with reduced Ca** conductance, appear to be insensitive
to pertussis toxin (Harrison et al., 1990). The predominant calcium channel
linked to GABAy sites appears to be the “N” type, although “P”- and “Q”-
type channels have also been implicated (Barral et al., 2000; Lambert &
Wilson, 1996; Santos et al., 1995). Multiple types of K* channels seem to be
associated with postsynaptic GABAg receptors (Wagner & Deakin, 1993). A
third signaling system associated with GABAg, sites is adenylyl cyclase which
is normally inhibited by receptor activation (Xu & Woczik, 1986). However,
if the enzyme has been activated by G-coupled receptor agonists such
as isoprenaline, the B-adrenoceptor ligand, GABAg receptor activation
enhances the formation of cyclic adenosine monophosphate (CAMP) above
the level achieved with isoprenaline alone (Hill, 1985; Karbon et al., 1984).
This observation prompted a search for receptor subtypes by comparing the
abilities of different GABAp receptor agonists to inhibit or enhance cAMP
production. However, no absolute separation has been established (Cun-
ningham & Enna, 1997; Knight & Bowery, 1996).

In 1998 a major advance was made with the discovery of the structure of the
GABAg receptor by three independent groups (Jones et al., 1998; Kaupmann
et al., 1998; White et al., 1998) some 10 years after the GABA,A receptor
structure was first defined. Naturally there are major differences between the
metabotropic (GABAg) and ionotropic (GABA ) receptors and not least of these
is that the metabotropic receptor exists as a heterodimer with seven membrane-
spanning regions in each of the two components. This contrasts with the five-
subunit structure of the GABA4 receptor which forms a pentamer to act as an
ion channel selectively allowing the passage of chloride ions.

Information on the characteristics, G-protein coupling and trafficking
of the GABAg receptor heterodimer are provided in many of contributions
of this volume. All of these experts have made major contributions to our
understanding of the molecular biology of this receptor.

Il. GABAg Receptor Ligands

Prior to the emergence of the detailed structure of the receptor, the
primary criterion for establishing the presence of GABAg receptors was to
demonstrate that B-[4-chlorophenyl] GABA (baclofen) was a stereospecific
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agonist. Subsequently, other selective agonists such as 3-aminopropyl-
phosphinic acid (3-APPA) and 3-aminopropyl-methylphosphinic acid
(3-APMPA) were developed which were ~10-fold more potent than R-(—)-
baclofen. The structure/activity relationship of compounds with affinity for
GABAg sites is discussed in the subsequent presentation by Wolfgang Froestl
who has been responsible for the discovery of the majority of the agonists
and antagonists at the GABAg receptor. More recently, Alstermark et al.
(2008) have described novel agonists with affinity for GABAg receptors
which do not readily penetrate the CNS. This, they suggest, will have
considerable importance in the treatment of gastroesophageal disease. One
of these compounds, lesogaberan, has already been successfully tested in
human gastroesophageal reflux disease (Bredenoord, 2009). Details of this
series of compounds are presented in the contribution by Lehmann, Jensen,
and Boeckxstaens.

The first selective GABAg antagonists to be described were phaclofen,
saclofen, and 2-hydroxy saclofen (Kerr & Ong, 1995; Kerr et al., 1987).
While these have only low affinity for the receptor, with pK; values in the
micromolar range, they were useful for obtaining the first clear evidence of a
physiological role of GABAg receptors in synaptic transmission within the
rat hippocampus (Dutar & Nicoll, 1988a). Subsequent compounds were
introduced that were able to enter the brain: CGP 35348, CGP 36742, and
SCHS50911. However, these too have low receptor affinities. A crucial
breakthrough came with the attachment of 3,4-dichlorobenzyl or 3-carbox-
ybenzyl substituents to the existing molecules to produce a variety of com-
pounds with affinities in the low nanometer range such as CGP 55845 and
many others, all of which contain a phosphinic acid moiety. These antago-
nists, when radiolabeled with '*°I, provided photoaffinity ligands suitable
for the elucidation of the structure of the GABAy receptor. The group
responsible for producing these important tools was also headed by Wolf-
gang Froestl.

lIl. Receptor Distribution

GABAg receptors are distributed throughout the mammalian system
and are not confined to nervous tissue (see Erdo & Bowery, 1986). But,
of course, while the receptors might be present, their significance only
emerges when the agonist is also present. Their presence on autonomic
nerve terminals provides an example of this. When activated by GABA,
a decrease in the evoked release of transmitter from the terminal occurs.
In the enteric nervous system, where GABA-releasing neurons are
present and impinge on autonomic cholinergic nerve fibers, GABAgp
receptors probably contribute to the control of intestinal movement
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and sphincters (e.g., Kleinrok & Kilbinger, 1983; Ong & Kerr, 1983,
1990).

GABAg sites in the mammalian brain appear to be quite widely dis-
tributed, although there are regional variations. Receptor autoradiography
revealed that the highest receptor densities are in the interpeduncular
nucleus, dorsal horn of the spinal cord, the thalamic nuclei, cerebellum
(molecular layer), and cerebral cortex (Bowery et al., 1987; Chu et al.,
1990). However, moderate to low levels in other brain regions do not
necessarily reflect a lack of physiological importance of the receptor. For
example, in the hippocampus the overall density of receptors does not match
the undoubted significance of GABAp receptors in neural transmission.

The distribution of the individual components of the receptor hetero-
dimer, GABAg; and GABAgp,, when detected by immunocytochemistry
generally match each other (Charles et al., 2001; Durkin et al., 1999;
Margeta-Metrovic et al,, 1999). However, in the caudate—putamen,
GABAg; is not detectable even though GABAg; and the native receptor
are present (Durkin et al.,, 1999). GABAg; and GABAg, subunits have
been detected in peripheral tissue (Calver et al., 2000), but their distribution
does not always appear to be coincident, for example, in the uterus and
spleen (Calver et al., 2000). In general, there appears to be a paucity of
GABAp,, suggesting that another protein may form a dimer with GABAg,
to facilitate its function.

Perhaps, not surprisingly, GABAg sites have been demonstrated in
lower species as illustrated in the contribution by Manev and Dzitoyeva,
indicating that from an evolutionary perspective it is an “old” receptor.

IV. Allosteric Modulation

Allosteric modulation of GABAg receptors was first described by Urwy-
ler et al. (2001). The location of the modulatory site within the receptor is
the heptahelical domain of GABAg,. A number of compounds have been
reported to be positive modulators. Included are CGP7930 and GS39783
(Urwyler et al., 2003) and BHF177 (Maccioni et al., 2009). While none of
these has any direct agonist activity at GABAg sites, they all accentuate the
responses to GABA and baclofen. This effect was firstly demonstrated
in vitro and was subsequently shown in iz vivo models of addiction (e.g.,
Smith et al., 2004 and see present contributions by Vlachou and Markou
and Nutt and colleagues) where, for example, both modulators reduce the
self-administration of cocaine without the need to administer a receptor
agonist. This suggests that positive allosteric modulation may provide an
effective therapy avoiding the possible adverse effects of an agonist like
baclofen as well as the possible desensitization that frequently accompanies
the use of direct acting receptor agonists.
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V. Receptor Function

The predominant cellular location of GABAg receptors appears to be
presynaptic where they function as autoreceptors and heteroreceptors to
limit the release of a variety of neurotransmitters. Receptor activation
produces a reduction in presynaptic membrane Ca** conductance, which
inhibits transmitter release. While the physiological significance of autore-
ceptors (Davies et al., 1990; Nicoll, 2004) appears obvious because of the
local availability of neurotransmitter, the role of heteroreceptors (Nicoll,
2004) on non-GABAergic terminals is not apparent as evidence for
axo-axonic contacts at nerve terminals is lacking. Primary afferent terminals
in the spinal cord, where GABA interneurons innervate the terminal regions
of the primary afferent fibers, are the exception (see Price et al., 1987).
Despite the apparent lack of innervation elsewhere, there is evidence for
GABA acting in a paracrine manner to activate GABAy heteroreceptors.
GABA released from GABAergic terminals appears to access adjacent term-
inals where GABAGy sites are present (Isaacson et al., 1993). As the estimated
concentration of GABA in the synaptic cleft, following its release, is in the
millimolar range, and the affinity of GABA for heteroreceptors is in the
nanomolar range, there is sufficient GABA to interact with any sites in close
proximity.

VI. Potential Therapeutic Significance

A. Analgesia

GABAg receptor agonists, including baclofen, are antinociceptive in
acute pain models, such as the tail flick and hot plate tests in rodents, at
doses below the threshold for muscle relaxation (e.g., Aley & Kulkarni,
1991; Wilson & Yaksh, 1978). Similarly, baclofen and the positive allosteric
modulator CGP7930 inhibit visceral pain-related responses to colorectal
distension in rats (Brusberg et al., 2009). While GABAg receptor activation
reduces the release of nociceptive transmitter from primary afferent fibers
within the dorsal horn of the spinal cord (Malcangio & Bowery, 1996; Riley
et al., 2001), the antinociceptive effect might also result from an action
within higher centers, in particular the thalamus (Liebman & Pastor,
1980). For example, focal injections of baclofen into the thalamic ventro-
basal complex suppress nociceptive processing in chronic inflammation.
However, the clinical use of baclofen as an analgesic is limited because of
the rapid tolerance that develops as well as the adverse effects of the
compound when it is administered systemically. The antinociceptive effect
of the GABA uptake inhibitor, tiagabine, in rodents, has been attributed to
indirect GABAg receptor activation produced by an increase in GABA levels
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within the thalamus (Ipponi et al., 1999). In the contribution by Gonzalez-
Burgos, the author considers the possibility that GAT-1, which is inhibited
by tiagabine, may be an important determinant in the activation of GABAy
receptors in higher centers.

The significance of GABAg receptors in pain mechanisms is supported
by studies with “knock-out” mice. In these animals, functional GABAy
receptors are not formed, as the mice fail to produce either GABAg; or
GABAg, subunits (Schuler et al., 2001). In both forms of mutant mice,
hyperalgesia was exhibited in acute nociceptive tests suggesting that func-
tional heteromeric GABAg receptors are required to increase or maintain
pain thresholds.

B. Skeletal Muscle Relaxation

The well-established muscle relaxant properties of baclofen, which are
centrally mediated, make it an effective drug in the treatment of spasticity
associated with cerebral palsy, multiple sclerosis, stiff-man syndrome, and
tetanus. But the side effects associated with its use in such patients, which
include seizures, nausea, drowsiness, dizziness, hypotension, muscle weak-
ness, hallucinations, and mental confusion, are often poorly tolerated.

These adverse effects appear due to the need for the administration of
high doses because of poor brain penetration. Intrathecal administration via
an indwelling cannula connected to a pump inserted into the peritoneal
cavity is one approach for addressing this problem. Direct administration
to the site of action within the spinal cord requires only small amounts of
baclofen, minimizing adverse effects (e.g., Ochs et al., 1989; Orsnes et al.,
2000; Penn et al., 1989).

C. Affective Disorders

An upregulation in GABAg-binding sites, which occurs in rat frontal
cortex after chronic administration of a variety of antidepressants, was first
observed more than 20 years ago (Lloyd et al., 1985; see Enna & Bowery,
2004). While these findings were disputed at the time, there is now solid
evidence suggesting that GABAp mechanisms are associated with depres-
sion. Antagonism of GABAy, receptors produces a reversal of depressant-like
behavior in animal models of this condition, such as the rodent forced swim
test and learned helplessness models (Cryan & Kaupmann, 2005;
Nakagawa et al., 1999). Moreover, mice lacking GABAg; or GABAp;
receptor subunits exhibit antidepressant-like behavior and anxiety. So
GABAg receptor activation appears to produce anxiolytic activity while a
loss or blockade of GABAg receptor function produces antidepressant-like
effects (Mombereau et al., 2004).
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D. Drug Addiction

A successful therapeutic treatment for drug dependence is still a major
clinical goal, with a number of potential targets under active consideration.
Included in this group are dopamine and glutamate, and GABAg receptors.
While baclofen was initially shown to reduce the reinforcing effects of
cocaine in rats, it soon became clear that the addictive behavior associated
with nicotine, morphine-related agents, and ethanol can also be attenuated
by GABAg agonists (Corrigall et al., 2000; Roberts & Andrews, 1997; Xi &
Stein, 1999). This suggests that there might be an underlying common
mechanism for the GABAg agonist, possibly in the ventral tegmental area
within the reward center of the mesolimbic system. If this is true, raising
endogenous GABA levels within the mesolimbic system should have the
same effect as administering a GABAg agonist. Indeed, central administra-
tion of vigabatrin, an inhibitor of GABA metabolism, or NO-711, a GABA
uptake inhibitor, into this region attenuates heroin and cocaine self-admin-
istration and prevents cocaine-induced increases in dopamine in this brain
region (Ashby et al., 1999; Xi & Stein, 1999).

Clinical data indicate that baclofen is also effective against cocaine and
alcohol craving in man (Ling et al., 1998). However, as noted above, the
administration of baclofen can produce muscle relaxation and other
unwanted side effects which could compromise potential benefits. Again,
positive allosteric modulators might be a better approach for treating this
condition (Smith et al., 2004; Urwyler, 2006). The contribution by Nutt and
colleagues elegantly addresses this possible approach for the treatment of
drug addiction.

E. Memory

A problem that might arise from the use of a receptor agonist, or even
a positive allosteric modulator, is that GABAg receptor activation sup-
presses cognitive behavior in animals (DeSousa et al., 1994; Stackman &
Walsh, 1994). This action is reversed by GABAy antagonists. In fact, even
basal cognitive activity is enhanced by these antagonists. While this action
might limit the use of receptor agonists, it does raise the possibility that
GABAg antagonists might be useful for the clinical treatment of cognitive
impairment (Froestl et al., 2004; Genkova-Papazova et al., 2000; John
et al., 2009; Lasarge et al., 2009; Sunyer et al., 2008). Evidence suggests
that the hippocampus may be the site of action of GABAg antagonists in
relation to cognition. Indeed, an increase in long-term potentiation (LTP)
has been implicated in response to GABAg antagonists, although the
nature of this modification appears to depend on the frequency of the
stimulation employed to produce LTP (Mott & Lewis, 1994; Olpe &
Karlsson, 1990).
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F. Absence Epilepsy

Mechanisms underlying the production of epileptic seizures have long
been associated with aberrations in the GABA system. Facilitation of
GABA, receptor function using, for example, a benzodiazepine reduces
seizure activity, while antagonism of the action of GABA, receptors
enhances it (for overview, see Upton & Blackburn, 1997).

In addition, GABAg mechanisms might play a role in the extent of
seizure production. In temporal lobe epilepsy, for example, impairment of
GABAy receptor function has been noted in cerebrocortical slices obtained
from patients undergoing surgery for drug-resistant epilepsy (Teichgraber
et al., 2009). Nonetheless, the evidence of a role for GABAg is greatest in the
generation of absence seizures. The occurrence of these seizures is primarily
associated with juveniles and often disappears during the late teens. The
characteristic electroencephalography (EEG) activity of a 3-Hz spike and
wave, which is manifest during an absence attack, stems from discharges
in the thalamic nuclei. It has been believed for many years that the thalamus
is the site from which these discharges originate and, while an intact thala-
mocortical network is necessary for generating spike-and-wave discharges,
their origin appears to lie outside the thalamus. Studies by Meeren and
colleagues (2005) demonstrated unequivocally in a genetic rat model of
absence epilepsy (WAG/Rij) that the site of origin is within the perioral
region of the somatosensory cortex. These abnormal discharges spread
rapidly across the cortex and initiate a corticothalamic cascade. Injection
of a GABAg agonist into the ventrobasal thalamus or reticular nucleus of a
rat with spontaneous absence seizures (Genetic Absence Epilepsy Rats from
Strasbourg (GAERS)) exacerbates the seizures (Manning et al., 2003). By
contrast, injection of a GABAg antagonist into the same regions suppresses
the spike-and-wave discharges. The same results are obtained when a
GABAg antagonist is administered systemically. This might indicate that
interference with the GABAergic innervation from the reticular nucleus on
the thalamocortical neurons disrupts the thalamocortical loop.

Whether or not GABAg antagonists prove to be of therapeutic benefit in
absence epilepsy, these data clearly indicate that activation of GABAgp
receptors in such patients, such as by the administration of baclofen, should
be avoided otherwise it may worsen the condition. Likewise, inhibitors of
GABA metabolism or transport, such as vigabatrin and tiagabine, should be
contraindicated in absence patients as well.

A major problem when attempting to use baclofen for the treatment of
CNS-mediated disorders is its poor penetration into the brain and the need
to administer high doses, resulting in intolerable side effects. While for
patients being treated for spasticity where the drug target is in the spinal
cord, the use of an intrathecal indwelling catheter for the administration of
small doses has been a successful strategy (see above), this mode of
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administration is impractical for other indications. Thus, new approaches
are needed for minimizing tolerance to agonists and their side effects. The
recent introduction of an agonist prodrug is one possible approach. In this
regard, arbaclofen placarbil is a an R-baclofen prodrug which has better
absorption, distribution, metabolism, and elimination properties than the
parent drug and, because of this, may prove to be more generally useful
(Lal et al., 2009).

G. Applications Outside the Brain

Of course, the use of GABAg agonists for actions outside the brain would
not necessarily have such constraints and, indeed, any reduction in brain
penetration would be an advantage. One potential use of a peripherally selec-
tive GABAg agonist is as inhibitor of the gastroesophageal reflux (Lehmann
etal., 1999). This possibility has led to the evaluation of lesogaberan,a GABAg
receptor agonist, in the treatment of this condition (Bredenoord, 2009).

Another possible use for peripherally acting GABAg receptor agonists is
in the treatment of pancreatic cancer. It has been shown that the growth of
pancreatic ductal adenocarcinoma and pancreatic duct epithelial cells is
regulated by B-adrenoreceptors. The activity of B-adrenoreceptors in these
cells is counteracted by GABAg receptor-mediated inhibition of adenylyl

TABLE |

Potential Therapeutic Application of GABAg Receptor Ligands

Agonist/positive allosteric
effects

Locus of action?

Therapeutic potential

Smooth muscle relaxation
Antinociception

Food intake modification

Fat intake reduction

Drug addiction suppression
Muscle relaxation

Antitussive action
Insulin/glucagon release
Suppression of panic behavior

Neutrophil chemotaxis
enhanced

Oesophageal sphincter
relaxation

Adenylyl cyclase inhibition

Antagonist effects
Cognitive enhancement
Antiabsenceseizures
Antidepressant

Lung (bladder, intestine)

Spinal cord, thalamus

Higher centers

Higher centers

CNS-mesolimbic system

Spinal cord

Cough center in medulla

Pancreas

Dorsal periaqueductal
gray

Leucocytes

Intestine

Pancreas

Higher centers
Thalamocortical region
Higher centers

Antiasthma

Analgesia

Enhanced feeding

Binge eating

Drug abuse

Spasticity

Cough suppressant
Diabetes
Antianxiety/panic disorder

Inflammation

Gastroesophageal reflux
disease
Antiadenocarcinoma

Cognitive deficits
Absence epilepsy
Affective disorders
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cyclase resulting in a reduction in abnormal cell growth (Schuller et al.,
2008). This effect appears to be contrary to that observed in CNS membrane
systems in which GABAg receptor activation enhances B-adrenoreceptor
activation of adenylyl cyclase even though basal activity is inhibited (Karbon
& Enna, 1985; Xu & Wojcik, 1986).

Other potential applications for GABAy ligands outside of the CNS
might be predicted as the receptor is present in many peripheral organs.
This includes the lung, where GABAg site activation reduces airway con-
striction in immunosensitized animals (Chapman et al., 1993). This has led
to the suggestion that GABAg receptor agonists may be useful for the
treatment of asthma (Table I).

VIl. Conclusion

Given the research conducted over the past three decades, there are high
expectations for the clinical potential of GABAg receptor agonists, antago-
nists, and positive and negative allosteric modulators. This is amply demon-
strated by the contents of the present volume and the enthusiasm displayed
by these experts in the field. I am very proud to be part of this undertaking
and wish to extend my gratitude to Tom Blackburn and Sam Enna for
making it happen. I feel privileged to have worked on such an exciting
topic that has provided me with so much enjoyment for decades, including
the opportunity to establish close personal and professional bonds with so
many friends and colleagues, not least of whom are Tom and Sam. Of
course, many of the studies that I published were performed in conjunction
with PhD and postdoctoral students too numerous to mention. Nonetheless,
I want to take this opportunity to thank them all for providing their “part of
the jigsaw.” All of them have contributed greatly to the project, in terms of
both expertise and enthusiasm. So it just remains for me to hope that you
enjoy reading the following contributions as much as 1.
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