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Preface

This volume is the third edition of a monograph series that was first published
in 1983. The demand for this work is a testament to the impact of studies on
v-aminobutyric acid (GABA) receptors on the basic understanding of synaptic
transmission and on defining the clinical importance of the neurotransmitter
system. Chronicled in The GABA Receptors, Third Edition, are the advances
made in understanding the molecular and pharmacological properties of GABA ,
and GABA; receptors since the topic was last reviewed in 1996. Particular
emphasisis placed on describing the assembly, structure, and function of GABA,
sites, the first heterodimeric G protein-coupled receptors identified in vivo.
In addition, there are reports dealing with the subunit composition, trafficking,
and pharmacological selectivity of GABA, receptors. Aside from providing
insights into the fundamental properties of ligand-gated ion channels and second
messenger systems, the findings detailed in this work point the way for developing
novel therapeutics capable of more selectively manipulating these transmitter sites.
Chapters in this volume contain descriptions of new agents, including allosteric
modulators, capable of activating or inhibiting GABA receptors. Descriptions
are provided of potential clinical candidates for treating disorders as diverse as
insomnia and cognitive impairments. The reports contained herein also detail new
evidence directly linking GABA, and GABA; receptor dysfunctions to a host of
neuropsychiatric conditions, including epilepsy, anxiety disorders, affective ill-
ness, and pain syndromes. These data provide a biological framework for under-
standing the clinical utility of GABAergic drugs as treatments for neurological
and psychiatric disorders, and for their use as hypnotics and anesthetics.

Numbered among the contributors to The GABA Receptors, Third Edition, are
many who have worked in this area for decades. All of the senior authors have
been actively engaged in studying GABA receptor systems and are recognized
for making seminal contributions to the field. In addition to highlighting
advances over the past 10 years, the authors provide opinions on the implications
of these findings and suggestions on fruitful avenues for future research. As was
the case for the previous two editions, the aim of this volume is to not only serve
as an information source, but as a stimulus for further advances in the field. This
offering should be of particular value to basic and clinical neuroscientists in
general, and neuropharmacologists, psychiatrists, and neurologists in particular.

S. J. Enna, phD
Hanns Méhler, phD
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The GABA Receptors

S.

J. Enna

Summary

y-Aminobutyric acid (GABA), an amino acid neurotransmitter, is widely dis-
tributed throughout the neuraxis. Two pharmacologically and molecularly
distinct GABA receptors have been identified, GABA , and GABA;. GABA
receptors are pentameric ligand-gated chloride-ion channels, whereas
GABA receptors are heterodimeric G protein-coupled sites. Although
GABA , receptor subtypes can display pharmacological differences, the
two molecularly distinct GABA[; receptors have similar substrate speci-
ficities, limiting the ability to selectively manipulate this site. Gene dele-
tion and point mutation studies have revealed the importance of GABA
receptors in neural development and function, with subtle modifications
in subunit amino acid composition having profound effects on behavioral
phenotype and responses to drugs. The characterization of GABA , recep-
tors has contributed substantially to the knowledge about allosteric regu-
lation of ligand-gated ion channels. Such information is invaluable in
defining precisely the mechanisms of action of numerous drugs, such as
the benzodiazepines, and toxic agents. Research on GABA receptors has
proven the existence of dimeric metabotropic receptors and has provided
the chemical tools necessary for defining such systems. The characteriza-
tion of the pentameric GABA, and dimeric GABA receptors has been
crucial for understanding the neurobiological basis of some nervous sys-
tem disorders. Given the importance of GABA in central nervous system
function, further work on its receptors is likely to yield novel therapeutics
for treating a host of neurological and psychiatric conditions.

Key Words: GABA; GABA pharmacology; GABA , receptors; GABA,
receptors; GABA receptor subunits; GABA receptor function.

From: The Receptors: The GABA Receptors, Third Edition
Edited by: S. J. Enna and H. Mdhler © Humana Press Inc., Totowa, NJ
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1. Introduction

It has been nearly a quarter century since the publication of the first edition
of The GABA Receptors (1). That volume was devoted almost exclusively to
reviewing studies on y-aminobutyric acid* (GABA ) receptors, with only pass-
ing reference to the possibility of the existence of pharmacologically and mol-
ecularly distinct GABA sites, evidence for which had only recently been
reported (2). The book consists of various chapters describing the biochemical
and pharmacological properties of the GABA , receptor, with particular empha-
sis on the use of binding assays for characterizing this site and defining its rela-
tionship to the benzodiazepines.

Topics covered in the second edition, which appeared in 1996, reflected the
pace of discoveries in the intervening 13 yr, with half of the chapters devoted to
GABA , and half to GABA (3). By then the genes for GABA , receptor subunits
were cloned, making it possible to more precisely determine the composition of
the site. This in turn led to a better understanding of the way in which drugs
interact with the GABA, system and pointed to the possibility of developing
agents that affect only subsets of this receptor. As for the GABA; site, the sec-
ond edition included a review of progress made in creating new receptor agonists
and antagonists and of biochemical and electrophysiological studies showing
that, unlike the ligand-gated GABA , receptor ion channel, the GABA receptor
is a G protein-coupled site. Although some reports suggested the existence of
pharmacologically distinct GABA, subtypes, direct proof was lacking, as the
gene for this receptor was proving difficult to clone. Predictions were made
about potential advances in drug development once the GABAj receptor gene
was isolated and the data on GABA , receptor subtypes fully exploited.

The offerings contained in this third edition review advances during the past
decade. As with the last volume, approximately half the chapters deal with
receptors for GABA , and half for GABA. Soon after publication of the second
edition the genes associated with the GABA receptor were cloned, revealing a
heterodimeric G protein-coupled site (4-6). As this was the first direct demon-
stration of dimeric seven transmembrane receptors, subsequent work was pio-
neering in describing how such sites are assembled and regulated. This discovery
opened the way to identifying other G protein-coupled receptor dimers, indicat-
ing that the GABA system is not unique in this regard (7). There is also cover-
age in this latest edition of new GABAj receptor agonists and antagonists,
including one that is undergoing a clinical trial (see Chapters 9 and 12).

As detailed in the present work, strides have also been made in defining the
GABA site. Examples include gene manipulation and deletion studies directly
linking particular GABA , receptor subunits, indeed particular subunit amino acids,
with the various pharmacological responses to drugs such as the benzodiazepines
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(see Chapter 2) (8). Such findings make possible the design of more selective and
less toxic hypnotics, anxiolytics, anticonvulsants, and muscle relaxants.

The aim of this chapter is to present an overview of GABA receptor systems.
Though the subject is covered from an historical perspective to guide those new
to the field, emphasis is placed on introducing and placing in context topics
described in detail elsewhere in the text. Each chapter is authored by experts in
the field, many of whom have labored for decades in this area. Those familiar
with previous editions of this work will be impressed by the amount of progress
made since the last volume, and by the impact GABA receptor research has
made in defining chemical neurotransmission in general. As is made clear in
this text, the ongoing efforts for characterizing the GABA , and GABA; recep-
tors will undoubtedly continue to yield new insights into mechanisms that reg-
ulate synaptic transmission, the biological abnormalities associated with a host
of neurological and psychiatric disorders, and the development of new drugs for
treating these conditions.

2. General Overview

GABA, an amino acid neurotransmitter, is widely distributed throughout the
neuraxis. While GABA is found in some peripheral tissues, and there is evidence
it may regulate neuronal activity in the intestines, lungs, and bladder, its predomi-
nant effects are in the central nervous system. Because activation of neuronal
GABA receptors generally results in hyperpolarization, this amino acid is con-
sidered an inhibitory neurotransmitter. Given the number of GABAergic neurons
in the brain, and their widespread distribution, GABA appears to be the major
inhibitory neurotransmitter in the central nervous system. It is this ubiquity that
has hindered drug development because nonselective GABA receptor agonists
and antagonists have generalized effects on central nervous system function.

Two pharmacologically and molecularly distinct GABA receptors have
been identified, GABA , and GABA (3,4). GABA , receptors are ligand-gated
chloride ion channels, whereas GABAj; sites are heterodimers coupled to G
proteins. Although many pharmacologically distinct GABA , receptors have
been identified, the two molecularly distinct GABAj sites display similar
pharmacological selectivity (see Chapter 11). However, it is possible that
allosteric modulators might be able to distinguish between GABA receptor
subtypes (see Chapter 9) (9).

3. GABA, Receptors

3.1. Molecular Pharmacology

As is the case with some other ligand-gated ion channels, the GABA , receptor
is a pentameric structure made up of molecularly distinct subunits (Fig. 1)
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GABA
Benzodiazepines

Barbiturates
Steroids
Propofol
i loreclezole
an\;gll.ztggcs etomidate
and alcohols mefenamic acid
furesemide
Picrotoxin

Fig. 1. Schematic representation of a GABA , receptor illustrating its pentameric struc-
ture and the different sites of action for drugs that interact with this site. The P designation
represents a phosphorylation site. (Adapted from ref. /1.)

(10,11). Generally, activation of a GABA , receptor increases the intraneuronal
concentration of chloride ion, hyperpolarizing the cell (see Chapter 5) (12,13).
In select regions of the central nervous system, such as the hippocampus or
dorsal root ganglia, or under certain circumstances, as during development,
GABA , receptor activation causes neuronal depolarization (/2—15). In some
circumstances this is because the intracellular concentration of chloride exceeds
extracellular levels, with opening of the receptor-coupled channel resulting in a
net efflux of this ion and neuronal excitation. In addition, whereas some
GABA , receptors are phasically activated, others are tonically stimulated (see
Chapters 5 and 8). The latter, such as those located in the cerebellar granule
cells, can alter network excitability and can be selectively targeted by agents,
such as the neurosteroids, that influence GABAergic transmission (16—18).

As with other ligand-gated ion channels, the sensitivity and activity of
GABA , receptors are modulated by drugs acting at distinct sites on individual
subunits or subunit combinations (see Chapter 2) (8,19). Whereas GABA itself
activates the receptor by attaching to the recognition site, barbiturates, benzodi-
azepines, alcohol, neurosteroids, and fixed and general anesthetics facilitate
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GABA , receptor transmission by acting on other components of the receptor
complex (Figs. 1 and 2). The same is true for antagonists, with the convulsant
bicuculline being a competitive antagonist at the GABA , receptor recognition
site, whereas picrotoxin attaches elsewhere on the receptor complex (Figs. 1
and 2). The benzodiazepines, such as diazepam (Fig. 2), are the best characterized
of the allosteric modulators of GABA , receptor function.

The subunits that assemble to form pentameric GABA , receptors are drawn
from a pool of 19 distinct gene products (Table 1) (see Chapter 8). Given the
variety of subunit proteins and their splice variants, the potential exists for an
enormous number of molecularly distinct complexes (see Chapter 2) (19,20).
However, studies in various expression systems indicate that not all subunit
combinations respond to GABA, with the estimated number of different
GABA , receptors in the mammalian central nervous system believed to be less
than 100, and probably as few as two dozen (19,21,22).

The GABA  receptor subunits are widely and unevenly distributed through-
out the brain and peripheral organs (see Chapter 4). Their function in peripheral
tissues remains largely undefined, as GABAergic innervation is sparse outside
the central nervous system. Whereas the precise stoichiometry of native GABA
receptors is unknown, subunit-labeling studies provide clues in this regard
(Table 2). The largest single group of GABA , receptors appears to be made up
of a,v,- and a 3-subunit (/9). Indeed, it seems the majority of GABA , receptors
possess either a,- or o,-subunit(s) in combination with a y,- and B-subunits(s).
Subunit composition determines the biophysical and pharmacological properties
of the site (see Chapters 2 and 5) (Table 2). For example, the a, or oy, com-
bination, designated as Ala- and A2a-GABA receptors, respectively, responds to
benzodiazepine and nonbenzodiazepine anxiolytics and hypnotics. In contrast,
receptors lacking y-subunit, such as a,f3,8-, or o, 3 &- (Table 2), or y-subunits in
combination with a,, or a,; are generally insensitive to the benzodiazepines and
related drugs (19). Trafficking and localization of GABA , receptors are deter-
mined in large measure by the subunit composition with, for example, v, being
important for routing receptors to synapses, whereas the d-subunit is charac-
teristic of GABA, receptors that accumulate at extrasynaptic sites (see
Chapters 3-5 and 8) (23,24).

Although the vast majority of GABA , receptors are heteromers, homomeric p -
receptors have been identified, as have heterodimers containing only combinations
of p,-, p,-, and p,-subunits (25,26). This p-containing family of GABA , receptors
displays a unique pharmacological profile, being sensitive to the recognition site
agonist cis-4-aminocrotonic acid (Fig. 2) but insensitive to bicuculline, benzo-
diazepines and, in some cases, picrotoxin (Table 2) (26,27). This substrate
selectivity led initially to their designation as GABA_. sites, but subsequent
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Fig. 2. Chemical structures of various GABA, and GABA, receptor agonists and
antagonists.
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Table 1

GABA Receptor Subunits

GenBank accession no.

Receptor subtype Subunits Human Mouse
GABA o, NM_000806 NM_010250
o, BC022488 NM_008066
o, BC028315 NM_008067
o, NM_000809 BC094603
O BC111979 BC062112
O BC096241 NM_008068
B, BC022449 NM_008069
B, NM_000813¢ NM_008070
B, BC010641? NM_008071%
Y NM_173536 NM_010252
Y, BC069348¢ NM_177408¢
Y5 NM_033223 NM_008074
€ NM_004961? NM_017369°
0 NM_018558 AK038859
o BC033801 NM_008072
7T NM_01421 BC023693
P, NM_002042 NM_008075
P, - NM_008076
[N XM_927388 —
GABA, GABA, NM_021905¢ NM_019439
GABAy,, AF099148 AF114168
GABA, NM_005458 —

“Transcript variant 2.
bTranscript variant 1.
“Transcript variant 4.

characterization of their subunit composition and transduction mechanism
revealed them to be a GABA , receptor subtype. Thus, the molecular characteriza-
tion of the GABA,, receptor has made possible a more precise definition of the
mechanism of action of a number of drugs, and has provided new targets for
designing novel therapeutics capable of activating or inhibiting select populations
of GABA, sites.

3.2. Therapeutics

Most drugs that modify GABA , receptor function enhance the activity of this
neurotransmitter system. Included among this group are the benzodiazepines
and barbiturates (Fig. 2), zolpidem, and propofol. By attaching to the GABA ,
receptor, these agents either increase the frequency (benzodiazepines) or prolong
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Table 2
Subunit Composition, Nomenclature, and Pharmacological Properties
of Selected GABA, Receptor Subtypes?

Pharmacology selectivity”

cis-4-
IUPHAR amino-
nomen- Benzo- Barbitu- Picro- crotonic
Subunits clature diazepine rates Bicuculline toxinin acid
a,, B.Y, Ala + + + + +
a,, B.Y, A2a + + + ? ?
p,c AOrl - - - + +
PP,° AOrl12 - - - + +
a,, B0 AO1 - ? + ? ?
a,, B.e AOle - ? + ? ?

9Adapted from ref. 25.
b(+), Responsive; (-), nonresponsive; (?), unknown.
“p-subunit homomers or heteromers were formerly classified as GABA  receptors.

the duration (barbiturates) of chloride channel opening in response to GABA.
Although flumazenil attaches to the benzodiazepine-binding component of
GABA , receptors, it differs from other benzodiazepines in being a competitive
antagonist at this site. With no efficacy of its own, flumazenil is used clinically
to reverse the effects of benzodiazepine agonists. Each of these drugs influences
only those GABA, receptors with the requisite subunit composition, making
them selective in this regard.

Some agents display differential effects at various GABA , receptor sub-
types. An example is 4,5,6,7-tetrahydroisoxazolol[5,4-c]-pyridin-3-ol (THIP),
a direct-acting drug. THIP is a partial agonist at the a,B,y,-GABA, site,
whereas it is a full agonist at the a,f,0-receptor (28-30). THIP is now under-
going clinical trials as a hypnotic agent (29,30). Nonselective drugs that
activate GABA , receptors do so indirectly by inhibiting the metabolism (viga-
batrin) or reuptake (tiagabine) of this amino acid, thereby increasing its synaptic
content and prolonging its action (3/). It has been suggested that the anticon-
vulsant GABApentin may, in some way, influence GABAergic transmission
(32,33), although the weight of evidence suggests its primary site of action is
the neuronal calcium channel (33,34). Diazepam and chlordiazepoxide are
prescribed for the treatment of anxiety. As is the case for all central nervous
system depressants, their long-term use can result in tolerance and physical
dependence (see Chapter 7).
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Other benzodiazepines, including flurazepam, alprazolam, and traizolam, as
well as zolpidem, a nonbenzodiazepine that interacts with a subgroup of benzodi-
azepine receptors, are routinely used as hypnotics (35). Although barbiturates are
also available for this purpose, the benzodiazepines and zolpidem are preferred
because of their greater margin of safety. Whereas the precise mechanisms of
action of chloral hydrate and paraldehyde, two older hypnotics, are still unknown,
there is evidence they influence GABAergic transmission, perhaps in a manner
similar to ethanol (Fig. 1).

Both the barbiturates, in particular phenobarbital, and the benzodiazepines,
such as chlorazepate and clonazepam, are used for the treatment of seizures
(31). Gene deletion and mutation studies indicate that alterations in GABA ,
subunits can dramatically influence seizure threshold, suggesting such changes
may be responsible for some forms of epilepsy (see Chapter 6 ). However, the
utility of the benzodiazepines is limited, because tolerance develops to their
anticonvulsant effects. This is not the case for phenobarbital at doses used to
control generalized tonic—clonic seizures, although tolerance develops to other
effects of this agent. Clonazepam is used for the management of absence and
myoclonic seizures, whereas chlorazepate is used as adjunctive therapy for
complex partial seizures (37). Intravenous diazepam or lorazepam are treat-
ments of choice for terminating status epilepticus, an acute medical emergency.
Tiagabine and vigabatrin are also used as antiepileptics (31).

Some barbiturates, such as thiopental, are used as fixed or intravenous gen-
eral anesthetics. Midazolam, a benzodiazepine, is also administered for this
purpose, although benzodiazepines are less complete central nervous system
depressants than barbiturates. Although propofol is neither a benzodiazepine
nor a barbiturate, its mechanism of action is believed to be similar to the latter
(Fig. 1) (8). Benzodiazepines are also used as preanesthetic medications to
speed the induction rate of inhalational agents. A number of GABAergic drugs
are prescribed as muscle relaxants, and for treating neuropsychiatric conditions
and certain types of pain. Whereas diazepam is used as a skeletal muscle relax-
ant, clonazepam is useful for treating bipolar disorder and for relieving dyses-
thetic and paroxysmal lancinating pain. Indeed, preclinical data suggest that
activation of GABA , receptors, either directly with recognition site agonists or
indirectly by inhibition of GABA uptake or metabolism, yields an antinocicep-
tive response (36-38).

The most common side-effects associated with drugs that enhance GABA ,
receptor activity are natural extensions of their pharmacological actions. These
include sedation, ataxia, and motor incoordination, reflecting a diminution of cen-
tral nervous system tone. Other adverse effects are anterograde amnesia and par-
adoxical excitement. While barbiturate overdose can be fatal owing to medullary
depression and loss of respiratory drive, benzodiazepines are safer in this regard.
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4. GABA; Receptors
4.1. Molecular Pharmacology

Although baclofen (Fig. 2), a muscle relaxant, was designed as a systemi-
cally active GABA receptor agonist, early studies revealed it does not stimulate
bicuculline-sensitive sites, the contemporary criteria used for identifying such
agents. Subsequently it was discovered that baclofen and GABA regulate the
stimulated release of various neurotransmitters through activation of a receptor
that is pharmacologically distinct from the bicuculline-sensitive sites (39).
These receptors, termed GABAy, are located both pre- and postsynaptically
and, unlike the GABA , site, are coupled to G proteins (40,41). As the GABAy
receptor is associated with G; and G its stimulation reduces the activity of
adenylyl cyclase or, through coincident signaling, enhances the production of
cyclic AMP (40,41). The predominant response to GABA receptor activation is
an increase in potassium conductance with a consequent hyperpolarization of the
neuron (42). Thus, as with the GABA, system, GABA serves as an inhibitory
neurotransmitter when stimulating the GABA; site. Activation of GABA recep-
tors also reduces neuronal calcium conductance, an effect believed to be respon-
sible for baclofen-induced inhibition of neurotransmitter release (43). In all cases
it appears the GABA, receptor-mediated changes in ion channel activities are
owing to liberation of G protein subunits which, in turn, directly influence chan-
nel function and the generation of second messengers (40,41). Persistent activa-
tion of GABAj receptors leads to desensitization through a GRK4-dependent
process (see Chapter 10).

As with the ionotropic GABA, receptor, the metabotropic GABAy site is
localized primarily to the central nervous system. Although there are data suggest-
ing GABA receptors regulate the release of acetylcholine in the enteric nervous
system and lungs, and substance P in the pulmonary system (44,45), the predom-
inant responses to systemically administered GABAj receptor agonists and
antagonists appear to be mediated by their effects in the central nervous system.

Biochemical and molecular cloning studies demonstrate the GABA recep-
tor is a class III metabotropic, G protein-coupled site (see Chapter 11) (46).
These experiments reveal this receptor functions as a heterodimer, being made
up of GABAy |, and GABAg, subunits, also referred to as GABAgR1 and
GABAgR?2, each of which is a seven transmembrane spanning protein (Table 1)
(Fig. 3). Whereas the recognition site for GABA is located on the GABAB(l )
component, the G protein-coupled effector system is selectively associated with
the GABAg,) subunit (47,48). This explains why neither protein is capable of
forming a fully functional receptor on its own, although there is some evidence
that GABA |, homodimers may display some responsiveness to GABA (49).
Even though a number of GABAj receptor subunit isoforms have been
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Fig. 3. Schematic representation of a GABA receptor illustrating its dimeric structure.
GABAy, and GABA, designate the two subunits, RS the location of the recognition site
on GABA,, and G or ; the location of the G protein-binding site on GABA,. (Adapted
from ref. 60.)

identified, only GABAg |, and GABAy ;) appear to be capable of forming an
active site when either combines with GABAB(Z) (see Chapter 8) (5,6,41).

Although there is biochemical and electrophysiological evidence suggesting
a multiplicity of pharmacologically distinct GABA receptors (50-54), it
appears the amino acid sequence of the receptor recognition site is identical in
all active forms of the GABAB(I) subunit (41,55,56). In addition, gene deletion
and mutation studies demonstrate that failure to express either GABAy, or
GABAg,,, virtually eliminates GABA receptor responses, supporting the con-
clusion that these subunits are uniquely capable of forming a fully functional
receptor (57,58). These findings suggest it may not be possible to synthesize
GABA receptor subtype-selective drugs, although there is evidence that
allosteric agents may be capable of discriminating among different splice vari-
ants (see Chapters 9 and 11) (9,59,60).

Numerous reports suggest a poor correlation between changes in GABA,
subunit expression and receptor function (6/-63). For example, mild stress
significantly increases GABAg |, gene expression in the spinal cord in the
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Table 3
GABA;, Subunit Protein Partners
Partner Function References
CREB2/ATF4 Transcription factor 68-70
CHOP Transcription factor 71
14-3-3 Scaffolding protein 72
Marlin-1 RNA-binding protein 73
msec7 Guanidine-nucleotide-exchange factor 74
Fibulin-2¢ Extracellular matrix protein 75
“GABAg,, only.

CREB, cAMP response element binding; ATR4, activating transcription factor 4; CHOP,
CCAT/ enhancer-binding protein (C/EBP) homologous protein.

absence of any apparent change in the responsiveness of the GABA receptor
system (64). These findings indicate subunit proteins may serve functions in the
cell, independent of their role as components of the GABA receptor. Indeed,
GABAg,), is capable of partnering with a variety of cellular components,
including transcription factors, scaffolding, RNA-binding, and extracellular
matrix proteins (Table 3) (see Chapters 8 and 10) (51,65-67). Some of these
interactions are important for trafficking and anchoring the GABA receptor
heterodimer, or are involved in regulating the receptor-coupled effector system,
whereas certain protein pairings could directly influence other cellular activi-
ties, such as gene transcription (68-75).

A host of selective GABA, receptor agonists and antagonists have been
developed (Fig. 2) (see Chapter 9) (76,77). Included are phosphinic acid deriv-
atives such as the agonist CGP 44532, and the antagonists CGP 54626 and CGP
55845 (Fig. 2). These and other agents were important for initially cloning the
gene for the GABA |, subunit (4) and for characterizing the pharmacological
properties of this site (see Chapter 12) (78).

4.2, Therapeutics

Baclofen, a receptor recognition site agonist, is the only drug currently in use
that directly influences GABA receptor activity (see Chapter 12). Undoubtedly
some of the responses to the nonselective GABAergic stimulants, such as
tiagabine and vigabatrin, are the result of GABA receptor stimulation, as these
agents do not discriminate between GABA receptor subtypes.

Baclofen has for decades been used as a skeletal muscle relaxant. Although
it is a primary treatment for spasticity, such as that associated with multiple
sclerosis (79), its effectiveness is enhanced by coadministration of diazepam or
clonazepam, suggesting involvement of both GABA, and GABA receptors in
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this condition. As continuous agonist administration desensitizes the GABAy
receptor, tolerance develops to baclofen, limiting its clinical utility. Baclofen,
usually in combination with certain anticonvulsants, is used for the treatment of
neuropathic pain (see Chapter 12) (38). As is the case with GABA ,, there are a
significant amount of preclinical data indicating that baclofen and other
GABA receptor agonists display antinociceptive activity in a variety of animal
models. It appears this response is a result, in part, of baclofen-induced inhibi-
tion of substance P and glutamate release in the spinal cord, interrupting the
transmission of the pain impulse to higher centers (38).

Laboratory animal studies suggest that GABA[, receptor antagonists enhance
learning and memory in both rodents and primates and that baclofen decreases
cognition, although these effects might vary under different conditions (see
Chapter 12) (80,81). Based on these and other data, a clinical trial was initiated
with SGS 742, formerly CGP 36742, a GABA receptor antagonist, in patients
with mild cognitive impairments to assess its effect on choice reaction time,
visual information processing, and working memory (78).

Because GABA; receptor activation contributes to the generation of abnor-
mal synchronous discharges characteristic of absence epilepsy, it was specu-
lated that GABA receptor antagonists may represent a new approach for
treating this condition. Studies in laboratory animal models of absence epilepsy
indicate that GABA receptor antagonists completely suppress these discharges
and their behavioral manifestations (82). In fact, numerous reports suggest that
modifications in GABA receptor expression or function may be responsible
for certain forms of epilepsy, and that drugs acting at this receptor may be of
benefit in treating these conditions (see Chapters 10 and 12).

Both clinical and preclinical data suggest that activation of the GABA[ sys-
tem reduces the reinforcing effects of addictive substances (see Chapter 12)
(83-85). Such findings suggest the possible use of baclofen, or other GABAy
receptor agonists, for treating drug abuse. Gene deletion studies have provided
insights into possible clinical uses for GABA receptor agonists and antago-
nists (see Chapter 11) (49,57,58,86,87). The results confirm that GABAB(I) is
absolutely required for formation of a functional GABAj receptor because
mice lacking this subunit gene are totally unresponsive to GABA agonists. The
phenotype displayed by these animals includes a reduced seizure threshold,
retarded growth, hypothermia, hyperlocomotion, hyperalgesia, memory impair-
ment, anxiety, and decreased immobility in the forced swim test (see Chapter
11). Some of these findings are perplexing given the results of pharmacological
studies. For example, as noted earlier, whereas GABA agonists cause absence
seizures in laboratory animals, the gene deletion studies indicate that a reduc-
tion in GABA tone leads to seizures as well, casting doubt on the clinical
utility of GABA receptor antagonists as anticonvulsants (88-90). In fact, CGP
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56999A, a potent GABA receptor antagonist, induces seizures in mice (91).
It is also notable that, although GABA receptor antagonists appear to enhance
cognition in laboratory animals, elimination of GABAj receptor expression
compromises memory. These apparently conflicting findings may be the conse-
quence of developmental abnormalities resulting indirectly from the gene dele-
tion rather than being directly associated with the loss of GABA receptors.

However, a consistency between the gene deletion and pharmacological
studies was found, with respect to the forced swim, analgesia, and locomotion
results. Deletion of the GABAy ,  gene decreases immobility in the forced
swim test, a result identical to that found with GABA, receptor antagonists
(92-95). This suggests that GABA receptor antagonists may display antide-
pressant properties. Similarly, the hyperalgesia and hyperlocomotion noted in
GABAB( ;y null mice is consistent with reports that GABA receptor agonists
increase the pain threshold and reduce locomotor activity (36,95-97).

Because GABA[ receptor agonists influence neurotransmitter release from
neurons in various types of smooth muscle, there has been interest in testing such
agents as possible treatments for asthma and disorders of the gastrointestinal sys-
tem and bladder. Although the results of preclinical in vivo and in vitro studies
are promising, there are few clinical data to support this hypothesis. Indeed,
questions remain about the relevance of GABAy receptors located on neuro-
transmitter terminals in peripheral tissues, as there is little, if any, GABA inner-
vation to these sites. This suggests peripheral GABA receptors may be of more
pharmacological than physiological importance. Side-effects associated with the
use of baclofen include sedation and confusion. Other problems encountered with
this drug are constipation and urinary retention, both of which are probably sec-
ondary to baclofen-induced reductions in parasympathetic drive through inhibi-
tion of acetylcholine release. Preclinical and phase I clinical trials with the
GABAj receptor antagonist SGS 742M, the fumarate salt of SGS 742, indicate
it is relatively free of side effects and toxicities at the doses used in humans (78).

5. Conclusions

It has been nearly 60 yr since Roberts and Frankel first identified GABA in
the mammalian central nervous system (98). The first 15 yr were needed to
prove that GABA is a neurotransmitter substance, with studies during the fol-
lowing decade focused on defining its distribution, synthesis, storage, release,
and electrophysiological properties. In the mid-1970s attention shifted to
GABA receptor sites, which remains the focus to this day. As reviewed in the
three editions of this volume, research on GABA receptors has yielded a wealth
of information about neurotransmission in general, and GABAergic systems in
particular. Characterization of GABA , receptors contributed substantially the
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knowledge about allosteric regulation of ligand-gated ion channels. The result-
ing information has been invaluable in defining precisely the mechanisms of
action of a host of drugs that interact with such sites. Among these are the ben-
zodiazepines and other sedative, hypnotic, and anesthetic agents.

Similarly, GABAj receptor studies have had a broad impact in the neuro-
sciences. Although the existence of G protein-coupled receptor dimers was sus-
pected for some time, they were difficult to demonstrate until the heterodimeric
GABAy; site was identified. This finding led subsequently to the discovery of a
host of dimerized metabotropic sites, with significant implications regarding
the design and development of drugs that interact with these complexes. The
characterization of the pentameric GABA, and the dimeric GABA; receptors
has also been crucial for understanding the neurobiological basis of some cen-
tral nervous system disorders. Thus, gene deletion and point mutation studies
have revealed the importance of GABA receptors in neural development and
function. These experiments have also revealed that even subtle modifications
in the amino acid composition of receptor subunits can have profound effects
on the behavioral phenotype and the response to drugs. Such information has
had a significant impact on the direction of research into the causes and treat-
ment of neurological and psychiatric disorders. Given past experience it is
likely that further research on GABA receptors will continue to yield informa-
tion of value to neuroscientists in general, neuropharmacologists, neurologists,
and psychiatrists in particular. As outlined in this chapter, and detailed in this
volume, the recent studies on GABA receptors continue a tradition established
during the past half a century in providing new perspectives on the functions of
neurotransmitters and their receptor sites. It is hoped the information contained
herein will not only broaden the perspective of those working in this field, but
also provide new ideas and insights for scientists in related areas.
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Functional Relevance
of GABA ,-Receptor Subtypes

Hanns Mohler

Summary

Oscillatory activities are hallmarks of neuronal network functions. They
contribute to information processing in a multitude of brain activities
including cognitive functions. A key requirement for the generation of
network oscillations is regular and synchronized neuronal activity. The
temporal structure and spatial coherence of network oscillations is largely
controlled by GABAergic interneurons. To provide the appropriate response
characteristics the synaptic specialization of these interneurons includes
an extensive diversity of GABA , receptors. The cell- and domain-specific
location of these receptor subtypes offers the possibility to gain functional
insights into the role of defined neuronal circuits. Pharmacologically, neu-
rons operating with o, GABA , receptors mediate sedation while the small
population of o, GABA, receptors largely mediates anxiolysis. Schizo-
phrenia-related phenotypes can be ameliorated through o, GABA , recep-
tors. Memory and learning are enhanced by diminishing a,GABA ,
receptor function. Thus, by targeting selective neuronal circuits GABA ,
receptor subtypes provide a new circuit-specific GABA pharmacology for
a multitude of CNS dieases.

Key Words: Benzodiazepines; anxiolytics; memory enhancers; schizo-
phrenia; sedation; anaesthesia.

1. Introduction
The dynamics of neural networks are largely shaped by the activity pattern of
interneurons, most of which are y-aminobutyric acid (GABA)ergic (/-6). The
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activity of these interneurons is believed to set the spatio-temporal conditions
required for different patterns of network oscillations that may be critical for infor-
mation processing (2,6—14). The response properties of interneuron signaling are
shaped by the type of GABA, receptor expressed synaptically or extrasynapti-
cally. For instance, two types of basket cells innervate the soma of hippocampal
pyramidal cells. The fast spiking parvalbumin-containing basket cells form
synapses containing o,, GABA , receptors, which display fast kinetics of deactiva-
tion (3,5,15,16). In contrast, the synapses of the regular spiking cholecystokinin-
positive basket cells contain o,,-GABA, receptors, which display slower kinetics
than o, -receptors (15,17,18-20). Axon initial segments of principal cells also con-
tain oL,-receptors, which appear to be kinetically sufficient for simple on/off sig-
naling. Furthermore, distinct GABA, receptors are segregated to synaptic and
extrasynaptic membranes (21,22). Thus, functionally specialized interneurons
operate with the kinetically appropriate GABA ,-receptor subtypes to regulate net-
work behavior (Figs. 1 and 2). As GABAergic interneurons are operative through-
out the brain, a highly diverse repertoire of GABA , receptors is required.

2. Diversity of GABA , Receptors

The physiological significance of the structural diversity of GABA , receptors
lies in the provision of receptors, which differ in their channel kinetics, affinity for
GABA, rate of desensitization, and ability for transient chemical modification
such as phosphorylation. In addition, GABA , -receptor subtypes can show a cell-
type specific expression and—in case of multiple receptor subtypes present in a
neuron—a domain-specific location. Based on the presence of seven subunit fam-
ilies including at least 18 subunits in the central nervous system (0, , [3173, Y3
d,€,0,p, ;) the GABA ,-receptors display an extraordinary structural heterogeneity.
Most GABA ,-receptors subtypes in vivo are considered to be heteropentamers
made up of isoforms of o, B-, and y-subunits (Fig. 1). In certain extrasynaptic
receptors the y-subunit is replaced by the 8-subunit (for review see refs. 23—32).

2.1. Diazepam-Sensitive GABA , Receptors

Receptors containing the o.;-, 0.,-, O.;-, Or 0s-subunits in combination with any
of the B-subunits and the y,-subunit are most prevalent in the brain. These recep-
tors are sensitive to benzodiazepine modulation. The major receptor subtype is
assembled from the subunits o,[3,7,, with only a few brain regions lacking this
receptor (e.g., granule cell layer of the olfactory bulb, reticular nucleus of the
thalamus, spinal cord motoneurons) (22,33,34).

Receptors containing the o.,- or 0,-subunit are considerably less abundant
and are highly expressed in brain areas where the o,-subunit is absent or pres-
ent at low levels. The o.- and o.,-subunits are frequently coexpressed with the
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Fig. 1. Scheme of GABAergic synapse depicting major elements of signal transduc-
tion. The GABA , receptors are heteropentameric membrane proteins, which are linked
by a yet unknown linker protein to the synaptic anchoring protein gephyrin and the
cytoskeleton (28).
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Fig. 2. Domain-specific inhibitory innervation of hippocampal pyramidal cell (center)
as shown schematically for five types of GABAergic interneurons. The domain-specific
postsynaptic GABA ,-receptor subtypes are indicated by the preponderant type of
a-subunit. PV and CCK indicate parvalbumin and cholecystokinin containing
GABAergic interneurons, respectively. extras, extrasynaptic.
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B,- and y,-subunits, which is particularly evident in hippocampal pyramidal
neurons (o,B,Y,) and in cholinergic neurons of the basal forebrain (0.,3,v,). The
0,GABA , receptors are the main subtypes expressed in monoaminergic and
basal forebrain cholinergic cells (35), and in addition, are strategically located
in the thalamic reticular nucleus for modulating the thalamo-cortical circuit
(36). Marked differences in desensitization kinetics have been reported between
synaptic 0.,- and extrasynaptic o,-receptors whereby the latter desensitize very
slowly (37). The factors regulating GABA , receptor Kinetics at synaptic and
extrasynaptic sites are yet unknown (38). The ligand-binding profile of the
0.,- and o,-receptors differs from that of o, 3,7y, by having a considerably lower
displacing potency for ligands such as BCCM, CL 218,872, and zolpidem.

Receptors containing the o.;-subunit are of minor abundance in the brain but
are expressed to a significant extent in the hippocampus, where they include
15-20% of the diazepam-sensitive GABA , receptor population, predominately
coassembled with the B;- and 7,-subunits. Pharmacologically, the oi5-receptors
are differentiated from o, 3,Y,-, ,3,,-, and o,,3,y,-receptors by a lower affinity
to CL 218, 872 and near-insensitivity to zolpidem.

The subunits-y, and -y, characterize a small population of receptors that con-
tain various types of o- and B-subunits. Owing to their reduced affinity for the
classical benzodiazepines they do not appear to contribute to any great extent to
their pharmacology in vivo. It should be kept in mind that complex benzodi-
azepine actions such as the development of tolerance can implicate more than
a single receptor subtype. For instance, whereas the sedative action of diazepam
is mediated by o, GABA , receptors (see Heading 3.), the development of toler-
ance to this action under chronic diazepam treatment requires the interaction
with both o, GABA ,- and 0,,GABA , receptors (39).

2.2. Diazepam-Insensitive GABAA Receptors

GABA,, receptors that do not respond to clinically used ligands, such as
diazepam, flunitrazepam, clonazepam, and zolpidem are of low abundance in the
brain and are largely characterized by the o,,- and o-subunits. Receptors con-
taining the o,-subunit are generally expressed at very low abundance but more
prominently in thalamus and dentate gyrus (34); those containing the
0Ol;-subunit are restricted to the granule cell layer of the cerebellum (about 30%
of all GABA , receptors in the cerebellum [40]). Both receptor populations are
structurally heterogeneous, and the majority of the o, .-containing receptors are of
the of3,y, combination. Apart form the lack of affinity of classical benzodi-
azepines, the benzodiazepine-site profile of o,,- and o -receptors is characterized
by a low affinity for flumazenil and bretazenil and an agonistic efficacy of Ro 15-
4513 and bretazenil (47). The 6-subunit is frequently coassembled with the o,-
or the o, -subunit in benzodiazepine insensitive receptors (24,26,29). Receptors
containing the d-subunit are located exclusively at extrasynaptic sites as shown
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in dentate gyrus and cerebellum. They are tailor made for tonic inhibition, owing
to their high affinity for GABA and slow desensitization kinetics (42,43).

In the retina homomeric receptors consisting of the p-subunit represent a
particular class of GABA-gated chloride channels. Their GABA site is insensi-
tive to bicuculline and baclofen and they are not modulated by barbiturates or
benzodiazepines. Owing to these distinctive features the receptors are fre-
quently termed GABA -receptors (44), although they are a homomeric class of
GABA ,-receptors (23).

3. A New GABA ,-Receptor Subtype Pharmacology

Classical benzodiazepines do not differentiate among GABA , -receptor sub-
types and act indiscriminately at all subtypes. However, the selective
pattern of expression of GABA ,-receptor subtypes opened the possibility to
modulate distinct neuronal circuits, provided novel ligands were found, which
displayed a differential interaction with GABA ,-receptor subtypes based on
either selective affinity or selective efficacy (Table 1). Such agents would be
expected to share with the classical benzodiazepines the excellent overall toler-
ability, but display therapeutic indications which are more selective than those
of the classical benzodiazepines and go beyond their spectrum of activity.

As a prerequisite, it had to be determined which pharmacological effects
were mediated by distinct GABA ,-receptor subtypes. The dissection of the
receptor pharmacology was achieved experimentally by generating four lines of
point-mutated mice in which the receptors containing the o -, o.,-, 0;-, O OLs-
subunits, respectively, had been rendered diazepam-insensitive by replacing a
conserved histidine residue (H) in the drug-binding domain by an arginine (R)
(45—47). In the respective point mutated mice the pharmacological action
linked to the point-mutated receptor would be missing and thereby reveal the
pharmacological relevance of the respective receptor in wild-type mice. As the
subunit composition and distribution of GABA ,-receptor subtypes is largely
conserved between rodents and nonhuman primates the results were expected
to be relevant for the human condition (48).

4. Modulation of Sleep

Frequently, sedation is taken as a surrogate marker for hypnotic activity. The
sedative component of benzodiazepines, measured by the reduction of locomo-
tor activity, has been attributed to neuronal circuits expressing o, GABA
receptors, the most prevalent receptor subtype in the brain. Mice in which the
o,GABA , receptor had been rendered diazepam-insensitive by a point muta-
tion (o, [H101R]) failed to be sedated by diazepam (45,49). Ligands with pref-
erential affinity for o -receptors such as zolpidem or zaleplon are used as
hypnotics. Similarly, the changes in the electroencephalogram (EEG) pattern
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induced by zolpidem in wild-type mice were almost exclusively mediated
through o, GABA , receptors (50). However, the changes in sleep architecture
(suppression of rapid eye movement [REM] sleep) and EEG-frequency profiles
(reduction of slow-wave sleep, increase in fast B-frequencies) induced by clas-
sical benzodiazepines are largely owing to effects mediated by receptors others
than o, (57). The enhancement of o, GABA , receptors by diazepam appears to
have the most pronounced effect on the sleep EEG in wild-type mice. When the
o,GABA , receptor was rendered diazepam-insensitive by a point mutation
[o,(H101R)], the diazepam-induced suppression of O-waves, the increase in
fast B-waves in non-REM sleep (>16 Hz), and the diazepam-induced increase
of ©-waves in REM sleep were strongly attenuated (52). Thus, the hypnotic
EEG fingerprint of diazepam can be dissociated from its sedative action. Future
hypnotics might target changes in the EEG pattern, which are characteristic of
physiological sleep and thereby aim at improving sleep quality. For instance, the
GABA-mimetic gaboxadol (4,5,6,7-tetrahydroisoxazolo[5,4-c]pyridine-3-0l
hydrochloride), which interacts preferentially with o,3,6-GABA, receptors in
vitro (53,54) was found to enhance slow-wave sleep in vivo (55,56).

5. Anxiolytics Devoid of Sedation

As o,GABA, receptors were found to mediate sedation but not anxiolysis
(45,49), the anxiolytic activity of benzodiazepines was expected to reside in one or
several of the remaining benzodiazepine-sensitive GABA , receptors (0, 0L, O).
The differentiation of GABA , receptors by knockin point mutations showed that
it was the o,-, but not the o;- or ., GABA , receptor, which mediated the anxi-
olytic activity of diazepam (46,47). In o,,(HI0IR) mice, but not o,,(HIO2R) or
05(H105R) mice, diazepam failed to induce anxiolytic activity (light-dark para-
digm, elevated plus maze). With the o,, GABA , receptor a highly selective target
for the anxiolytic activity of benzodiazepine tranquillizers had been identified.
In keeping with this notion, the benzodiazepine site ligand L-838417, which
showed efficacy at 0., o, and o5 but not o, GABA , receptors, proved to be anx-
iolytic in wild-type rats (Table 1) (49). Slmllarly, part1a1 agonists of 3-heteroaryl-
2-pyridones acting at the benzodiazepine site with efficacy at o, o,-, and
ol-receptors, but not at o, receptors, were found to show anxiolytic activity in
rodents (Table 1) (57). It remained to be clarified to what extent the 0,;GABA ,
receptor component contributed to the anxiolytic activity of these ligands. In
mice that lacked o, GABA, receptors, the anxiolytic activity of diazepam was
undiminished (58). However, an o.;-selective inverse agonist was anxiogenic and
proconvulsant in rodents (Table 1) (57). In addition, TPOO3 with selective effi-
cacy at 0,;GABA , receptor was anxiolytic, although only at high receptor occu-
pancy (59). Classical benzodiazepines exert anxiolysis at low receptor
occupancy, suggesting that the o, GABA , receptors rather than the o,;GABA
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receptors are the major mediators of this activity. The contribution of 0,;GABA
receptors is unlikely to be of major relevance. Thus, the strategy to develop novel
daytime anxiolytics, which are free of sedation, is clear (27,28,60).

o,GABA, receptors by their preponderant localization on the axon-initial
segment of principal cells in cerebral cortex and hippocampus can control the
output of these cells. In addition, o,-receptors are the only GABA , receptors
found in the central nucleus of the amygdala, a key area for the control of emo-
tions (33). Thus, by their strategic distribution in brain areas involved in anxiety
responses, 0., GABA , receptors are key substrates for anxiolytic drug action.

6. Enhancement of Learning and Memory

Hippocampal pyramidal cells express various structurally diverse GABA ,
receptors in a domain-specific manner. Whereas o.,- and o, GABA , receptors are
largely synaptic, 0, GABA , receptors are located extrasynaptically at the base of
the spines and on the adjacent shaft of the pyramidal cell dendrite. The
osGABA , receptors are therefore in a privileged position to modulate the exci-
tatory input arising at the spines through NMDA (N-methyl-D-aspartate) recep-
tors. The introduction of a point mutation (H105R) in the o-subunit is associated
with a specific reduction of the hippocampal o.-subunit containing GABA
receptors, whereas the pattern of distribution is undisturbed (47). Mice with a
partial deficit of a;GABA , receptors in hippocampus, showed an improved per-
formance in trace fear conditioning, a hippocampus dependent memory task
(47). In addition, these mutants displayed a resistance to extinction of conditional
fear for several days (617). Similarly, in a mouse line in which a;GABA , recep-
tors were deleted in the entire brain (60,62) an improved performance in the
water maze model of spatial learning was observed. Furthermore, a partial
inverse agonist acting at ., GABA , receptors enhanced the performance of wild-
type rats in the water maze test (63) (Table 1). Thus, neuronal inhibition in the
hippocampus mediated through 0., GABA , receptors is a critical element in the
regulation of the acquisition and expression of associative memory.

It is striking that the behavioral consequences of an impairment of o.;GABA
receptors are opposite to those of an NMDA receptor deficit, as shown in spatial
and temporal associative memory tasks. Whereas mice with a deficit in hippocam-
pal NMDA receptors show a deficit in the formation of spatial and temporal mem-
ory (64,65), the mice with a partial deficit of 0, GABA , receptors in hippocampus
display an improvement in spatial and temporal memory performance. Thus, it
appears that these two receptor systems play a complementary role in controlling
signal transduction at the hippocampal principal cells (37). Although the initial
results with o-selective partial inverse agonist, described above, support a role in
memory function, it has to be verified that such ligands do not interfere with other
hippocampal functions such as sensorimotor gating.
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7. Improving Sensorimotor Processing in Schizophrenia

A deficit in GABAergic inhibitory control is one of the major hypothesis under-
lying the symptomatology of schizophrenia (66). A potential contribution of
GABA ,-receptor subtypes was therefore investigated regarding the overactivity of
the dopaminergic system, considered to be a major factor in schizophrenia. The
dopaminergic system is under GABAergic inhibitory control mainly through o,-
containing GABA , receptors (33,34). Their functional role was explored in mice
lacking the oL;-subunit gene. o,;-Knockout mice displayed no adaptive changes in
the expression of -, 0,-, and o.;-subunits and anxiety-related behavior was nor-
mal. However, the mice displayed a marked deficit in prepulse inhibition of the
acoustic startle reflex, pointing to a deficit in sensorimotor information processing
(58). This deficit in prepulse inhibition was normalized by administration of the
antipsychotic D2 receptor antagonist haloperidol, suggesting that the phenotype is
caused by hyperdopaminergia (58). Attenuation of prepulse inhibition is a frequent
phenotype of psychiatric conditions including schizophrenia. These results sug-
gest that oL,-selective agonists may constitute an effective treatment for sensorimo-
tor gating deficits in various psychiatric conditions. This view is supported by the
observation that the partial benzodiazepine site agonist bretazenil in earlier open
clinical trials displayed an antipsychotic activity similar to neuroleptic drugs (67).
It is conceivable the o,;-selective agonists would lack the sedative or extrapyrami-
dal side-effects of classical neuroleptics and would thus be valuable agents.

Among various brain structures, the hippocampus is believed to play an impor-
tant role in the modulation of prepulse inhibition. In 0,(HI05R) point-mutated mice,
the expression of the o.-subunit containing GABA,, receptors in the hippocampus is
reduced (see above Heading 6 and ref. 47). In these animals, prepulse inhibition was
attenuated concomitant with an increase in spontaneous locomotor activity (68). Thus,
the o.-subunit containing GABA , receptors, which are located extrasynaptically and
are believed to mediate tonic inhibition, are important regulators of the expression of
prepulse inhibition and locomotor exploration. Postmortem analysis of schizophrenia
brains have consistently revealed structural abnormalities of developmental origin in
the hippocampus (66). Such abnormalities may include disturbances of a.,GABA
receptor function given that schizophrenia patients are known to exhibit a deficit in pre-
pulse inhibition. Thus, agonists acting on both o;- and 0,,GABA, receptors might
therefore be beneficial in overcoming this endophenotypic disease manifestation.

8. Anesthetic Actions

It is largely unknown which molecular targets mediate the clinical effects of
general anesthetics (69,70). Recent work focused on the role of GABA , recep-
tors. The studies were based on the analysis of point-mutated knockin mice car-
rying point mutations in the ;- and {3,-subunits of the GABA , receptor. These
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mutations rendered the GABA, receptors containing the respective subunits
insensitive to modulation by etomidate, propofol, and certain volatile anesthetics,
for example, enflurane. It was found that f3,-containing GABA , receptors medi-
ate the immobilizing action of etomidate and propofol apparently in full (Table 1)
(71) and of enflurane, isoflurane, and halothane in part (7/-73). In addition, they
also mediate part of the hypnotic action of etomidate and propofol (7/), but
apparently not of the volatile anesthetics (71,72). In contrast, the hypnotic action
of etomidate was found to be mediated by 3,-containing GABA , receptors (74).
Further studies revealed that the respiratory depressant action of etomidate and
propofol is also mediated by [3,-containing GABA , receptors, whereas the heart
rate depressant action and to a large part the hypothermic action of etomidate and
propofol are mediated by other targets (75,76). Thus, a ,-selective agent would
be predicted to be immobilizing and respiratory depressant, but largely lack the
heart rate depressant and hypothermic actions of etomidate and propofol. The
analysis of o-subunits involved in mediating the actions of general anesthetics is
expected to result in further insights into the contribution of GABA , receptors to
anaesthesia. Mutations in ¢-subunits have been identified in recombinant receptor
studies that render axpxy,-GABA , receptors insensitive to specific volatile anes-
thetics but not to etomidate or propofol (77,78). It is expected that studies using
knockin mice carrying these mutations will yield information as to the contribution
of individual GABA , -receptors subtypes and to the GABA , receptor family as
a whole to the action of volatile general anesthetics.

The role of GABA, receptors containing the €-subunit remain somewhat
controversial. Recombinant GABA , receptors containing the €-subunit instead
of the y,-subunit were initially considered to be insensitive to general anesthet-
ics (79). However, when the e€-subunit was expressed at low levels, €-subunit-
containing receptors were sensitive to general anesthetics (80). In slices from
rat-brainstem, adenoviral expression of the e-subunit in cardiac parasympa-
thetic preganglionic neurons rendered GABA , receptors insensitive to pento-
barbital (87). The functional role of the e-subunit requires further clarification.
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Trafficking of Postsynaptic GABA , Receptors
by Receptor-Associated Proteins

Xu Yuan and Bernhard Liischer

Summary

y-Aminobutyric acid receptors (GABA, Rs) are the principal receptors
that mediate neural inhibition in the brain. Changes in the function of
GABAergic transmission are implicated in activity-dependent adaptation
of neural excitability. Of particular interest are mechanisms that control
the size of the postsynaptic GABA ,-receptor pool, a major determinant of
synaptic strength. Mechanisms of trafficking of postsynaptic GABA, Rs
contribute to regulation of inhibitory synaptic transmission in response to
changes in neural activity and extracellular stimuli. This review summa-
rizes current information available on the receptor structures relevant for
trafficking of GABA , Rs, the molecular composition of the submembrane
cytoskeleton of inhibitory synapses, and the receptor interacting proteins
that regulate the localization and trafficking of postsynaptic GABA, Rs
during exocytosis, lateral diffusion and endocytic recycling, and degrada-
tive pathways.

Key Words: Trafficking; synaptogenesis; synaptic plasticity; inhibitory
synapses; palmitoylation.

1. Introduction

Functional adaptation of y-aminobutyric acid (GABA)ergic synapses can
generally be achieved by changes in either the neurotransmitter release proper-
ties of GABAergic neurons or changes in gene expression, cellular distribution,
and function of postsynaptic GABA , Rs. However, experimental evidence suggests
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that the synaptic efficacy of GABAergic synapses is tightly correlated with the
number of postsynaptic GABA, Rs (/,2), indicating that activity-dependent
changes in trafficking of GABA, Rs to synapses represent one of the most
important mechanisms underlying functional plasticity of GABAergic
synapses. Moreover, changes in trafficking of GABA, Rs might contribute to
the etiology and/or manifestation of a wide range of neurological and psychi-
atric disorders including epilepsy (3—6), mood disorders such as anxiety and
depression (7—13), and alcoholism (14,15).

Different subtypes of GABA, Rs can be distinguished based on their phar-
macological profile, their subcellular localization, or simply their subunit com-
position (see review by W. Sieghart in Chapter 4). For the purpose of this
review, the focus will be specifically on the trafficking mechanisms relevant for
the major subtypes of GABA, Rs that are concentrated at postsynaptic mem-
brane sites, and on the proteins that directly or indirectly interact with GABA
Rs to regulate their trafficking and accumulation at inhibitory synapses.

The surface expression and stability of GABA , Rs is ultimately regulated by
neural activity (5,16-20), growth factors, such as brain-derived neurotrophic
factor (21,22), insulin (23), or tumor necrosis factor-o (24), as well as GABA
R-modulating drugs such as the benzodiazepines (25,26) and alcohol (15).
However, the specific pathways through which these cues tie into the known
protein—protein interactions at GABAergic synapses remain ill-defined and
hence beyond the scope of this review.

2. The Structure of Postsynaptic and Extrasynaptic
GABA, R Subtypes

GABA, Rs belong to the superfamily of heteropentameric ion channels
encompassing nicotinic acetylcholine receptors, glycine receptors, and SHT3
receptors, the subunits of which share a common structure including a large
extracellular N-terminal domain followed by four transmembrane domains
(TM1-4) and an extended cytoplasmic-loop domain between TM3 and -4 (27).
GABA, Rs are assembled from o, -, B, ;-, ¥, 5-, 8-, €, p-, and ©-subunits and
the large majority of native receptors represent assemblies of two o-, two B3-,
and the y,-subunit (28). The v, -, O-, and e-subunits can substitute for the
Y,-subunit in comparatively minor, and spatially and developmentally restricted
receptor populations (Fig. 1).

The many different receptor subtypes formed in this way can be broadly
divided into postsynaptic and extrasynaptic GABA, Rs (for review see refs.
29,30). Postsynaptic receptors are distinguished from extrasynaptic and perisy-
naptic GABA, Rs, which mediate tonic inhibition of neurons. Structurally,
these nonsynaptic GABA, Rs represent assemblies of o,- or o -subunits
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Fig. 1. Schematic representation of the protein composition of the postsynaptic appa-
ratus of GABAergic synapses. Shown are a GABAergic terminal apposed to a
postsynaptic membrane with clusters of y,-subunit containing GABA, Rs. Integral
membrane proteins concentrated in the postsynaptic membrane include NL2 and [3-
dystroglycan, which together with the peripheral membrane protein o-dystroglycan and
subsynaptic dystrophin forms the dystrophin-associated glycoprotein complex that also
interacts with presynaptic B-neurexin. NL2 is believed to be part of a frans-synaptic
complex with presynaptic B-neurexin(s). The postsynaptic density contains gephyrin and
its associated proteins including the GEF collybistin, the rapamycin and FKBP12 target
RAFT1, DIc1/2 (dynein LC1 and -2), microtubules, Mena/VASP, and profilin I and Ila
(for references see text).

together with any type of B-subunit and the &-subunit and appear to be tailored
to function in low-ambient concentrations of GABA in the submicromolar
range (3/-33). Accordingly, they exhibit high-agonist affinity and significantly
reduced desensitization, allowing them to function in the continuous presence
of agonist (33-36).

Postsynaptic GABA , R subtypes are concentrated in the plasma membrane
apposed to presynaptic GABAergic terminals, where they mediate inhibitory
postsynaptic currents (IPSCs) underlying the phasic form of neural inhibition.
Consistent with comparatively high concentrations of GABA in the synaptic
cleft estimated at 300 mM (37) these postsynaptic receptor subtypes generally
exhibit low affinity for GABA (35) and rapid desensitization (34,36).
Structurally, the major postsynaptic GABA, R subtypes represent heteropen-
tamers of o,-, 0,-, or o,-subunits together with B-subunits and the
Y,-subunit. In vivo, they are invariably colocalized with immunoreactive clusters
of the putative subsynaptic scaffold protein gephyrin, a postsynaptic marker for
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GABAergic synapses (38—43). Consistent with the y,-subunit being part of all
postsynaptic GABA , R subtypes, this subunit is essential for GABAergic minia-
ture inhibitory synaptic currents and for clustering and targeting to the postsy-
naptic plasma membrane of all postsynaptic GABA, R subtypes identified to
date, as well as gephyrin (38,44,45). Importantly, whereas o, ,[BY,-receptors are
generally concentrated at synapses they are also abundant in the extrasynaptic
membrane (38,41,46,47), consistent with recent evidence for dynamic mobility
and rapid exchange of v,-subunit-containing receptors between postsynaptic
and extrasynaptic receptor pools (48,49).

Receptors made up of o By,-subunits are atypical in that they contain a
Y,-subunit, yet are largely excluded from synapses, as seen by immunohistochem-
ical and electrophysiological analysis of hippocampal brain slices (41,50-52).
However, there are conflicting reports with respect to the localization of these
receptors in cultured hippocampal neurons (41,53), indicating that o.-subunit-
containing receptors may under certain conditions also be synaptic. Moreover,
0, 3y,-receptors are typically concentrated at synapses of hippocampal pyramidal
cells, but are specifically excluded from the postsynaptic membrane of neurons in
the inferior olivary nucleus (54,55). Thus, the o.- and o.;-subunits and/or their
associated proteins appear in some cases to interfere with postsynaptic localiza-
tion of GABA , Rs. Alternatively, some ,-subunit-dependent trafficking mecha-
nisms might be neuronal cell type specific.

3. Subunit Domains Implicated in Clustering
and Postsynaptic Targeting of GABA , Rs

A direct approach to address the mechanism by which GABA , Rs are con-
centrated at synapses involves mapping of the subunits and subunit domains
involved. Given the evidence mentioned earlier for a critically important role
of the v,-subunit, Alldred et al. (56) used transfection of cultured 7y,-subunit-
deficient neurons with chimeric o.,/Y,-subunit constructs, to map the v,-subunit
domains that could rescue postsynaptic accumulation of GABA, Rs and
gephyrin in these mutant neurons. Surprisingly, these experiments revealed
that trafficking of GABA, Rs to postsynaptic dendritic domains is critically
dependent on the TM4 of the v,-subunit. Furthermore, the y,-subunit major
intracellular loop domain was neither sufficient nor required for postsynaptic
localization of subunit assemblies containing o/Y,-chimeric constructs.
Unlike the postsynaptic accumulation of GABA, Rs, the recruitment of
gephyrin to synapses and rescue of GABAergic inhibitory synaptic function
of y,-subunit-deficient neurons required transfection of o.,/y,-chimeric con-
struct that included the intracellular domain of the vy,-subunit in addition to
TM4. These experiments confirmed that postsynaptic accumulation of
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GABA, Rs under certain conditions can occur independently of gephyrin
(56) (see page 49). The observation that some of the chimeric constructs can
target to synapses, yet fail to rescue inhibitory synaptic function is consistent
with the existence of an intracellular pool of GABA, Rs that is closely asso-
ciated with the postsynaptic density but inaccessible to neurotransmitter.
Evidence for an intracellular endocytic pool of GABA, Rs is based on stud-
ies comparing immunohistochemical staining of fixed and live cells under
controlled conditions that either allowed or blocked endocytosis of GABA ,
Rs (57). Thus, it appears that the ¥,-subunit cytoplasmic-loop region and per-
haps recruitment of the gephyrin scaffold is required for recycling of GABA
Rs from the endocytic-subsynaptic pool to the plasma membrane, thereby
enabling synaptic transmission.

Analogous to this approach, Christie et al. (58) have used transfection of
Y,/8-chimeric constructs into wild-type neurons to map y,-subunit clustering
domains. Consistent with data obtained by Alldred et al. (56), they found that
the y,-subunit intracellular loop domain was insufficient to induce clustering
of GABA , Rs when tested in chimeric constructs containing the 6-subunit as
a backbone. However, unlike in the case of v,/0,,-chimeric constructs, substi-
tution of the vy,-subunit cytoplasmic-loop region with the corresponding
region of the d-subunit completely abolished the clustering function of the
Y,-subunit, suggesting that the vy,-subunit cytoplasmic-loop region was
required for postsynaptic localization. This apparent discrepancy with results
obtained from analysis of y,/0,-chimeric subunits is likely owing to differ-
ences in the cultures used for analysis (cortical ,”~ vs hippocampal wild-
type neurons). Whereas transfection of vy,/0,-chimeric constructs into
Y,-deficient neurons favors assembly of these constructs with endogenous
o- and B-subunits, the 8/y,-constructs used by Christie et al. (58) had to com-
pete with the endogenous y,-subunit for assembly with o- and B-subunits. In
addition, they were likely competing with endogenous y,-subunit for interac-
tion with y,-subunit-associated trafficking factors. In addition, the 6-subunit,
which in its native form is never found at synapses, might be less permissive
for postsynaptic localization than the o,-subunit, which is invariably concen-
trated at synapses in vivo.

Using in vitro interaction assays, the 7,-subunit intracellular domain was
recently shown to interact with itself and with intracellular domains of 3-subunits
and other y-subunits (59). Interestingly, the 7,-subunit self-interaction motif
was mapped to a 23-amino acid peptide within the major intracellular loop that is
identical with the domain that also interacts with the GABA , R-associated pro-
tein (GABARAP). Based on the authors’ model, competing interactions of the
Y,-subunit with itself and other subunits on one hand, and GABARAP on the
other might regulate the clustering of GABA , Rs (59). Thus, it is likely that both



46 Yuan and Liischer

the major cytoplasmic loop and TM4 region of the y,-subunit contribute to clus-
tering and accumulation of GABA , Rs at synapses.

4. Proteins Associated With the Postsynaptic Cytoskeleton
of GABAergic Synapses

As indicated earlier, postsynaptic GABA , Rs are invariably colocalized with
gephyrin, a 93-KDa putative subsynaptic scaffold protein, first identified as a
postsynaptic anchoring protein of glycine receptors that interacts directly with a
20-amino acid sequence in the cytoplasmic-loop region of the glycine receptor
B-subunit (reviewed in refs. 60,61). In contrast to glycine receptors, current evi-
dence suggests that GABA, Rs do not interact directly with gephyrin (62,63).
However, loss of postsynaptic localization of GABA , Rs in y,-subunit-deficient
mice is associated with a parallel loss of gephyrin from synapses, indicating that
the two proteins interact indirectly (38,44,45,64). Conversely, antisense RNA
suppression, RNA interference (RNA1i), or knockout of gephyrin results in loss of
postsynaptic localization of major subsets of GABA, Rs containing the ,-sub-
unit together with the o,- or o.;-subunit (38,44,49,65-67), along with a reduction
in the mean amplitude of miniature inhibitory postsynaptic currents (mIPSCs)
(68). However, postsynaptic accumulation of o y,-receptors is largely unaf-
fected by loss of gephyrin (67,68) (Table 1).

Most of the current information about the composition of the postsynaptic
cytoskeleton of inhibitory synapses is based on proteins identified as gephyrin-
interacting proteins. Interaction of gephyrin with tubulin and microtubules
qualifies gephyrin as a bona fide microtubule interacting protein (MAP) (69).
Yeast two-hybrid screens that have used gephyrin as bait have led to the identi-
fication of several gephyrin-associated proteins that are invariably concentrated
in the postsynaptic specialization of both glycinergic and GABAergic synapses.
These gephyrin-interacting proteins include profilin I/Ila and Mena/VASP,
which act as regulators and adaptors of the microfilament cytoskeleton, respec-
tively (70,71). However, the functional relevance of interactions between
gephyrin and the microfilament or microtubule cytoskeleton remain unclear
because clustering of gephyrin and GABA | Rs in mature neurons is unaffected
by drug-induced depolymerization of microtubules and microfilaments (72). A
possible effect of similar disruption of the cytoskeleton on the lateral mobility
of gephyrin and GABA, Rs has yet to be analyzed. Other gephyrin-binding
proteins that are concentrated at synapses include rapamycin and FKBP12
target (RAFT)-1; also called FKBP12-rapamycin associated protein (FRAP) or
mammalian target of rapamycin (mTOR) (73) and the dynein light chains
(LO)1 and -2 (74). RAFT-1 functions as the in vivo mediator of the effects of
the immunosuppressant rapamycin and as an important regulator of messenger
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Table 1
Proteins of the Postsynaptic Cytoskeleton That Are Indirectly Associated
With Postsynaptic GABA, Rs

Inhibitory synapse-
associated protein Proposed function References

Gephyrin Immobilizes and clusters 38,49,65-67
0,/Y,-containing-GABA , Rs
at postsynapses

Collybistin Binds to gephyrin and regulates 76,155,156
trafficking and clustering of gephyrin
Dynein LCI1 and -2 Interacts with gephyrin, however not 74

required for transport of gephyrin
to synapses
GRIP-1 Found both pre- and postsynaptically. 117-119
The protein interacts with GABARAP,
which appears to be absent at synapses.
Function unknown

Mammalian enabled (Mena)/ Mediate the association of gephyrin 70,71
vasodilator-stimulated with microfilaments
phosphoprotein (VASP)
and profilin I/Ila

Dystrophin—glycoprotein Stabilizes or modulates o.,/0.,-subunit- 42,95-97
complex containing GABA , Rs at postsynapses

NL2 Integral membrane protein that promotes 87,89,94

GABAergic synaptogenesis by
interaction with presynaptic B-neurexin
RAFT1 Colocalized with postsynaptic gephyrin; 73
implicated in subsynaptic regulation of
mRNA translation

RNA translation, allowing speculation on a possible mechanism by which
gephyrin might contribute to translational control of postsynaptic protein syn-
thesis. However, the functional relevance of this RAFT-1-gephyrin interaction
for the function of GABAergic transmission is not understood. Similarly, the
biological significance of interaction between gephyrin and the dynein LCs is
unclear because their association is dispensable for localization of gephyrin to
synapses (74).

An interesting line of research was initiated by the discovery of collybistin as a
gephyrin-binding protein (75,76). Collybistin is a member of the diffuse B-cell
lymphoma-like (dbl-like) superfamily of guanine nucleotide exchange factors
(GEFs) that catalyze guanosine 5 triphosphate (GTP)—guanosine 5" diphosphate
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(GDP) exchange on Rho family GTPases (77). As a typical GEF, collybistin has
tandem exchange factor (RhoGEF) and pleckstrin homology lipid-binding
domains. The protein exists in several alternatively spliced isoforms that are
retained by these two domains (75,76,78). The presence of a N-terminal SH3
domain that is present in all of the major collybistin isoforms expressed in neurons
appears to negatively regulate the ability of collybistin to translocate gephyrin to
submembrane microaggregates in transfected mammalian cells (75,76,78). Thus,
protein—protein interactions at the collybistin SH3 domain might relieve this inhi-
bition and promote the deposition of gephyrin to the postsynaptic cytoskeleton.
Gephyrin clustering requires collybistin—gephyrin interactions and an intact colly-
bistin pleckstrin homology domain. The vital importance of collybistin for
inhibitory synaptogenesis is underlined by the discovery of a mutation (G55A) in
exon 2 of the human collybistin gene in a patient with clinical symptoms of both
hyperekplexia and epilepsy. Overexpression of collybistin®3A (but not native
collybistin) in cultured neurons interferes with postsynaptic clustering of gephyrin
and oL,-subunit containing GABA , Rs, suggesting that the clinical manifestations
of this collybistin missense mutation result, at least in part, from mislocalization of
gephyrin and postsynaptic GABA , Rs (78).

Using fluorescence recovery after photobleaching (FRAP), Jacob et al. (49)
compared the mobility of fluorescently-tagged GABA, Rs at postsynaptic and
extrasynaptic plasma membrane sites of live neurons. These experiments
revealed significantly greater fluorescence recovery rates at extrasynaptic than at
postsynaptic membrane domains, thereby indicating greater mobility of extrasy-
naptic than postsynaptic GABA , Rs. Moreover, the fluorescence recovery rate at
the periphery of the photobleached area was greater than that at the center, which
was interpreted as evidence for lateral diffusion of GABA , Rs. To assess the role
of gephyrin in modulating lateral diffusion, FRAP experiments were combined
with RNAi knockdown of gephyrin, a treatment that effectively reduced the
expression of gephyrin but did not affect the translocation of GABA, Rs to the
plasma membrane and left at least some GABA, receptor clusters intact.
Interestingly, fluorescently tagged postsynaptic GABA, Rs in gephyrin-RNAi-
treated neurons exhibit a significant increase in the FRAP-recovery rate, indicat-
ing that they are more rapidly replaced than under control conditions (49). These
experiments suggest that gephyrin acts to restrict the lateral mobility of postsy-
naptic GABA , Rs, reminiscent of observations made earlier by video tracking of
quantum dot-labeled glycine receptors in cultured spinal neurons (79). Similar to
gephyrin-associated glycine receptor clusters, gephyrin-associated GABA
receptor clusters may therefore be defined as temporary confinement areas in
which receptors are concentrated by limited diffusion (Fig. 2).

It is now clear that gephyrin assumes distinct functional roles at glycinergic
and GABAergic synapses. Unlike in the case of glycine receptors, gephyrin
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does not copurify with GABA, Rs, suggesting an indirect interaction with
GABA, Rs (62,63). At glycinergic synapses, accumulation of gephyrin pre-
cedes the clustering of glycine receptors, which is consistent with an instruc-
tive function for assembly of the postsynaptic apparatus. In contrast, the
appearance of GABA, receptor clusters in developing spinal cord neurons
tends to precede the formation of gephyrin clusters (80). In immature hippocampal
cultures, o,-subunit-containing GABA, receptor clusters first form extrasy-
naptically in the apparent absence of gephyrin, whereas later-emerging
gephyrin clusters are always colocalized with GABA, Rs and preferentially
postsynaptic (81). Furthermore, transfection of the v,-subunit into y,-subunit-
deficient neurons results in efficient rescue of postsynaptic localization of
GABA, Rs and recruitment of gephyrin to synapses, indicating that GABA
Rs are able to instruct the proper apposition of pre- and postsynaptic elements
of GABAergic synapses (56). Moreover, some 7Y,/0,,-chimeric constructs can
accumulate at postsynaptic sites of y,-deficient neurons, while failing to recruit
gephyrin, indicating that clustering of GABA , Rs and recruitment to synapses
can occur independently of gephyrin (56), consistent with gephyrin-independ-
ent clustering of o,-subunit-containing receptors in gephyrin-deficient mice
and cultured neurons (67,68).

Gephyrin exists in several structurally distinct variants that are owing to
alternative splicing mainly in the N-terminal region (82—-85). Analysis of spinal
cord neurons that release both glycine and GABA and accumulate glycine
receptors and GABA , Rs in the same postsynaptic densities, suggests that alter-
native splicing may underlie functional differences of gephyrin at GABAergic
and glycinergic synapses (86). The presence of the alternatively spliced exon
CS5 in gephyrin results in preferential association of the isoform at GABAergic
as opposed to glycinergic synapses. Hence, the type of gephyrin isoform
expressed in the subsynaptic scaffold contributes to the preferential accumula-
tion of GABA , or glycine receptors at synapses (86).

Interactions between postsynaptic neuroligins (NL1-4) and presynaptic
B-neurexins are believed to play an important role in the formation of gluta-
matergic and GABAergic synapses (87-89) (reviewed in refs. 90-92). Ectopic
expression of NL in heterologous cells that are then cocultured with neurons
can induce presynaptic development of glutamatergic and GABAergic synapses
(87,93). Conversely, B-neurexin presented on beads or overexpressed in heterol-
ogous cells can induce aggregates of separate postsynaptic GABAergic or glu-
tamatergic hemisynapses in cocultured neurons (87). Of particular interest is
NL2 because it is thus far the only synaptogenic factor that is found selectively
at GABAergic postsynapses (87,94). Thus, neurexin-induced recruitment of
postsynaptic NL2 is believed to serve as a critical step in postsynaptic differen-
tiation of GABAergic synapses. The mechanism by which frans-synaptic
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B-neurexin-NL2 complexes induce postsynaptic differentiation is so far not
understood; in particular it appears that NL2 does not interact directly with
gephyrin or GABA, Rs (92).

In addition to NL2, gephyrin, and gephyrin-associated proteins, the dys-
trophin-associated glycoprotein complex is specifically localized to the postsy-
naptic membrane of a subset of GABAergic synapses (42,95-97). The complex
consists of the peripheral membrane protein a-dystroglycan, the integral mem-
brane spanning protein B-dystroglycan and the subsynaptic cytoskeletal compo-
nent dystrophin (98). The function of this complex is poorly understood as it
appears late during synaptogenesis and is dispensable for accumulation of
GABA, Rs and gephyrin in the postsynaptic membrane (42,97). Of note, the
postsynaptic accumulation of the dystrophin-associated glycoprotein complex
in y,-subunit-deficient neurons is unaltered (42), suggesting that this late form of
postsynaptic differentiation can occur independently of gephyrin, GABA, Rs,
and synaptic function. The postsynaptic dystroglycan complex also interacts
with presynaptic B-neurexin (99), but unlike NL-2 does not mediate 3-neurexin-
induced postsynaptic accumulation of GABA , Rs and gephyrin (87).

5. Proteins Implicated in Regulating Exocytosis
of GABA, Rs to the Plasma Membrane

Yeast two-hybrid screens using the vy,-subunit intracellular-loop domain
resulted in isolation of GABARAP as the first GABA , receptor associated pro-
tein that selectively interacts with 7y, , subunits (700,101) (Table 2). GABARAP
is a member of a small family of ubiquitin-like homologous proteins that
includes Golgi-associated transport enhancer of 16 kDa (GATE16), Apg8L, as
well as the LC3 of MAP 1A and -B. Interestingly, the four members of this pro-
tein family are subject to a post-translational lipid-conjugation mechanism, which
involves activating, conjugating, and deconjugating enzymes reminiscent of the
ubiquitin-conjugation system (/02,103). Accordingly, GABARAP family pro-
teins are believed to be involved in intra-Golgi and endoplasmic reticulum (ER)
to Golgi transport, as well as in autophagic processes involved in bulk degrada-
tion of proteins and organelles (reviewed in refs. 104,105). GABARAP itself is
implicated in GABA, receptor trafficking by its binding to GABA, Rs and
microtubules both in vitro and in brain extracts, and by its colocalization with
intracellular GABA , Rs in cultured cortical neurons (100,106,107).

In addition, indirect association of GABARAP with microfilaments in vitro
has been proposed to link GABA, Rs to the actin cytoskeleton (107).
Heterologous coexpression of GABARAP and GABA , Rs promotes the cluster-
ing of GABA, Rs in a y,-subunit- and tubulin-binding motif-dependent manner
(108). However, whereas GABARAP was initially proposed to act as a postsy-
naptic targeting protein of GABA, Rs (100), its colocalization with clustered
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GABA, Rs in the plasma membrane could not be confirmed. Immunoelectron
microscopic analysis of brain sections revealed that GABARAP is absent at
synapses and instead concentrated in the Golgi complex and other intracellular
membrane systems, reminiscent of the cellular distribution of its homolog GATE-16
(106,109,110). Similar to GATE-16, GABARAP also interacts with the vesicular
transport factor N-ethylmaleimide-sensitive factor (NSF), consistent with a possi-
ble role of GABARAP in vesicular trafficking (/06,110). Transient overexpres-
sion of GABARAP in cultured neurons increases the surface expression of
GABA, Rs, suggesting that GABARAP facilitates exocytosis of GABA, Rs
(111) (Fig. 2). However, recent evidence from analyses of GABARAP knockout
mice has shown that GABARAP is functionally dispensable, possibly because of
functional redundancy with other members of its family (//2). GABARAP-defi-
cient mice lack an overt behavioral phenotype and exhibit normal expression and
punctuate distribution of ,-subunit-containing GABA, Rs. More conclusive
analyses of GABARAP function therefore will have to address the extent by
which this entire protein family is involved in trafficking of GABA , Rs in vivo.

Evidence in support of a function of GABARAP as a trafficking factor of
GABA , Rs includes the identification of phospholipase C-related inactive protein
(PRIP-1, p130) as both a GABARAP- and a GABA , receptor-interacting protein
(113,114). A role for PRIP-1 in regulating the function or trafficking of GABA ,
Rs is further suggested by the phenotype of PRIP-1 knockout mice, which show
impairments in GABA , receptor modulation by Zn** and benzodiazepines, as well
as altered benzodiazepine-induced behavior (//3). PRIP-1 interacts with the
B-subunits of GABA, Rs and functions as an adaptor protein for protein phos-
phatase (PP)loa, keeping this enzyme in an inactive state ([14,115).
Phosphorylation of PP1c. at threonine 94 leads to dissociation of the PRIP-1/PP1a
complex, thereby providing a rationale for phosphorylation-induced dephosphory-
lation of GABA , receptor [3-subunits (1/4). Together with recent data summa-
rized below on [,-subunit phosphorylation-dependent and clathrin-mediated
endocytosis of GABA, Rs (176), the data suggest that the PRIP-1 regulated phos-
phorylation state of GABA , Rs modulates the surface stability of GABA, Rs. The
glutamate receptor trafficking factor GRIP1 has been isolated as a GABARAP-
binding protein (/17,118) and shown to localize to pre- and postsynaptic sites of
GABAergic synapses (117-119). However, although GRIP-1 is well established as
a trafficking factor of «-amino-3-hydroxy-5-methylisoxazole-4-propionate
(AMPA)-type glutamate receptors that is important for plasticity of glutamatergic
synapses (120,121), its role at GABAergic synapses is not understood.

The NSF is a homohexameric ATPase that acts as an essential chaperone
involved in all kinds of localized and regulated membrane fusion events (/22).
The protein was first implicated in trafficking of GABA , Rs through its interac-
tions with GABARAP and its homolog GATE-16 (106,110). However, recent
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Fig. 2. Major routes of trafficking of postsynaptic GABA, Rs. GABA, Rs exiting
from the ER traffic through the Golgi complex to the plasma membrane. The available
evidence suggests that they are inserted into the extrasynaptic plasma membrane from
where they reach the postsynaptic membrane by lateral diffusion. Exit of receptors from
the ER may be regulated by interactions between B-subunits and BIG2. Translocation
through the Golgi complex appears to be regulated by interactions of the ,-subunit with
GABARAP family members and NSF and by GODZ-mediated palmitoylation of the
Y,-subunit. The postsynaptic gephyrin-associated cytoskeleton acts as a Y,-subunit-
dependent diffusion trap for receptors that have reached the plasma membrane, thereby
leading to the accumulation of receptors in the membrane across from GABA-release
sites. GABA , Rs exit from the plasma membrane through clathrin-dependent and per-
haps clathrin-independent mechanisms. Association of GABA , Rs with clathrin-coated
pits is regulated by a phosphorylation-sensitive interaction between GABA , receptor
B-subunits and the clathrin adaptor AP2. This step may also be regulated by the phos-
phatase adaptor and B-subunit interacting protein PRIP-1. Recycling of GABA, Rs
from early endosomes to recycling endosomes and back to the surface membrane is
positively regulated by interactions between -subunits and HAP1 and perhaps Plic-1.
Alternatively, Plic-1 might inhibit degradation of de novo-synthesized GABA , Rs exit-
ing from the ER.

evidence indicates that NSF colocalizes with intracellular neuronal GABA , Rs
and interacts directly with the intracellular loop region of receptor B-subunits in
vitro (123). On heterologous overexpression of NSF and GABA, Rs in Cos7
cells or on overexpression in cultured neurons, NSF reduces the steady state cell
surface number of GABA , Rs. Because the rate of endocytosis of GABA, Rs
remains unaffected by NSF, it appears that NSF inhibits the exocytotic pathway
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of GABA, Rs (123). However, the biological significance of such regulation
remains unclear, given that the observation involved massive overexpression of
a general factor that is essential for all types of membrane fusion events.

Ubiquitination is an evolutionarily conserved post-translational modification
of diverse neurotransmitter receptors and other signaling proteins, many of
which are concentrated in the postsynaptic density of glutamatergic synapses
(reviewed in refs. /124—126). The process involves addition of single or multi-
ple copies of a 76-amino acid ubiquitin moiety to lysine residues of target pro-
teins. Whereas polyubiquitination generally acts as a signal for degradation by
the 26S proteasome, the addition of single ubiquitin moieties is reversible and
serves as an active signal in diverse intracellular trafficking pathways, includ-
ing as a trigger for endocytosis. Evidence that ubiquitination might be involved
in regulated trafficking of GABA, Rs, stems from the isolation of the ubiqui-
tin-like protein, Plic-1, as an interactor of the intracellular loop domains of
GABA , receptor o- and B-subunits (127,128).

Plic-1 and -2 are closely related proteins characterized by an ubiquitin-like
N-terminus and an ubiquitin-associated domain. They are further known to
interact with the ubiquitin ligase E6-AP and with proteasomes in large com-
plexes and believed to interfere with the in vivo degradation of ubiquitin-
dependent proteasome substrates (/29-131). Overexpression of Plic-1
increases the half-life and surface expression of cotransfected GABA, Rs in
heterologous cells or in neurons (/27). Furthermore, disrupting the interac-
tion between Plic-1 and GABA , Rs by competing with an o,-subunit-derived
peptide that corresponds to the Plic-1-binding site results in a significant
reduction in the cell surface expression of GABA, Rs, parallel with rapid
decay of GABA-evoked whole cell currents, both in transfected heterologous
cells and in neurons. The cell surface steady-state expression of GABA, Rs
expressed in heterologous cells is increased following inhibition of the pro-
teasome. This evidence therefore suggests that Plic-1 facilitates exocytosis of
GABA , receptor by inhibiting proteasome-mediated degradation of newly
synthesized and/or endocytosed GABA, Rs (127). Indirectly, the data also
suggest that GABA, Rs might be substrates for ubiquitination, consistent
with recently reported preliminary results (132).

Similar to Plic-1, the brefeldin A-inhibited GDP/GTP exchange factor 2 (BIG2)
interacts selectively with the intracellular loop region of GABA,, receptor [3-sub-
units (/33). BIG2 is a Sec7 domain-containing GEF that catalyzes GDP/GTP
exchange at the small G-proteins ADP-ribosylation factor (ARF)1 and -3
(134,135). GEF activation of class I ARF proteins is required for membrane bud-
ding of vesicles from the Golgi apparatus, thereby enabling proteins to proceed
from the Golgi through the trans-Golgi network toward the plasma membrane
(136). Consistent with a role in exocytosis of GABA, Rs, BIG2 immunoreactivity
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is concentrated in the trans-Golgi network and has been detected in somatic and
dendritic vesicle-like structures, as well as in the postsynaptic density of both
inhibitory and excitatory synapses (/33). Moreover, coexpression of BIG2 with
the [3;-subunit in heterologous cells promotes the translocation of [3,-subunit
assemblies to the cell surface. Interestingly, a recent report has further identified
BIG2 as a component of recycling endosomes, and provided evidence that BIG2
mediated activation of ARFs contributes to the structural integrity of this traffick-
ing compartment (/37). Thus, BIG2, in addition to or instead of exocytosis, might
have a role in endocytic recycling of GABA, Rs.

Palmitoylation is a reversible post-translational modification that involves
the addition of the 16-carbon saturated fatty acid palmitate to cysteine residues
of a large and diverse class of target proteins, including integral and peripheral
membrane proteins, as well as extracellular proteins (reviewed in refs.
138,139). The transient nature of palmitoylation and the ability of substrate pro-
teins to potentially undergo multiple rounds of palmitoylation and depalmitoy-
lation before degradation suggest that this protein modification is involved in
dynamic regulation of diverse cellular processes, reminiscent of phosphoryla-
tion. Of particular interest as regulators are palmitoyl acyltransferases, a class
of enzymes containing an Asp-His-His-Cys cysteine-rich domain (DHHC-
CRD) and first identified in yeast (140, 141).

Using a yeast two-hybrid screen that is compatible with isolation of mem-
brane proteins, Keller et al. (/42) have isolated a Golgi apparatus-specific pro-
tein with a DHHC zinc-finger domain (GODZ, also known as DHHC3), as a
GABA , receptor interacting protein and as a first mammalian member of the
DHHC-CRD family of palmitoyltransferases. GODZ binds to a 14-amino acid
Y,-subunit cytoplasmic domain containing four Cys residues N-terminal to the
GABARAP-binding site. This binding domain is conserved selectively in vy, ;-
subunits and essential for GODZ-mediated palmitoylation of GABA, Rs in
transfected 293T cells. Although GODZ is broadly expressed in many tissues,
expression of GODZ mRNA and protein in brain is neuron-specific with a
regional distribution similar to that of the y,-subunit. GABA, Rs are also sub-
ject to palmitoylation in neurons.

Analysis of Cys-Ala substituted y,-subunit constructs in transfected Cos7
cells indicates that the v,-subunit is palmitoylated at all four cysteines within
the GODZ-binding domain (/43). Moreover, transfection of the same Cys-Ala
substituted vy,-subunit constructs abolishes the postsynaptic clustering of 7,-
subunit-containing GABA, Rs in neurons. Drug-induced global inhibition of
palmitoylation by Br-palmitate dramatically reduces the expression of GABA
Rs at the cell surface. Thus, reduced clustering of receptors seen following
transfection of neurons with Cys-Ala-substituted y,-subunits is largely owing to
reduced surface expression of GABA , Rs (143).
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More direct evidence for a role of GODZ-mediated palmitoylation in regula-
tion of GABAergic inhibition was recently obtained by transfection of cultured
neurons with a dominant negative GODZ construct and by inhibition of GODZ
expression by RNAi (/44). Both types of treatments result in a selective reduc-
tion of postsynaptic clustering of y,-subunit containing GABA, Rs, which is
paralleled by a significant reduction in GABA-evoked whole-cell currents and
amplitude of GABAergic mIPSCs. In contrast, the function of AMPA-evoked
whole-cell currents and glutamatergic miniature excitatory postsynaptic cur-
rents is unaffected by dominant negative GODZ and GODZ-directed RNAI,
demonstrating a selective function of GODZ at inhibitory synapses (/44).
Importantly, GODZ is among several DHHC proteins that can palmitoylate
PostSynaptic Density Protein of 95-KDa (PSD-95) and AMPA receptors
in vitro and/or in heterologous expression systems (/45,146). Lack of an effect
of GODZ on glutamatergic currents suggests extensive functional redundancy
among DHHC-CRD domain enzymes at glutamatergic synapses, in contrast to
inhibitory synapses where GODZ and its close homolog sertoli cell gene with
a zinc finger domain-f3 (SERZ-B)/DHHC7 (142,147) are the only DHHC-CRD
family members that can use the y,-subunit as a substrate (/44).

6. Proteins That Regulate Endocytosis and Endocytic
Recycling of GABA, Rs

GABA, Rs expressed on the cell surface of neurons are subject to constitu-
tive and protein kinase C (PKC)-stimulated endocytosis (2,57,148,149).
Therefore, changes in the rate of receptor insertion and endocytosis allow for
dynamic physiological adaptation in inhibitory transmission but are also impli-
cated in the etiology of neurological disorders. For example, excessive rates of
endocytosis might explain loss of surface expression of GABA, Rs and phar-
macoresistance to benzodiazepine treatment observed in rodents and patients
during prolonged status epilepticus (5,19,20). Whereas both clathrin-dependent
and -independent endocytosis mechanisms have been described in heterologous
cells (150), evidence from brain and cultured neurons suggests that GABA , Rs
are endocytosed through clathrin-coated pits (2,15,57,148,149,151). GABA ,
Rs associate directly with the endocytic machinery by binding of receptor-3 and
Y-subunits to the |1 -subunit of the clathrin adaptor AP2 (2,15,116). Consistent
with this idea, blocking clathrin-dependent endocytosis by a peptide that inter-
feres with binding of amphiphysin to dynamin results in an increased in mIPSC
amplitude, reflecting an increase in postsynaptic GABA, Rs owing to reduced
receptor internalization (2).

Approximately 25% of cell surface receptors endocytose in 30 min and 70%
of such endocytosed receptors are recycled back to the cell surface within 1 h
(152). On a slower time-scale (6 h), a significant fraction (29%) of neuronal
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Table 2
GABA, Receptor-Interacting Proteins and Their Functions
in Trafficking of Receptors

GABA
R-interacting
protein and

pathway

indicated in Subunit Proposed

Fig. 2 specificity function References
AP2 (pathway 2) By Recruits GABA , Rs into 2,116

clathrin-coated pits and mediates
phoshorylation dependent
endocytosis of the receptor

BIG2 (pathway 1, 3) B Class I ARF-specific GEF, 133,137
promotes the exit of recombinant
GABA, Rs from the ER of transfected
heterologous cells. In HeLa cells,
BIG2 is also found in and
contributes to their structural integrity
of recycling endosomes

GABARAP Y3 Overexpression facilitates exocytosis 108,111
(pathways 1, 3) of GABA, Rs
GODZ (pathway 1) Y Palmitoyltransferase implicated in 142
exocytosis of y-subunit-containing
receptors
GRIF-1 B, Unknown 157
HAP1 (pathway 3, 4) B Regulates endocytic sorting by 152

inhibiting GABA , receptor
degradation and facilitating recycling

NSF (pathway 1, 3) B Overexpression negatively regulates 123
exocytosis of GABA, Rs
Plic-1 (pathway 1, 3) o, B Facilitates exocytosis or recycling by 127

inhibiting proteasome dependent
degradation of GABA, Rs
PRIP-1 (pathway 2) B Adaptor for and negative regulator 114,115
of protein PP1o regulates
phosphorylation state of
serine(s) in AP2-binding site of
[B-subunits, thereby implicated in
regulating association of B-subunits
with AP2 that contributes to
endocytosis of GABA, Rs
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GABA, Rs is targeted to late endosomes and is then degraded, apparently by
the lysosome (748,152). Interestingly, interaction of AP2 with the GABA
receptor [3;-subunit is negatively regulated by phosphorylation of the major
serine phosphorylation site known as an in vitro PKA and PKC substrate and
present in all three 3-subunits (1/6). An unphosphorylated 3;-subunit peptide
containing the AP2-binding site effectively binds to the p-subunit of AP2, and
on infusion through the patch pipet into neurons results in a sustained increase
in the mIPSC amplitude and frequency. In contrast, a phosphorylated form of
the same peptide binds to the U-subunit with sixfold lower affinity and has no
such effects (/16). The authors argue that the increase in mIPSC frequency
reflects increased expression of GABA , Rs at synapses that under control con-
ditions fail to give rise to detectable miniature currents.

The decision of whether endocytosed GABA, Rs are recycled or degraded
appears to be regulated by interaction of GABA , receptor -subunits with hunt-
ingtin-associated protein (HAP)1, an endocytic trafficking factor, first identified
through its interaction with the Huntington disease protein huntingtin (152—-154).
Overexpression of HAP1 in cultured cortical neurons interferes with the degrada-
tion of GABA, Rs, while increasing the recycling and surface expression of
GABA Rs, concomitant with an increase in the mIPSC amplitude (152). It will
be interesting to see whether and how diverse signaling pathways modulate this
mechanism and whether and where it is affected under pathological conditions
such as in status epilepticus or Huntington’s disease.

In summary, recent research has led to major progress in identification of
protein—protein interactions and post-translational subunit modifications that
contribute to regulated surface expression and postsynaptic targeting of GABA , Rs.
These interactions, with few exceptions, appear to be limited to the major intra-
cellular-loop region of - and y-subunits. Future research will need to focus on
how these interactions and trafficking routes are regulated by extracellular cues
and second messenger pathways during synaptogenesis and at mature synapses,
both under physiological and pathological conditions.
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Subunit Composition and Structure
of GABA ,-Receptor Subtypes

Werner Sieghart

Summary

y-Aminobutyric acid (GABA ,) receptors are the major inhibitory neuro-
transmitter receptors in the brain and are the site of action of many clinically
important drugs. They are made up of five subunits that can belong to
eight different subunit classes. Depending on their subunit composition
these receptors exhibit distinct pharmacological and electrophysiological
properties. The distinct but overlapping regional and cellular distribution
of these subunits gives rise to the formation of a large number of GABA ,-
receptor subtypes, only a few of which so far have been unequivocally
identified in the brain.

Recent homology modeling of the structure of the extracellular and trans-
membrane domain of GABA, receptors for the first time provided a
glimpse on the three-dimensional organization of this receptor, and
placed different protein segments that have been shown to be of func-
tional importance into a “region in space” and into defined neighboring
relations. The models obtained could explain experimental observations
and propose the location of putative drug-binding sites. They can be now
used to design experiments for clarification of pharmacological and struc-
tural questions as well as to shed light on conformational changes during
binding of agonist, gating, and allosteric modulation of these receptors.

Key Words: Binding sites; composition; distribution; GABA A Treceptors;
homology models; structure; subunits.

1. Introduction
GABAA receptors are the major inhibitory neurotransmitter receptors in the
brain. They are chloride-ion channels that can be opened by GABA and can be

From: The Receptors: The GABA Receptors, Third Edition
Edited by: S. J. Enna and H. Méhler © Humana Press Inc., Totowa, NJ

69



70 Sieghart

modulated by a variety of pharmacologically and clinically important drugs,
such as benzodiazepines (BZ), barbiturates, steroids, anesthetics, and convul-
sants (1). Based on the pharmacological actions of these drugs it was concluded
that GABAA receptors are involved in controlling the excitability of the brain,
the modulation of anxiety, of feeding and drinking behavior, circadian rhythms
and cognition, vigilance, memory, and learning (2).

2. Multiplicity of GABA , Receptors

2.1. GABA j-Receptor Subunits

As other members of the superfamily of ligand-gated ion channels that also
include the nicotinic acetylcholine (nACh) receptor, the 5-hydroxytryptamine
type-3 receptors, and the glycine receptors, GABA , receptors are made up of
five subunits that can belong to different subunit classes (o, B, v, 0, €, T, 6, p).
Within each class the subunits exhibit a 60—70% homology: In between the
classes the homology is only 30-40% (1,3). So far, a total of six o, three j3-,
three Y-, one -, one -, one T-, one 6-, and three p-subunits of GABA , recep-
tors as well as alternatively spliced isoforms of several of these subunits have
been cloned and sequenced from the mammalian nervous system (/,3). At least
for the human brain this subunit set seems to be final. In a recent study, by
applying search algorithms designed to recognize sequences of all known
GABA ,-receptor type subunits in species from man down to nematodes, no
new GABA ,-receptor subunits were detectable in the human genome (4).
However, in nonmammalian species several additional subunit homologs have
been identified (3,5,6). A random combination of 19 different subunits theore-
tically could give rise to an enormous number of receptor subtypes with differ-
ent subunit composition, arrangement, and pharmacology. The identification of
those receptors actually formed in the brain, and their regional, cellular, and
subcellular distribution is thus of paramount importance.

2.2. Distribution of GABA ,-Receptor Subunits in the Brain
2.2.1. Regional Distribution and Abundance of GABA ,-Receptor Subunits

In situ hybridization and immunohistochemical studies have indicated that
the individual subunits exhibit a distinct but overlapping regional distribution.
Whereas the subunits o, [31_3, Y,» and 7y, are found throughout the brain, sub-
units o, , ¥;, and 0 are more confined to certain brain areas and in some brain
regions a complementary distribution of a,-, 0,-, B,-, and §-subunits against
(VAN Bz—, and ,-subunits was detected (7,8).

The o;-subunit is the most abundant GABA , -receptor subunit in the brain.
About 70-90% of all GABA , receptors seem to contain this subunit. The v,-and
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B,-subunits are also quite abundant and are present in 50-70% of all GABA ,
receptors. The f3,- and B,-subunits seem to be present in 20-30% and 40-55%
of all GABA , receptors, respectively, whereas the v;-subunit seems to be pres-
ent in only 3—4% of all GABA, receptors (7,8). The o, .-, and -subunits are
present in 35, 14, 6, 7-8, and 11% of all GABA , receptors, respectively, but are
differentially distributed in various forebrain areas and especially enriched in
certain brain regions. Thus, in hippocampus 13% of all GABA , receptors seem
to contain o, and 31% of receptors seem to contain Ol5-subunits. In thalamus,
20% of all receptors seem to contain o,-subunits, and 16% contain O-subunits.
The o~ and vy,-subunits exhibit a quite specific regional distribution. The o-
subunits are more or less exclusively located in cerebellar granule cells (and in
the cochlea) and are present in about 56% of all GABA , receptors in the cere-
bellum. The 7,-subunit is a minor subunit that is present in about 3-7% of all
GABA , receptors and is especially enriched in the central and medial amyg-
daloid nuclei, in pallidal areas, the substantia nigra pars reticulata, and the infe-
rior olive (7).

The distribution and abundance of the e-subunit is currently less clear
because of significant discrepancies in the published sequences, discrepant results
of in situ hybridization studies, and the restricted availability of e-selective
antibodies (7). Nevertheless, there is evidence that this subunit is located in
major neuronal groups with broad range influence, such as the cholinergic
(basal nucleus), dopaminergic (substantia nigra compacta), serotonergic (raphe
nuclei), and noradrenergic (locus coeruleus) systems (9,10).

The m-subunit was detected in several peripheral human tissues as well as in
the brain (hippocampus and temporal cortex) and was particularly abundant in
the uterus (/7). So far, no study investigating the detailed regional distribution
of the m-subunit in the brain has been published. Similarly, the relative abun-
dance of these subunits in the brain is not known. The 6-subunit seems to be
expressed in various brain regions, including the hypothalamus, amygdala, hip-
pocampus, substantia nigra, dorsal raphe, and locus coeruleus (/0). 6-subunits
showed strikingly overlapping expression patterns with €-subunits throughout
the brain, especially in septum, preoptic areas, various hypothalamic nuclei,
amygdala, and thalamus, as well as in monoaminergic cell groups (10). As with
the e-subunit, there were some discrepancies in the cDNA sequence obtained
by different groups (/2), and again the quantitative importance of 8-containing
receptors is currently not known.

The p-subunits seem to be preferentially expressed in the retina. So far, no antibod-
ies are available that could distinguish between different p-subunits. /n situ hybridization
studies indicated that p-subunits are also present in the superior colliculus, dorsal
lateral geniculate nucleus, and cerebellar Purkinje cells. In addition, pharmacological
effects characteristic of p-subunit-containing receptors have been reported in the
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cerebellum, superior colliculus, amygdala, hippocampus, dorsal geniculate nucleus,
and spinal cord (7). This indicates that p-subunits may be present in many central
nervous system regions and are more prevalent than previously suspected.

2.2.2. Cell-Specific Expression of GABA ,-Receptor Subunits

Subunits a.;, 3,, and Y,, not only seem to be codistributed in many brain regions
but studies on their cellular localization indicated that they are colocalized
extensively on GABAergic interneurons in hippocampus and other brain regions,
suggesting a preferential assembly of this subunit combination in the brain (8).
This conclusion was supported by studies in which the colocalization of o -, B,-,
and 7v,-subunits on neuronal membranes have been investigated (7,13, 14).

In the raphe nuclei the vast majority of serotonergic neurons express strong
0,;-subunit-immunoreactivity but are devoid of o -subunit staining. Only a
small population of serotonergic neurons coexpress these two subunits. In con-
trast, both the o,,- and o.;-subunit immunoreactivities are present in glutamate
decarboxylase-positive neurons (/5). These data indicated that serotonergic and
GABAergic neurons selectively express distinct patterns of o-subunits, sug-
gesting that they possess distinct subtypes of GABA , receptors.

Other studies indicated that the cholinergic neurons in the basal forebrain
expressed the 0,;-, but not the o,-subunit. In contrast, 45-60% of parvalbumin-
positive GABAergic neurons in the various subnuclei of the medial septum-diagonal
band of Broca complex expressed both the o,- and the o.,-subunit, whereas most of
the remaining parvalbumin-positive neurons were labeled with only the o, -subunit
antiserum (/6). However, the o.,-subunit is not only associated with serotonergic or
cholinergic neurons, but also with noradrenergic and dopaminergic neurons in the
brainstem. Finally, other data indicating an overlapping distribution of o-, 6-, and
€-GABA ,-receptor subunits in the dorsal raphe and the locus coeruleus suggest that
novel GABA ,-receptor subtypes that so far have not been studied in detail, may
regulate neuroendocrine and modulatory systems in the brain (/0).

2.2.3. Subcellular Localization of GABA ,-Receptor Subunits

Other studies indicated that individual subunits exhibit a quite distinct subcel-
lular distribution. For instance, in cerebellar granule cells the GABA ,-receptor
subunits o, 0, B,/5, and v, have been found by immunogold localizations to be
concentrated in GABAergic Golgi synapses and also are present in the extrasy-
naptic membrane at a lower concentration. In contrast, d-subunits could not be
immunolocalized in synaptic junctions, although they were abundantly present
in the extrasynaptic dendritic and somatic membranes. Receptors containing
the 6-subunit also seem to contain 0. and B-subunits (/7). It has been demon-
strated that o, Bd-receptors exhibit a 50-fold higher affinity for GABA than the
o.,By,-receptors. These receptors also exhibit a smaller single channel conductance,
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a much longer open time, and do not desensitize on the prolonged presence of
GABA (18). Together with the exclusive extrasynaptic localization of these
receptors, these properties indicate that tonic inhibition observed in these
cells is mediated mainly by the persistent activation of o 36-receptors by
GABA that is present in the extracellular space of glomeruli. In contrast, pha-
sic inhibition of granule cells is attributable to the transient activation of
synaptic a,fy,- and/or o, By,-receptors that exhibit a lower affinity for
GABA, a more pronounced desensitization, and much shorter open times than
o, 36-receptors (17).

Other studies have indicated that two receptor populations with distinct
kinetics coexist also in CA1 pyramidal cells and in many other cell types: slow
extrasynaptic receptors that dominate the responses of excised patches to
exogenous GABA applications and fast synaptic receptors that generate rapid
inhibitory postsynaptic currents (IPSCs) (19). The charge carried by the activa-
tion of tonically active GABA, receptors can be more than three times larger
than that produced by phasic inhibition, even when the frequency of phasic
events is large. It is quite possible that o,,36-receptors might at least partially be
responsible for extrasynaptic tonic inhibition in these cells (20). Experiments
indicating that tonic conductances sometimes can also be enhanced by BZ (21)
might indicate that tonic inhibition can also be produced by y-subunit-contain-
ing receptors. Overall, these data indicate that inputs from different neurons use
different receptors that are located in distinct parts of the receptive neurons (22).

2.3. Subunit Composition of Recombinant GABA , Receptors
2.3.1. Homo-Oligomeric GABA , Receptors

Recombinant receptor studies have indicated that depending on the subunits
used for transfection of cells, receptors with distinct pharmacological and electro-
physiological properties do arise. Some GABA ,-receptor subunits, such as the
p-subunits, robustly form homo-oligomeric receptors (23). Channels formed
exhibit properties of the previously characterized GABA. receptors. Because
p-subunits are structurally part of the family of GABA ,-receptor subunits, it
was recommended that p-containing receptors should be classified as a special-
ized set of the GABA , receptors (3). Formation of homo-oligomeric receptors
has also been reported from f,- or 3,-subunits, but the extent of formation of
these receptors seems to be low (24). Data on the formation of homo-
oligomeric receptors are contradictory for some other subunits (2), and it thus
can be assumed that homo-oligomeric receptors made up of these subunits are
physiologically not important. But in the absence of high affinity ligands interact-
ing with homo-oligomeric receptors other than p-subunit-containing receptors,
and in the absence of a clear pharmacological profile of such receptors, the pos-
sible existence of such receptors in the brain could not be investigated.
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2.3.2. GABA , Receptors Made Up of Two Different Subunits

In most heterologous expression systems, channels consisting of two different
subunits formed more efficiently than homo-oligomeric channels and could be
activated by lower GABA concentrations. In addition, the chloride-ion flux
induced in hetero-oligomeric channels was higher than that in homo-oligomeric
channels (/). The efficiency of receptor formation, however, again seems to
depend on the subunit combination and on the expression system used. Thus,
p-subunits not only can form homo-oligomeric but also hetero-oligomeric recep-
tors with other p-subunits. Whereas originally p-subunits were assumed not to
coassemble with other classes of GABA ,-receptor subunits, recent studies indi-
cated that p-subunits can assemble with y,-subunits and possibly also with
glycine-receptor subunits and form functional receptors with properties found in
certain cell types of the retina, brainstem, hippocampus, or other brain regions (2).

Although o- and [B-subunits robustly form hetero-oligomeric receptors in
heterologous expression systems, in the additional presence of a y- or a 3-subunit
receptors predominantly made up of affy- or o3d-subunits, respectively, are
formed (1,2). Thus, it is not yet clear, whether receptors made up of o-subunits
actually do occur in the brain under normal conditions. However, such recep-
tors have been identified in the brain of several GABA ,-receptor subunit
knockout mice (2,7). The formation of recombinant receptors made up of ovy- or
By-subunits is questionable and no information is available on the possible
formation of GABA , receptors made up of 8-, 36-, Y8-subunits. In addition,
no functional recombinant channels were formed on cotransfection of o, e-,
B,&-, o, -, or B, m-subunit combinantions (7).

2.3.3. GABA , Receptors Containing Three Different Subunits

Robust GABA , -receptor expression was obtained when o-, -, and y-sub-
units were coexpressed in various heterologous systems, and only o-, B-, and
Y-subunits produced GABA , receptors with a pharmacology resembling that of
most native receptors (/). This indicates that the majority of native receptors is
made up of ay-subunits. In a minority of receptors, the 8-, €-, and Tt-subunits
seem to be able to replace the y-subunit in GABA , receptors, whereas the 0-
subunit might be able to replace a B-subunit in these receptors. The subunit
composition of receptors containing €-, ©-, or 0-subunits, however, so far has
not been extensively investigated.

2.3.4. GABA , Receptors Containing More Than Three Different Subunits

Several groups have investigated the subunit stoichiometry of affy-receptors.
Most of these studies agree that these receptors contain two o, two -, and
one y-subunit (7). In agreement with this subunit stoichiometry, recombinant recep-
tors studies have indicated that receptors containing two different o-, one 8-, and
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one y-subunit can assemble and exhibit properties that are distinct from those of
receptors containing only a single type of a-subunit. Other studies have indicated
that depending on which o-subunit is neighboring the y-subunit, receptors with
distinct properties do arise (7). Similarly, it has been demonstrated that receptors
containing two different types of B-subunits together with one type of o- and
Y-subunit are able to assemble and to exhibit properties different from receptors
that contain only a single B-subunit subtype. Finally, it has been demonstrated that
recombinant receptors made up of o-, B,-, the long splice variant of y,-, and
d-subunits (o, 3,y,L8-receptors) can also be formed and exhibit properties distinct
from those of o 3,,L- or o, 3,6-receptors (7). Whether receptors made up of five
different subunits can be formed is difficult to investigate because a variety of dif-
ferent receptor subtypes made up of three, four, or five different subunits could
have been formed from the five different subunits simultaneously expressed in het-
erologous expression systems. All these receptors could have contributed to the
chloride current measured in these cells. In addition, as many different types of
recombinant receptors can be formed and as the efficiency of formation of these
receptors depends on the expression system used, it is currently not clear whether
all receptors that can be formed from simultaneously and massively overexpressed
subunits in heterologous expression systems are actually formed in the brain.

2.4. Subunit Composition of Native GABA , Receptors

In contrast to heterologous systems expressing recombinant receptors, sub-
units in the brain are not necessarily expressed at the same time or at the same
subcellular location. In addition, assembly in the brain presumably is governed
by preferred subunit partnerships that under most conditions lead to receptors
with a defined subunit stoichiometry and arrangement. This reduces the hetero-
geneity of receptors and underlines the importance of determining the subunit
composition of receptors actually formed in the brain.

Experiments using antibodies highly selective against individual GABA , -
receptor subunits have been used for purifying GABA , -receptor subtypes from
brain membrane extracts. Results obtained have indicated an extreme promis-
cuity of the various subunits. Thus, it has been demonstrated that most, if not
all of the other subunits investigated could be copurified with antibodies
directed against an individual a- or 3-subunit, suggesting that - and B-subunits
can combine with most of the other subunits to form a variety of different recep-
tor subtypes (7).

These studies indicating a copurification of o with other o-subunits, or of
B with other B-subunits, of course also indicated that two different o-subunits
or two different 3-subunits are present in at least some GABA, receptors in
the brain. The presence and abundance of receptors containing two different
types of o-subunits was recently determined in mouse brains containing
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point-mutated o-subunits (25). Interestingly, depending on the o -subunit
located close to the y-subunit these receptors exhibit distinct pharmacological
properties in agreement with results obtained with recombinant receptors.
Whereas the existence in the brain of GABA , receptors containing two differ-
ent o~ and/or B-subunits is generally accepted, discrepant results were
obtained concerning a possible colocalization of different y-subunits or of
Y- and 8-subunits in the same GABA , receptor. Whereas some studies support
a colocalization of these subunits in the same receptors, others do not (7).

Because of the promiscuity of o~ and B-subunits it is impossible to purify a
single GABA ,-receptor subtype by a one step immunoprecipitation. Recently,
however, a subtractive purification strategy has been developed that successfully
allowed the determination of the subunit composition of solubilized hetero-
oligomeric GABA , receptors (26). Using this method, the subunit composition
and quantitative importance of GABA ,-receptor subtypes in the cerebellum of
mouse and rat have been analyzed (27). Data obtained were consistent with the
results from recombinant receptors and indicated that most of the receptors
found in the cerebellum consist of two o-, two -, and one y- or one d-subunits.
In addition, a significant part of the receptors contain two different o-subunits
and/or two different 3-subunits, and is thus made up of four or five different sub-
units. So far, other brain regions have not been investigated using this technique.

Given the promiscuity of subunits discussed earlier and the receptor subtypes
so far identified, it was estimated that more than 500 distinct GABA ,-receptor
subtypes might exist in the brain. The number of receptors that are relatively
abundant in the brain (o, BY,-, 0,BY,-, 043BY,-, &, BY,-, 0sBY,-, 0, BY,-, ,B0-, or
(x6BS—receptors), however, is much smaller (7). However, because of the wide-
spread distribution and quantitative importance of the GABAergic system, even
minor GABA ,-receptor subtypes probably exhibit an abundance comparable
with that of major norepinephrine, dopamine, serotonin, or peptide receptors.
However, to finally prove the existence of all these receptors in the brain, these
receptors have to be functionally identified in situ by electrophysiological and
pharmacological techniques. Although some progress has been achieved
recently in identifying GABA, receptors in the brain (28), in most cases an
unequivocal identification of receptor subtypes in situ currently is not possible,
owing to the lack of highly selective pharmacological tools.

3. GABA ,-Receptor Structure

3.1. Structure of the Extracellular Domain of GABA , Receptors

As mentioned earlier, most of the GABA, receptors present in the brain are
made up of two o-, two -, and one y-subunit. Studies on the subunit arrangement
indicated that a total of four alternating o~ and B-subunits are connected by a
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Fig. 1. Structure, subunit stoichiometry and arrangement of GABA , receptors. The
absolute arrangement of o,-, B,-, and y,-containing GABA , receptors is shown as a
model structure. The view is from extracellular. The + (plus) and — (minus) sides of the
subunits are identified on the inner circumference of the channel. The interfaces at
which BZ and GABA bind are labeled. (Adapted from ref. 37/ with permission.)

Y-subunit (29). However, these studies could not distinguish between two mirror
images of the same subunit arrangement. The absolute subunit arrangement could
be determined when a pentameric GABA , receptor was modeled according to the
X-ray crystallographic structure of the acetylcholine-binding protein (AChBP)
(30), a remote homolog of the extracellular part of the nACh receptor and
GABA , receptor. Modeling a pentameric receptor’s extracellular domain consist-
ing of two o, two -, and one y-subunit results in a single (absolute) subunit
arrangement, in which amino acid residues known to contribute to ligand-binding
sites and interfaces are correctly positioned in the respective subunits (3/) (Fig. 1).
This absolute subunit arrangement was also independently confirmed using con-
catenated GABA , -receptor subunits. There were several combinations of con-
catenated dimers and trimers that resulted in functional GABA, receptors on
expression in Xenopus oocytes. All these combinations resulted in an identical
pentameric receptor exhibiting a subunit arrangement as suggested by the
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Fig. 2. Model structure of the GABA pocket of the GABA , receptor extracellular
domain in a ribbon representation. The 3,+ and o, interface is shown viewed from the
side. The membrane would be on the bottom of the figure. So-called binding site
“loops” A through F are labeled. Residues implicated in binding at the agonist site are
also labeled: The muscimol photolabel target “loop D” o,F64 and loop D D62, a
residue whose accessibility has been shown to change following antagonist binding, but
not following GABA binding are shown. Loop F residues o, 182-184 are shown as
well, these residues change their accessibility following agonist and antagonist action.
Their homologs in nAChRs participate in interactions with some antagonistic snake
toxins. (Adapted from ref. 3/ with permission.)

homology model of GABA , receptors (32). Whether all receptors made up of
oy-subunits or those made up of af}d-, ofe-, or ofmt-subunits exhibit the same
subunit stoichiometry and subunit arrangement, is not known presently.

The homology models of the GABA , receptor extracellular domain for the
first time provided detailed structural information on part of this important
receptor (31). The extracellular domain consists of a variable N-terminus and
two [B-sheets that form a twisted “sandwich” (Fig. 2). Each subunit has a “prin-
cipal” (+) and a “complementary” (—) side. Five solvent accessible pockets are
found in the extracellular domain at the interfaces between subunits. In GABA
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receptors the agonist-binding sites are located in the pockets at the two B+o—
interfaces and the benzodiazepine-binding site is located in the pocket at the
o+y— interface (Fig. 1). So far, no ligands have been unequivocally identified
that interact with the pockets at the o+B— or the - interface. All five pockets
have been confirmed to consist of amino acid residues belonging to so-called “loops”
A, B, and C from the “principal” part of the binding site, and so-called “loops” D,
E, and F from the “complementary” part (37) (Fig. 2). It should be noted that this
terminology has been established for the ligand-binding segments of pentameric
ligand-gated ion channels before the publication of the AChBP crystal structure,
and that not all of them turned out to be loops in the structural sense.

Results obtained with the putative active site search package indicated that
these “loops”™ actually confine the solvent accessible space of these pockets (31)
and this location is consistent with substituted cysteine accessibility mapping
data. Observed changes in interface geometry outside of this cavity, as evidenced
by accessibility changes following agonist action, probably correspond to the
“agonist trapping motion” believed to be responsible for the slow unbinding
rates of agonists from desensitized receptors and other allosteric motions.

3.1.1. The GABA-Binding Site of GABA , Receptors

However, in drawing conclusions from such homology models based on a
template with low-sequence homology, it has to be kept in mind that although
the overall topology and architecture of receptors are conserved, structural
details are less reliable. The model uncertainty to be expected has recently been
evaluated (31,33). In addition, further model errors can come from incorrect or
ambiguous sequence alignments and from intrinsic limits of the different meth-
ods that can be used. Thus, GABA-agonist docking cannot be deduced certainly
from present models because of the low homology of the GABA-binding site
with the ACh-binding site of the AChBP used as a template for modeling. Also
it is not possible to make any definite statement about the access path of GABA
to the binding pocket, as the AChBP was crystallized in the agonist-bound con-
formation (30) where part of the access path is likely to be obscured. It is con-
sidered that most likely GABA and other ligands enter the cleft from the outside
of the channel mouth, not from the luminal side. Large-scale covalent cross-
linking experiments, other experimental mapping approaches, or more crystal
structures from different members of the superfamily will provide data that can
be used to build better models and to map differences between different mem-
bers of the superfamily.

Competitive antagonists are larger than agonists. The pocket geometry
requires that they extend deeper into the membrane-near part of the cleft and
thus block allosteric changes that possibly involve motions of loop F on the
complementary side and/or loops A and C on the principal side (Fig. 2). Recent
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work on binding-site mapping in GABA , receptors (34) and on interactions
between nACh receptors and snake-toxin antagonists (35) suggest that antagonist-
binding subsites are conserved within the superfamily and are close to GABA ,
receptor o, D62 or the corresponding homologous positions and loop F (Fig. 2).
This indeed supports the notion that antagonistic ligands occupy membrane-
near portions of the intersubunit cleft.

3.1.2. The Benzodiazepine-Binding Site of GABA , Receptors

From the various modulatory sites of GABA , receptors, so far only the ben-
zodiazepine-binding site has been unequivocally identified. Many residues
belonging to “loops” A, B, C, D, and E, at the o+y— interface have been directly
implicated in benzodiazepine-binding, potency, or efficacy. All these are found
in solvent accessible parts of the model pockets. Because of the absence of sev-
eral bulky side chains, the volume of the benzodiazepine pocket is larger than
that of the GABA pocket. It extends further toward the membrane and possibly
communicates directly with the membrane matrix (37). Computational docking
in models of the benzodiazepine site presently is again hampered by model
uncertainty, leading to unclear side-chain positions. In addition, out of the same
reason it cannot be expected that receptor subtype differences in the binding
sites will be modeled properly. In some cases, experimental evidence can pos-
sibly discriminate between different ligand positions. For instance, possible
dockings of Ro15-4513, an imidazobenzodiazepine used as photoaffinity label
were discussed recently (36,37).

3.2. Structure of the GABA , Receptor Extracellular
and Transmembrane Domain

After the release of the AChBP structure, cryo-EM images of the nACh
receptor in the open and closed state at modest resolution have been analyzed
by fitting the core of the X-ray structure of the AChBP into the two sets of EM-
density maps (38). A cryo-EM atomic structure of the transmembrane domain
of the nACh receptor consisting of five so-called four o-helix bundles, one bun-
dle per subunit (39), and later on a first model combining the extracellular and
transmembrane domains of the nACh receptor have been published (40).
Finally, a refined structure of the combined extracellular and transmembrane
domain of the nACh receptor in the resting state was released (4/). Recently,
using these structures as templates, the structure of the GABA , receptor extra-
cellular and transmembrane domains in the resting state has been calculated in
the author’s group by comparative modeling (33).

The structural fragments provided by the AChBP for the extracellular
domain and by the nAChR transmembrane domain provide a first glimpse on the
three-dimensional organization of the superfamily, which places different
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Fig. 3. Solvent accessible space contained in GABA , - receptor models of the extra-
cellular and transmembrane domains. Side view of the ovy-dimer. The proteins are
shown in a ribbon representation. The putative pockets are shown in dotted space-filling
representation. Clusters of connected solvent accessible volumes that may correspond
to drug-binding pockets are labeled, as are TM1—4 of the y-subunit. (Adapted from ref.
33 with permission.)

protein segments that have been shown to be of functional importance, into a
“region in space” and into defined neighboring relations. For example, the four
helical segments that pass the membrane, form an “up—down” bundle that is
interrupted by the cytoplasmic domain between helices 3 and 4 (Fig. 3). Helix 1
is located in continuation of the minus side of the extracellular part of the sub-
unit, helix 2 is pore forming, helix 3 lies at the plus side, and helix 4 lies at the
abluminal side of the subunit (33). The two B-sheets forming the extracellular
domain are coupled to this four helix bundle through loop2 and loop7 (cys-loop)
that intercalate with the extracellular linker between helix2 and helix3, thus
allowing allosteric movement of the extracellular domain being transfered into a
conformational change of the helical domain of the receptor (33). The helical
pore forming domain’s architecture and topology as well as the domain junction
is most likely conserved within the superfamily. In addition, the interface
between two subunits in the transmembrane domain is now known to be made
up not only by the transmembrane domain 2 (TM2) helices of the subunits, but
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also by the TM3 of one and the TM1 of the other subunit (33). However, which
amino acid residues precisely make the intersubunit contacts cannot be deter-
mined accurately.

3.2.1. Pockets Within Subunits and at the Subunit Interfaces
as Possible Drug-Binding Sites

Interestingly, the transmembrane domain of the nACh-receptor structure is
characterized by loose packing, which is likely to be also a conserved feature of
this superfamily of receptors (33). Actually, the helical domain of the GABA
receptors contains much more solvent accessible space than the extracellular
B-folded domain (Fig. 3). Two types of cavities are found by pocket finding algo-
rithms: a rather large cavity is present inside of each of the four helix bundles,
and in addition, another large cavity exists at the interface between the subunits
at and below the domain junction (33). The shape and volume of the pockets
varies with different model variants, and in some models, the pockets at the
interface of the helical domain seem to communicate with their extracellular
counterparts. Thus, the interface between subunits might contain a continuous
groove (Fig. 3) that might not only be needed for the movement of helix 2 in gat-
ing of the ion channel (40). Because the extracellular pockets between subunits
contain the GABA and the benzodiazepine-binding sites of GABA , receptors, it
is quite conceivable that their extension into the junctional and helical domains
can also be used by drugs to modulate the function of receptors.

The intrasubunit pockets that are confined by the four helices of each sub-
unit contain a number of amino acid residues in helices 1, 2, and 3, that have
been shown to be of key importance in binding or action of different modu-
latory drugs (33). Thus, residue 011228 of helix 1 determines the o-subunit
selectivity of furosemide action (42) and is part of the wall of this intrasub-
unit pocket. o, Ser269 of helix 2 and o, Ala290 of helix 3, which line the wall
of the intrasubunit pockets in the respective models, have been proposed to
be part of a pocket for volatile anesthetics (43). Similarly, homologous
residues in helices 2 and -3 of the B-subunits have been shown to be key
components in binding or action of modulatory drugs. Thus, residue
B,Ser265 is located in the wall of the intrasubunit pocket of the 3,-subunit
and corresponds to residue o,Ser269 in o,-subunits. 3, and B, have an Asn
at the homologous position. This Ser/Asn polymorphism of the B-subunits
also accounts for the B-subtype selectivity of loreclezole, etomidate, and
other related substances (44) and might be part of a binding site for these
substances. Strong support for a role of this intrasubunit pocket as a possible
drug-binding site comes from the fact that in B-subunits helix 3 mutant
B,M286C (homologous to 0;;Ala290) is shown to be protected by propofol
in a dose-dependent manner against covalent modification by cys-reactive
reagents (45). Because functional modulation of GABA, receptors by
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furosemide or certain anesthetics can be influenced by amino acid residues
in o- and B-subunits, it is tempting to speculate that multiple-binding sites
for these compounds are present in the intrasubunit pockets of different
GABA ,-receptor subunits. Depending on the specific electrostatic and steric
interactions of drugs with these pockets, they could stabilize different con-
formations of the receptors, giving rise to their GABA-modulating, direct
gating, or inhibitory action at different drug concentrations.

3.2.2. Pockets Within Subunits and at the Subunit Interfaces are Important
for Conformational Changes of the Receptor

The entire helical domain, however, seems also to be crucial for transduction
of ligand binding to gating or allosteric modulation. This is indicated by the
effects of point mutants in this region on GABA action and benzodiazepine
modulation (46) and by conformational changes in the helical domain induced by
drug binding (33). Thus, it has been demonstrated, that the solvent accessibility
of helix 3 residues changes differentially with different drugs, pointing toward a
large conformational flexibility of helix 3 and indicating that each drug induces a
distinct functional state of the receptor (33). Further mapping of drug-induced
changes in solvent accessibility of all four helices as well as of other parts of the
receptors using the author’s models as a guide will delineate similarities and
differences in drug action and drug-induced conformational changes, and thus,
provide further information on the molecular function and dynamics of these
important receptors.

Thus, in summary, the available homology models of the GABA , receptor
are consistent with most experimental data, could explain experimental obser-
vations, and propose the location of putative drug-binding sites. These models
can now be used to design new experiments for clarification of pharmacologi-
cal and structural questions as well as to shed light on conformational changes
during binding of agonist, gating, and allosteric modulation of these receptors
(33). Overall, these experiments will lead to an improvement in the accuracy of
the models and finally pave the way for a structure-based drug design.
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Differential Activation
of GABA ,-Receptor Subtypes

Mark Farrant

Summary

y-Aminobutyric acid A (GABA ,) receptor subunit multiplicity results in the
generation of diverse receptor subtypes with distinct biophysical and phar-
macological properties. These receptor subtypes show different subcellular
targeting and can be activated by GABA in different ways, with different
functional outcomes. Synaptic receptors underlie brief postsynaptic cur-
rents, whereas high-affinity, largely extrasynaptic, receptors generate a
“tonic” conductance. These differences have implications for our under-
standing of normal brain function and the rational design of therapeutic
agents.

Key Words: GABA , receptors; subunit composition; inhibitory postsynaptic
current; synaptic; extrasynaptic; tonic inhibition.

1. Introduction

Y-Aminobutyric acid (GABA) is ubiquitous in the mammalian central nervous
system (CNS). Ionotropic GABA , receptors (GABA ,Rs) mediate fast inhibitory
neurotransmission in all brain regions, and are important for the appropriate reg-
ulation of neuronal excitability. This is amply illustrated by the fact that impaired
receptor function (resulting from pharmacological intervention or genetic mutation)
promotes seizures, whereas augmented receptor function underlies the action of
drugs that have beneficial anticonvulsant, anxiolytic, and anesthetic properties.
Conventionally, this inhibitory action of GABA is thought of as taking place at
synapses, where GABA , Rs are activated following exposure to a high concentration
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of GABA released from presynaptic vesicles. This results in a short-lived increase
in the anion permeability of the postsynaptic membrane and a transient or “phasic”
event in the form of a hyperpolarizing inhibitory postsynaptic potential (IPSP). This
statement, though essentially true, ignores many subtle—and not so subtle—
features of GABAergic signaling, appreciation of which is surely important for
the understanding of the function and diversity of GABA ,Rs in the CNS, as well
as the therapeutic potential of drugs that act on them. In this chapter, transient
point-to-point GABAergic transmission is contrasted with a form of signaling in
which a low concentration of GABA in the extracellular space causes the persistent
“tonic” activation of GABA ,Rs.

2. When is GABA Inhibitory?

Before discussing the properties of specific GABA ,Rs and the manner of
their activation, it is important to consider, in a general sense, the outcome
of such activation. GABA ,Rs gate channels that are permeable to chloride
(CI") and bicarbonate (HCO;") ions (1,2). Of course, the receptors per se are
neither inhibitory nor excitatory—by increasing membrane permeability to
CI” and HCO;™ they simply act to dissipate any pre-existing transmembrane
gradients of these anions established by ion pumps and -carriers. Thus, the
immediate response to a change in membrane conductance caused by
GABA ,R activation depends on the distribution of C1~and HCO,~ and on the
membrane potential of the cell. These are clearly dynamic entities, making a
“universal” hyperpolarizing IPSP unlikely. Nevertheless, in many mature
neurons of the CNS the potassium-chloride cotransporter KCC2 (3,4), by
extruding CI7, results in a Cl~ equilibrium potential that is more negative
than the resting membrane potential. The equilibrium potential for HCO,™ is
positive to the resting membrane potential, but HCO,™ is about fivefold less
permeable than CI~(/,2). In this case, GABA ,R activation leads to net entry
of anions and a hyperpolarizing IPSP. This action is “inhibitory” because
both the transient conductance increase (by “shunting” excitatory inputs) and
the longer-lived hyperpolarization (by summing with, and thus reducing, any
depolarization) reduce the probability of spike firing.

Depolarizing actions of GABA have been known for many years, most
notably in peripheral sensory neurons such as dorsal root ganglion cells and
in the phenomenon of primary afferent depolarization (see refs. 5,6). Here,
the cells accumulate chloride through the sodium- and potassium-coupled
cotransporter (NKCC1) (7), resulting in equilibrium potential for GABA that is
more depolarized than the resting membrane potential. The same process takes
place in immature central neurons, which initially lack KCC2 (3,4), and also in
a number of more mature central neurons (8—/3). GABA-mediated depolariza-
tion does not necessarily equate with “excitation.” The depolarization may be
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modest, but even if it is not, as long as the equilibrium potential of the
GABAergic input is below the threshold for spike firing then the immediate
response will be inhibitory owing to the inevitable shunting effect of the
increase in conductance (/3-15). However, subthreshold “IPSPs” may facilitate
action potential firing if their location and timing relative to subthreshold “exci-
tatory” inputs allows summation of the voltage responses at a time following
decay of the GABA-mediated conductance (10,16).

Along with the recognized changes in Cl~ handling that occur during devel-
opment, differences exist in Cl~ regulation and GABAergic responses of dif-
ferent cell types in the same brain region (§,/7), among different cells of the
same type (12), for the same cell type at different times (/8,19), and for differ-
ent subcellular regions of the same cell (20,27). Finally, neuronal activity can
change the reversal potential for GABA through transient changes in intracel-
lular CI~ concentration (22), or persistent Ca’*-induced downregulation of
KCC2 (23-25).

3. Two Contrasting Modes of GABA ,-Receptor Activation
3.1. Phasic-Receptor Activation

At synapses containing GABA ,Rs, the rapid and precise communication of
presynaptic activity into a postsynaptic signal is achieved by the release of a
high concentration of GABA onto postsynaptic receptors of moderate- to low
affinity. In response to each release event, a small number of receptors clustered
opposite the release site (from ten to a few hundred [26—29]) experience a rapid
but transient increase in the concentration of GABA that peaks in the millimolar
range (27) and decays with a time constant of about 100-500 ps (30,31). Such
fleeting exposure (of low-affinity receptors) to GABA is tailored to allow
repetitive signaling by discrete synaptic events. With a few exceptions (as noted
in Subheading 3.2), GABA ,Rs allow ion flux only after they have been “occu-
pied” by agonist, efficient gating of the channel requiring the binding of two
molecules of GABA (32). The peak concentration of GABA reached in the
synaptic cleft may be sufficient to produce a maximal receptor activation at
equilibrium, but because the binding rate of GABA is slow relative to diffusion
(33), the short exposure means that not necessarily all receptors are occupied.
The degree of receptor occupancy varies between synapses on different neurons
and even between those on a single cell (28,30,31,34,35). Because they can
affect the time-course of the GABA concentration transient, variations parame-
ters such as vesicle size and content, the nature of vesicle fusion, the geometry of
the synaptic cleft, and the number and spatial arrangement of transporters and
postsynaptic receptors in relation to the site of GABA release, will all affect the
level of receptor occupancy.
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For receptors that bind GABA, a conformational change is elicited that may
ultimately lead to channel opening. The behavior of the receptors can be envis-
aged as a series of transitions through various closed, open (ion conducting),
and desensitized (relatively long-lived agonist-bound closed) states that can be
described in kinetic schemes of microscopic gating (36—43). The time spent in
each of the various states, and thus the time-course of the postsynaptic current,
is determined by the properties of the receptors and the profile of GABA expo-
sure. Under optimal recording conditions, GABAergic miniature inhibitory
postsynaptic currents (mIPSCs) resulting from the release of a single vesicle,
have a rapid onset with rise times of only a few hundred microseconds (28,29,44).
This reflects the proximity of the receptors to the site of GABA release and the
speed of the transition between closed and open states (38,41,45,46). As the
GABA concentration transient is brief, the decay of the IPSC reflects the
closure of channels following removal of ligand (deactivation). The speed of
this process is governed by various transitions of the receptor, notably entry into
and exit from agonist-bound closed (desensitized) states that can be viewed as
effectively trapping GABA on the receptor before the final unbinding
(38,40,47,48). Because the rates of these transitions differ for GABA ARs of
different subunit composition, the expression of different receptor subtypes
contributes to differences in IPSC decay observed at different stages of devel-
opment (49,50) and in different cell types (5/-53).

3.2. Tonic-Receptor Activation

Persistent or “tonic” activation of GABA,Rs is seen in embryonic neurons
before synapse formation (54-57) as well as in progenitor cells, neuroblasts, and
new neurons formed during postnatal neurogenesis (58-60). Here, GABA is sug-
gested to play a role in modulation of neuronal proliferation, migration, growth,
and synaptogenesis (6/-63). In neonatal hippocampal pyramidal neurons of the
CA3 region, the depolarization provided by tonic receptor activity acts to pro-
mote voltage-dependent intrinsic bursting (64,65), which in turn gives rise to
spontaneous network events termed “giant depolarizing potentials” (GDPs; or
extracellularly recorded field GDPs) (64), the proposed counterpart of hippocampal
sharp waves (66). Preventing the facilitatory depolarizing action of GABA with
bumetanide (an inhibitor of NKCC1), blocks GDPs (67) and inhibits sharp waves
in the neonatal hippocampus in vivo (68).

Diffuse or paracrine GABAergic signaling also occurs between mature neu-
rons (69-75). In such cells, a tonic mode GABA ,R activation, clearly distinct
from the current generated by the superimposition of IPSCs (76—78), was first
identified in recordings from granule cells in slices of rat cerebellar cortex (79).
As well as blocking IPSCs, GABA ,R antagonists were shown to decrease the
current required to voltage-clamp the cells to a given membrane potential. This
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decrease in membrane conductance was accompanied by a reduction in current
variance, consistent with a decrease in the number of open GABA ,R channels
(79-82). Subsequent studies, using acute brain slices, have suggested the exis-
tence of GABA-mediated tonic conductances in granule cells of the dentate
gyrus (83-86); pyramidal cells and inhibitory interneurons in the CA1 region of
the hippocampus (87-89); pyramidal neurons and interneurons in the
somatosensory cortex (90,91), and thalamocortical relay neurons of the ventral
basal complex and dorsal lateral geniculate nucleus (92-95).

In considering the origin of this current, it should be noted that certain
recombinant (48,96-100) and native (101,102) GABA ,Rs can open sponta-
neously with low probability in the absence of agonists. However, as described
earlier, GABA ,Rs require the binding of GABA to promote channel opening
(see also refs. 103,104). Therefore, the existence of a tonic conductance
(blocked by competitive GABA ,R antagonists) suggests that GABA must per-
sist in the extracellular space at a sufficiently high concentration to cause contin-
ued receptor activation (/05). In accord with this, estimates of the concentration
of ambient GABA (in vivo and in vitro) range between tens of nanomolar and a
few micromolar (30,72,106-111).

The source of GABA giving rise to the tonic conductance has been investi-
gated most extensively for cerebellar granule cells. In this case, action-potential
dependent vesicular release contributes to the generation of the conductance in
juvenile animals and may also play a role in mature animals (/72,113). One
factor underlying this is the apposition of many GABA-releasing Golgi cell
axon terminals to intraglomerular dendrites of granule cells (79,80,82). For
mature granule cells, a nonvesicular source has also been suggested, though not
identified (82,114). Although various mechanisms of nonvesicular GABA
release have been characterized in astrocytes (//5—117) and embryonic neurons
(57,116,118,119), it is unclear to what extent they might contribute to ambient
GABA levels in the mature nervous system. Importantly, given the uncertain-
ties and potential variations between in vitro experiments, tonic activation of
GABA ,Rs in granule cells has also been demonstrated to occur in vivo (120).

The concentration of GABA in the extracellular space is set by the number
and nature of GABA-releasing elements and by the action of Na*- and CI~-
dependent GABA uptake carriers. Although these transporters are often viewed
as simply “removing” GABA from the extracellular space, they can have an
important and dynamic influence on ambient GABA (/21). Because their activity
is not fixed; the extracellular concentration of GABA at which they are at equi-
librium and thus the magnitude of GABA flux, will depend on the membrane
potential and the transmembrane gradients for the substrates (GABA, Na*, CI"),
each of which can vary under physiological and pathological conditions or dur-
ing exposure to drugs (1/09,121-123). Because the transporters can operate in
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the reverse direction, they could, under certain circumstances, act as a source of
GABA (124). However, following pharmacological blockade of transport
(82,83,87,88,91,114), and in transporter-deficient mice (/25), the magnitude of
the tonic current increases, suggesting that reversed uptake does not ordinarily
act as a nonvesicular source of GABA.

4. Different GABA ,-Receptor Subtypes Mediate Different
Forms of Signaling

The molecular basis of GABA,R diversity has been reviewed extensively
(126—130). Briefly, the receptors are heteropentameric assemblies of subunits
forming a central ion channel, 19 GABA ,-receptor subunits have been cloned
from the mammalian CNS (o, , B, 5,7, 3 0, €, 0, W, and p, ,), with additional
variation coming from alternative splicing, notably for the y,-subunit (137).
Although this diversity predicts enormous heterogeneity of receptor types, basic
“rules” of assembly (/32,133) and the differential distribution of subunit types
among brain regions and neuronal populations (/34—136) restricts the overall
number of receptor subtypes that exist. The most abundant receptor type is
formed from -, 3,-, and ,-subunits (128,137,138). The likely stoichiometry
is two o, two B-, and one y-subunit (139-143). Common receptors containing
three different subunits can also form from other o, 8, and y combinations. In
less widely expressed receptors the y-subunit may be replaced by 6-, -, or -
subunits, and the 7t- and 6-subunits may be capable of coassembling with o-, 3-,
and 7y-subunits to form receptors containing subunits from four families
(144-146). Additional variability comes from the fact that individual receptors
may contain two different - or B-subunit isoforms. Finally, although the p,-
subunits form homomeric receptors that share properties with those sometimes
classified as GABA . receptors (147,148), they may also form receptors with v,-
subunits (/49) or with both o- and ,-subunits (150).

This molecular heterogeneity has important functional consequences, as sub-
unit composition dictates not only the biophysical properties of the receptors,
but also their cell surface distribution and dynamic regulation (75,128,133,151).
Using monoclonal antibodies against GABA ,R subunits, high-resolution light-
microscopic immunofluorescence, and electron-microscopic immunogold
methods revealed an enrichment (up to 200-fold) of the o, 5, o, B, and v,-
subunits in GABAergic synapses (/52—158). Importantly, each subunit type
was also found in extrasynaptic membranes, where the total number of recep-
tors can exceed that of receptors at synaptic junctions (/53). An unexpected
twist to this situation is the apparent exclusion from synaptic junctions of some
GABA ,-receptor subtypes. Using postembedding electron-microscopic
immunogold localization, the §-subunit was shown to be present exclusively in
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the extrasynaptic somatic and dendritic membranes of cerebellar granule cells,
with gold particles hundreds of nanometres from the edge of the nearest post-
synaptic density (/54). Later, it was also found to be present both in extrasy-
naptic membrane and at perisynaptic locations (just outside the postsynaptic
density) in hippocampal dentate gyrus granule cells (159).

The &-subunit associates specifically with the o/.-subunit in cerebellar gran-
ule cells (oB,,0 and o, 0f,,,8) and with the o,-subunit (o,3,8) in several
areas including the thalamus, neostriatum, and dentate gyrus (126,160). As the
Y,-subunit appears essential for clustering of GABA ,Rs at synapses (reviewed
in refs. [133,161,162]) it is the lack of a y-subunit in each of these receptor
subtypes that is likely to be responsible for their failure to be incorporated at
the synapse. Although perhaps less clear cut, other receptor subtypes may also
be present predominantly outside the synapse. In hippocampal pyramidal
cells the ou-subunit (which most likely forms o B,y,-receptors) shows diffuse
cell surface labeling that is not clustered with synaptic markers (/58,163). In
CALl pyramidal cells, deletion of the o, -subunit reduces the amplitudes of
action-potential dependent and evoked IPSCs (/64) but not that of mIPSCs
(165). This suggests that phasic activation of o.-containing receptors may
require spillover of GABA onto nonsynpatic receptors, as described for o-
and o,,-subunit-containing receptors in granule cells of the cerebellum (166)
and dentate gyrus (159). Thus, extrasynaptic O.-containing receptors may
contribute to the generation of slowly rising and decaying IPSCs (GABA
Jow) S€€n in CAl pyramidal neurons (/67), and believed to originate at dlstal
dendritic sites (168) following activation of receptors remote from the sites of
GABA release (169).

Indeed, recent studies of mice carrying a point mutation in either the o -, o.,-,
or 0,;-subunit gene (or combinations of these genes), rendering the respective
GABA ,Rs insensitive to diazepam, suggest that receptors containing the o.-
subunit (alone or in combination with o,- and/or o,-subunits) underlie GABA A, slow’
whereas fast IPSCs from somatic and dendritic sites are mediated by o,- and
o,-containing GABA ,Rs, respectively (/70). In pyramidal neurons of the
subiculum, slow IPSCs are also observed (170), but as 0.5-subunits are not pres-
ent, other subunits may serve similar roles in these neurons. Taken together,
these findings suggest that receptors containing a ¥,-subunit in association with
0.;-, 0Ly, Or O,;-subunits (0,3, 5, 0,B3,:7,. and 0B, ;y,) are the predominant
receptor subtypes mediating fast synaptic transmission, whereas receptors contain-
ing 0,-, 0i5-, or ou-subunits (o B, 3, o,B,8, and B, y,, or a0, ,B,7Y,) are pre-
dominantly or exclusively extrasynaptic.

A link between - and d-containing (extrasynaptic) receptors and the tonic
GABA-mediated conductance in cerebellar granule cells was proposed (80,82,154)
when it was recognized that the delayed development of the conductance mirrored
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the delayed expression of these subunits, and that the receptors have a particu-
larly high affinity for GABA and desensitize more slowly and less extensively
than ofyy-receptors (reviewed in ref. 75). An essential role of extrasynaptically
located o B, ;0-receptors was confirmed when it was shown that the GABA ,R-
mediated tonic conductance in cerebellar granule cells was abolished following
deletion of the o or O-subunits (85,171). Similarly, deletion of the d-subunit
(and concomitant loss of o, expression [/72]) reduces tonic-receptor activation
in granule cells of the dentate gyrus (85). The &-subunit, by virtue of its phar-
macological signature (see Subheading 5.1), is also implicated in combination
with a,,- and [3,-subunits, in the generation of a large tonic conductance seen in
thalamocortical neurons of the dorsal lateral geniculate and ventral basal thala-
mus (93-95). Consistent with this, deletion of the §-subunit reduces the back-
ground current variance of ventral basal neurons (92).

Of note, the identification of a key role for 8-containing receptors does not pre-
clude the possibility that under circumstances of elevated extracellular GABA or
drug-induced increases in receptor affinity, other extrasynaptic and/or synaptic
receptors, even those that exhibit greater desensitization, may also contribute to
the generation of a tonic conductance. This is an important consideration when
attempting to compare across in vitro studies, some of which, in order to replicate
an assumed in vivo condition of sustained extracellular GABA, have measured
tonic conductances in the presence of low micromolar concentrations of added
GABA (84,159), blockers of GABA uptake (85,87), or blockers of GABA metab-
olism (109,165). In one of these latter studies, the tonic conductance seen in cul-
tured hippocampal pyramidal neurons treated with the GABA transaminase
inhibitor vigabatrin, was greatly reduced by deletion of the o.-subunit (165). It
has recently been suggested that o.;-containing receptors may contribute to the
tonic conductance in pyramidal cells only when the concentration of extracellular
GABA is elevated, and that under basal conditions the conductance is mediated by
d-containing receptors (88,170,173). Intriguingly, the relative contribution of these
two receptor populations, and a third as yet unidentified population, were shown
to change after the induction of epilepsy. Such plasticity of receptor subtype
expression and/or differences in the concentration of ambient GABA under dif-
ferent recording conditions may explain other apparent discrepancies in the
reported drug sensitivity of the tonic current in CA1 pyramidal cells (87,89).

5. Functional Roles of Phasic- and Tonic-Receptor Activation

Phasic GABA ,R-mediated signaling involves the short-lived, near synchro-
nous opening of a small number of channels clustered at the synaptic junction.
Tonic-receptor activation, on the other hand, is both temporally and spatially
dispersed. These different features suggest profound differences in their likely
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functional impact. Preventing overexcitation of neurons and pathological network
activity is an essential task of GABA-mediated inhibition in the adult CNS.
However, phasic input from GABAergic interneurons does much more than sim-
ply “inhibit” principal cells. It plays a key role in shaping neuronal firing patterns
through feedforward and feedback inhibition and participates in the generation of
rhythmic activity among large neuronal populations (13,174—180). Two key
aspects of phasic signaling dictate the varied actions of interneurons—synapse
location and IPSC timing, i.e., precisely where and when the target neuron
receives inhibitory input. Thus, numerous examples testify to the significance of
spatially segregated phasic GABAergic input (axonic, perisomatic, proximal, or
distal dendritic //81]) in enabling or regulating important neuronal behaviors,
such as backpropagation and regenerative activity in dendrites (/82,183), region-
specific integration of excitatory inputs (/84), or powerful axo-axonic excitation
(21). Moreover, in cells that receive spatially segregated IPSCs from multiple
sources, phasic inhibitory input may be subject to exquisite modulation, either
through changes in the activity of the parent interneurons, or by the regulation of
transmitter release from their terminals (185,186).

Unlike phasic GABA ,R activation, tonic activation causes a persistent and dis-
tributed increase in a cell’s input conductance. This affects the magnitude and
duration of the voltage response to an injected current, and increases the decre-
ment of voltage with distance. For any excitatory input, the size and duration of
the change in membrane potential change will be reduced, and the temporal
and spatial window on which signal integration can occur will be narrowed, mak-
ing it less likely that an action potential will be generated. This makes cells less
excitable and changes the relationship between excitation current and output fir-
ing rate (80,94,120,187,188). In cerebellar granule cells, with excitation delivered
as random trains of synaptic conductances, “shunting inhibition” shifts the
input—output relationship and decreases its slope, corresponding to a change in
“gain.” This occurs because the slope of the input-output relationship depends on
the variability (and thus frequency) of the excitatory conductance (188—190).

In the hippocampus, the differential expression of tonic conductance in
interneurons and pyramidal cells is suggested to contribute to a homeostatic reg-
ulation of phasic inhibition in the latter (87,190). As the tonic GABA-mediated
conductance is small in pyramidal cells compared with that in interneurons
(88), pharmacological blockade of the conductance preferentially enhances the
excitability of interneurons, which may result in an increase in the frequency of
IPSCs in CAl pyramidal cells. Thus, tonic activation of GABA ,Rs can alter
network excitability (87,173) and modify the way information is processed
(120,187,188). Persistent activation of GABA ,Rs has also been shown to shift
the resting potential of neurons to more hyperpolarized values (94,120). In
the case of thalamocortical neurons, block of the tonic conductance causes a
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depolarization, which tends to promote a shift away from a burst firing toward a
tonic firing mode (94).

5.1. Selective Pharmacological Modulation
of Tonic-Receptor Activation

The pharmacological properties of GABA ,Rs, like their biophysical proper-
ties, are determined by their subunit composition (reviewed in refs. 126,130,191).
Thus, differences in subunit composition between synaptic and extra- or perisynaptic
receptors are reflected in a differential modulation of phasic- and tonic signaling
by various agents of clinical relevance, including benzodiazepine site ligands,
endogenous neuroactive steroids, intravenous and inhalation anaesthetics, hyp-
notics, certain nootropic agents, and somewhat contentiously, alcohol.

In cerebellar granule cells, dentate gyrus granule cells, and thalamocortical
cells, where the tonic conductance is mediated by d-containing receptors, the
presence of this subunit imparts unique pharmacological properties. Thus,
whereas IPSCs are enhanced by benzodiazepine site ligands (such as diazepam
or the o;-selective imidazopyridine zolpidem) the tonic conductance is gener-
ally unaffected (83,93-95,187). Of note, recent experiments (///) addressing
the effects on tonic conductance in cerebellar granule cells of a naturally occur-
ring single nucleotide polymorphism (R100Q) in the rat o, gene (192) have
shown that o B,3-receptors can in fact be potentiated (albeit modestly) by
flunitrazepam at concentrations of GABA that generate incomplete receptor
occupancy. This finding may explain the flunitrazepam enhancement of tonic
GABA ,-receptor activation seen in granule cell cultured from rats (193).

Unlike benzodiazepines, neurosteroids selectively enhance the GABA
responsiveness of d-subunit-containing receptors (194—197). Accordingly, low
concentrations of 30.,21-dihydroxy-5o-pregnan-20-one (allotetrahydrodeoxy-
corticosterone) increase the tonic conductance with no, or only modest, effects
on IPSCs (85,94). In this regard, changes in the expression of §-containing
receptors during the ovarian cycle or following short-term steroid administra-
tion have been shown to alter the magnitude or nature of the tonic conductance
in hippocampal pyramidal and dentate gyrus granule cells associated with alter-
ations in seizure susceptibility and anxiety (89,7198).

Selective activation of 8-containing receptors is seen with the hypnotic 4,5,6,7-
tetrahydroisoxazolo[5,4-c]-pyridin-3-ol (THIP; Gaboxadol-H, Lundheck A/5). This
compound is a partial agonist at o,3,y,-receptors but behaves as a full- or “super”-
agonist at a,3,0-receptors, producing a maximum response greater than that pro-
duced by GABA (196,199). In thalamocortical neurons, low concentrations of
THIP increase the tonic conductance (93-95). This effect is shared by the anaes-
thetic etomidate (95), suggesting that the hypnotic actions of both agents reflect
persistent activation of extrasynaptic receptors and a shift in thalamocortical firing.
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A high sensitivity of o,f3,6-receptors to ethanol (200,201) has been suggested
to underlie its selective augmentation of tonic inhibition in granule cells of the den-
tate gyrus (202). Recent evidence also suggests that o,.3,8-receptors, when formed
from o -subunits bearing the R100Q mutation found in alcohol nontolerant rats,
are particularly sensitive to enhancement by ethanol, and may underlie the motor
impairment produced by alcohol consumption (/92). Subsequent studies have
failed to confirm the unique ethanol sensitivity of the a,,f3,6-receptor (203) and
have questioned the significance of the R100Q mutation in alcohol nontolerant
rats (204). An additional important consideration is that ethanol can alter the
local synthesis and release of neurosteroids (205,206). Although conceptually
compelling, further studies are required to identify factors controlling the
ethanol sensitivity of d-containing receptors and their significance to its behav-
ioral effects (207).

Lastly, in cultured hippocampal neurons, the amnesic drugs propofol (208,209)
and isoflurane (270) preferentially enhance the GABA ,R-mediated tonic con-
ductance, whereas the nootropic o.-selective inverse agonist L-655,708 preferen-
tially inhibits it (/65). This is consistent with a proposed role for extrasynaptic
Ols-subunit-containing receptors in regulating learning and memory (/64).
Although the situation may be more complicated than first assumed, with the
contribution of o -subunit-containing receptors to the tonic conductance
dependent on the ambient GABA concentration (88), this does not preclude a
role for these receptors, but may indicate that oi-selective drugs will have their
greatest actions when the hippocampal GABA concentration is high, for example
during active physiological states.

6. Conclusions

Phasic activation of synaptic GABA ,Rs is surely fundamental to information
transfer in the brain, but it is now recognized that less temporally and spatially
restricted activation of these ionotropic receptors plays a key role in various
brain regions. The receptor subtypes mediating the two forms of signaling
display distinct biophysical and pharmacological properties as well as different
subcellular locations; and for high-affinity receptors activated tonically, their
low occupancy, combined with the low efficacy of GABA, allows their regula-
tion over a large dynamic range. As in most areas of endeavor, our initial
assumptions and theories regarding tonic GABA R activation will no doubt be
refined in the light of future findings. Hopefully further insights into the origin
and maintenance of ambient GABA concentrations, the dynamic regulation of
specific receptor populations, and the increasingly selective pharmacological
modulation of neuronal excitability under both physiological and pathological
conditions can be anticipated.
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GABA ,-Receptor Mutations Associated
With Idiopathic Generalized Epilepsies
and Febrile Seizures
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and Hua-Jun Feng

Summary

Idiopathic generalized epilepsies (IGEs) are characterized by absence,
myoclonic, and/or primary generalized tonic—clonic seizures in the
absence of structural brain abnormalities and are believed to have a
genetic basis. Mutations in y-aminobutyric acid (GABA ) receptor y,-, o;-,
and d-subunits have been associated with different IGE syndromes, and

all of the y,-subunit mutations are also associated with febrile seizures.

Here, mutations in GABA , receptor y,-, o,-, and d-subunits that have
been associated with different IGE syndromes will be reviewed and the
basis for the defect in GABAergic inhibition associated with febrile
seizures will be explored. These mutations have been shown to alter

GABA , receptor gating, expression, and/or trafficking of the receptor to

the cell surface, all pathophysiological mechanisms that result in reduced
GABA-evoked currents that, in turn, would cause neuronal disinhibition
in neurons and thus predispose affected patients to manifest afebrile and

febrile seizures.

Key Words: Electrophysiology; epilepsy; febrile seizures; GABA , receptor;
mutations; myoclonus; review; trafficking.
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1. Introduction

GABA , receptors are the primary mediators of fast inhibitory synaptic trans-
mission in the central nervous system, and are formed by pentameric assembly
of multiple subunit subtypes (0., ¢, B, 3.V, 3 0. € m 0, and p, ;) that form chlo-
ride-ion channels. The most common GABA, receptors contain two o-sub-
units, two B-subunits, and a y- or §-subunit (/-3). GABA, receptors mediate
both phasic, inhibitory synaptic transmission and tonic, perisynaptic inhibition,
and GABA , receptor currents can be modulated by a number of positive and
negative allosteric regulators, including barbiturates, benzodiazepines, neuros-
teroids, bicuculline, picrotoxin, and zinc. Recently, mutations associated with
idiopathic generalized epilepsies (IGEs) and febrile seizures have been identi-
fied in human GABA , receptor genes (4,5). This review will focus on these
recently described human GABA , receptor channel epilepsy mutations.

GABA , receptor mutations associated with IGEs or variants associated with
complex epilepsies have been reported in y,-, 8-, and o.;-subunits (Fig. 1). The
mutations all have autosomal dominant inheritance and have been associated with
epilepsy syndromes made up of pure febrile seizures, mixed febrile, and afebrile
seizures (childhood absence epilepsy [CAE]), and generalized epilepsy with
febrile seizures plus [GEFS™]), or afebrile seizures (juvenile myoclonic epilepsy
[JME]). The vy,-subunit mutations include v,(R43Q) associated with febrile
seizures and CAE (6), v,(R139G) associated with febrile seizures (6a), v,(K289M)
associated with GEFS™ (7), v,(Q351X) associated with GEFS* (§), v,(Q1X)
associated with severe myoclonic epilepsy of infancy (9), and v,(IVS6 + 2T—G)
associated with GEFS™ (10). The o,-subunit mutation, o,(A322D), is associated
with JME (11). Two &-subunit variants, d(R220H) and 6(E177A), were identified
as susceptibility genes associated with GEFS* and JME (12).

The basis for afebrile and febrile seizures associated with these IGEs has
received considerable investigation during the last 5 yr. In general, it has been
found that mutations associated with afebrile seizures produce specific functional
deficits in either GABA , receptor trafficking, receptor biophysical, or pharmaco-
logical properties, or both for all of the mutations, whereas mutations associated
with febrile seizures produce a reduction in the density of surface GABA , recep-
tors owing to a temperature-dependent trafficking deficiency. These alterations in
GABA , receptor function and or trafficking will be reviewed in this chapter.

2. Afebrile Seizures and GABA , Receptor Epilepsy Genes
2.1. ¥,-Subunit Missense Mutations

2.1.1. GABA , Receptor y,(K289M)-Subunit Mutation

A mutation in the GABA, receptor 7Y,-subunit, ¥,(K289M), was reported in
affected individuals of a family with an autosomal dominant generalized epilepsy
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Fig. 1. GABA , -receptor subunit topology and the location of epilepsy mutations.

similar to GEFS* (7). The mutation is located in the extracellular loop between
transmembrane domains M2 and M3 (M2-M3 loop) (Fig. 1), a region implicated
in the gating of ligand-gated ion channels (/3—16). Recordings from oocytes
expressing homozygous o, 3,7,(K289M)-receptors revealed smaller amplitude
currents relative to wild-type (WT) receptor current amplitudes (7). The effects of
this mutation were also studied in transfected HEK 293T cells using a rapid appli-
cation, concentration jump technique (open tip application rise time ~400 Us) to
apply GABA (17) for long (400 ms or 6 s) or brief (2-5 ms) durations and the
excised outside-out patch clamp recording technique to determine the effects of
these mutations on the pharmacological and biophysical properties of WT and
mutant GABA , receptor currents (/8) (Fig. 2). Homozygous a1B372L(K289M)—
currents evoked by 400 msec applications of 1 mM GABA had unchanged
current amplitude, rate of activation (Fig. 2D), and rate of desensitization
(Fig. 2B,C), but had faster deactivation (~100 msec) (Fig. 2F), relative to WT
currents (Fig. 2A-F). Currents evoked by brief applications of GABA (1 mM)
had reduced weighted current deactivation rates (Fig. 3A1,A2,B) (WT, K—>M).
Single channel currents from homozygous o, f,v,(K289M)-receptors had
reduced mean open times, consistent with its faster whole-cell current deactivation
time. Brief, rapid GABA applications to excised macropatches evoked currents
that are similar to inhibitory post synaptic currents (IPSCs) (19,20), and thus
reduced duration of rapid GABA-evoked current by the v,L(K289M)-mutation,
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Fig. 2. Wild-type o B{YQL and mutant o, B,y,L(K289M) and o, B,7,L(R43Q)-
GABA , receptor macroscopic current kinetic properties (A) Representatlve currents
evoked by 400 ms jumps into 1 mM GABA from wild-type o,fB,y,L- or mutant
o, BY,L(K289M)- and o, B,Y,L.(R43Q)-receptors. The time-scale (top) trace applies to
all three traces. (B,C) The ,L(K289M)-subunit mutation did not alter either the fast
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suggesting that the mutation would produce reduced IPSC durations, and thus
disinhibition leading to epilepsy.

The structural basis for the mutation-induced acceleration of deactivation
and reduced single channel mean open times is unclear, but it has been sug-
gested that the N-terminal domain of cys-loop receptors interacts with M2 and
the M2-M3 loop during channel gating (27,22), and that GABA , receptor o
subunit loops 2 and -7 interact with a lysine residue in the M2-M3 loop to
couple GABA binding to gating (/4). Although the y,L-subunit does not appear
to be directly in the binding-gating transduction pathway, it may modify other
properties of the receptor channel such as deactivation or desensitization.

2.1.2. GABA, Receptor Y2(R43Q)-Subunit Mutation

A missense mutation in the N-terminal extracellular domain of the y,-subunit,
Y,(R43Q), was reported in affected individuals of a large family having both
CAE and febrile seizures (6) (Fig. 1). In Xenopus oocytes oclﬁzyz(R43Q)-
GABA , receptors had unchanged GABA EC,, current amplitude, and desen-
sitization, but were insensitive to enhancement by the benzodiazepine
diazepam. Subsequently, it was reported that the v,(R43Q)-mutation did not
alter benzodiazepine sensitivity, rate of activation, desensitization, or deactiva-
tion, but did reduce peak current amplitude of homozygous and heterozygous
0(1[3372(R43Q)—receptor currents (Fig. 2A-F) (18). Importantly, when currents
were evoked by brief applications of GABA (1 mM), the weighted rate of cur-
rent deactivation was unchanged but the current amplitude was reduced
(Fig. 3A1,A3,B). However, using similar techniques , another study reported
that the mutation increased the rate of desensitization and slowed deactivation
and slightly reduced benzodiazepine sensitivity (23). The basis for these differ-
ent effects of the y,(R43Q)-mutation are unclear.

The basis for the effect of the y,(R43Q)-mutation on peak current ampli-
tude was investigated using cotransfection of individual subunit comple-
mentary DNAs (cDNAs) (free assembly) and of tethered constructs
consisting of a single cDNA encoding a [3,-subunit connected through a
polyglutamine linker to an o,-subunit (24) (forced assembly). With the
tethered construct, functional receptors are only formed when the construct

Fig. 2. (Continued) (B1) nor slow (C1) time constants of desensitization, or their rel-
ative contributions (B2,C2). (D) The current rise times (10-90%) were not significantly
altered by the mutations. (E) o,B,y,L(R43Q), but not o, B,v,L(K289M)-receptors
had significantly smaller peak current amplitudes (asterisk, p < 0.01). (F) The current
deactivation rate was significantly faster for o, B,y,L(K289M), but not o, 3,y,L(R43Q)-
receptors (asterisk, p < 0.001). (Figure 2 from ref. /8 with permission.)
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Fig. 3. Brief wild-type-o,B,y,L and mutant-o,B,y,L(K289M) and mutant
o, B,Y,L(R43Q)-GABA , receptor currents (A) Brief (<5 ms) pulses of GABA (1 mM)
were applied to excised macropatches containing o, B,y,L (Al)-, o, B,y,L(K289M)
(A2)-, or o, B,Y,L(R43Q) (A3)-receptors. Scale bars are applicable to all three black
current traces. The black trace in A3 was expanded 10-fold (gray trace) for comparison
of deactivation current time-courses. (B) Weighted deactivation time constants are for
wt and mutated channel currents and were significantly faster for o, B,y,L(K289M)-
receptor currents (hatched bar; asterisk, p < 0.05) than wt currents. The 0(1[3372L
(R43Q)-receptor deactivation rate (solid bar) was not different than that of wt receptors
deactivation rate (gray bar). (Figure 3 from ref. /8 with permission.)

is cotransfected with a B-, y-, or d-subunit (7,2). With free or forced
assembly, heterozygous and homozygous o,f3,7,S(R43Q) receptors had
similar reductions in current amplitude (Fig. 4A). Heterozygous
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Fig. 4. Heterozygous and homozygous o, 3,y,S(R43Q)-receptors had reduced cur-
rent amplitudes. (A) Representative traces of human o,3,y,S (free assembly) or rat
Bz—oclyzL (forced assembly) (wt), heterozygous (het) and homozygous (hom) receptor
currents evoked by 28-s GABA (1 mM) applications were obtained from transfected
HEK 293T cells voltage-clamped at =50 mV. The time-scale for the first trace applies
to all traces. Currents are shown to scale (dark traces) and normalize to wt currents
(gray traces). (B) Peak amplitudes of het and hom (xlﬁzyzs(R43Q)- and
B,—01,7,L(R43Q)-receptor currents were significantly reduced with both free and forced
assembly. (Modified from ref. 24.)

0.,B,7,S(R43Q)- and B,-o,y,L(R43Q)-receptor peak current amplitudes
were significantly smaller than those of WT but were significantly larger
than those of homozygous peak current amplitudes (Fig. 4B).

The reduction of GABA peak currents of 7y,(R43Q)-subunit-containing
receptors results from reduced surface expression of receptor protein (Fig. 5).
Fusion proteins with enhanced yellow fluorescent protein (YFP) inserted
between amino acids four and five of the mature y,-subunit (y,-YFP) were con-
structed. HEK 293T cells were transfected with WT, heterozygous, and
homozygous o, 3,7,S- or a,3,Y,S-YFP receptors, and the amounts of total and
surface membrane bound o, and v,S/vy,-YFP subunit proteins were determined.
With both heterozygous and homozygous receptor expression, the mutation
reduced surface expression of the o, -, v,S-, and v,-YFP subunit proteins but did
not alter the amount of total cellular expression of any of the subunits (Fig. 5).
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Fig. 5. Heterozygous and homozygous ha,f3,y,S(R43Q)-receptors had reduced
surface expression. (A-C) Cells were transfected with wild-type (wt), heterozygous
(het), or homozygous (hom) o, 3,Y,S(R43Q)-receptors (A,C) or o, B,Y,S(R43Q)-YFP
receptors (B) and were biotinylated and immunoblotted with antibodies against the
o,-subunit (A), GFP (B), or the y,-subunit (C). In A—C, het and hom o, 3,7,S(R43Q)-
receptors revealed similar whole-cell protein expression (total) but reduced subunit
protein expression on the cell surface (surface). (D) The optical absorbance of the
Western blots was quantified. Expression of het or hom o, f3,7,S(R43Q)-receptors
resulted in similar levels of total whole-cell protein expression (not shown), but
reduced cell surface protein expression (surface) compared with wt receptors. In each
group, het protein intensities were lower than wt intensities but higher than hom
intensities. (Modified from ref. 24.)

The cellular distribution of WT and mutant o, 3,7,S(R42Q)-YFP receptors
was determined using confocal microscopy (Fig. 6A). The endoplasmic reticulum
(ER) was identified using the ER-marker, pECFP-ER, and the membrane was
identified using the dye FM4-64 to mark the plasma membrane. In live COS-7
cells, homozygous and heterozygous o, 8,7,S(R43Q)-YFP cell surface fluores-
cence was reduced relative to WT receptor fluorescence (Fig. 6B), but intracel-
lular fluorescence colocalizing with the ER increased. The basis for the ER
retention is likely impaired receptor assembly. The R43 residue is part of a
sequence, YxxxxRP, that is highly conserved in the cys-loop family of ligand-
gated ion channels. The conserved R43 residue was shown to be critical for
forming intersubunit contacts between the plus face of the v,-subunit and the
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Fig. 6. Heterozygous and homozygous o, j3,Y,S(R43Q)-receptors were retained in
the ER. (A) COS-7 cells were cotransfected with human o, 3,y,S-YFP wild-type (wt)
or o,B,%,S(R43Q)-YFP heterozygous (het) or homozygous (hom) receptors with
enhanced CFP-tagged ER marker and labeled with FM4-64 membrane marker. R stands
for receptor, Mem for membrane, ER for endoplasmic reticulum and Co for colocalized
image. Wt o, 3,7,S-YFP receptors were primarily localized to the cell membrane. Het
o, B,Y,S(R43Q)-YFP receptors were found in both the membrane and in intracellular
compartments. Hom o, 3,7,S(R43Q)-YFP receptors were primarily found in intracellu-
lar compartments with minimal cell surface localization. Both het- and hom receptors
had fluorescence patterns that were similar to that of the ER fluorescence pattern. (B)
The relative membrane/ER fluorescence intensity ratios for het and hom receptors were
significantly reduced compared with that for wt receptors. (Modified from ref. 24.)

minus face of the 3,-subunit (25), thus preventing incorporation of the v,-subunit
into the receptor pentamer. Thus, the reduced surface expression of mutant
0,,3,7,S(R43Q)-receptors was a consequence of receptor ER retention owing to
impaired subunit assembly.
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2.2. ¥,-Subunit Truncation Mutations
2.2.1. GABA , Receptor y,(Q351X)-Subunit Mutation

A y,-subunit mutation, Q351X localized in the intracellular loop between M3
and M4, which introduced a premature translation-termination codon (PTC) at
residue Q351, was identified in a family with GEFS* (Fig. 1). With homozygous
expression in oocytes, sensitivity to GABA was absent, suggesting that the
GABA , receptors were not expressed on the cell surface, or if expressed, were
nonfunctional. Using a green fluorescent protein (GFP)-tagged ,-subunit (8), it
was shown that although possibly assembled, the receptor did not exhibit surface
expression and was retained in the ER. Thus, the v,(Q351X)-mutation would be
expected to reduce surface expression of functional GABA , receptor complexes,
leading to decreased GABAergic inhibition. However, patients with the
¥,(Q351X)-mutation are heterozygous, and not homozygous, for this mutation.

Cellular messenger RNA (mRNA) quality control mechanisms may affect
Y,(Q351X)-subunit expression. Mutations producing PTCs can result in
C-terminally truncated proteins that can produce dominant negative inhibition of
full length proteins, thus potentially harming the cells. Quality control check-
points during gene expression are required to maintain a low level of aberrant
gene products and prevent them from interfering with the functioning of the cell.
Nonsense-mediated decay (NMD), or mRNA surveillance, recognizes and
degrades aberrant mRNAs in which the open reading frame is truncated owing to
a PTC (26,27). The position of the PTC relative to the position of a down stream
intron is the primary determinant of whether the PTC elicits NMD. PTCs not fol-
lowed by an intron that is located more than 50-55 nucleotides downstream gen-
erally elicit NMD. Thus, it would be predicted that NMD would not affect
expression of y,(Q351X)-subunits, as the PTC is in the terminal exon of the
GABRG?2 gene. Therefore, the v,(Q351X)-mutation likely produces a truncated
Y,-subunit protein in patients. However, the cellular fate of the truncated protein
is unknown. The net functional cell surface expression of receptors with heterozy-
gous expression of v,(Q351X)-subunits might not be predicted from simple sum-
mation of the results obtained with homozygous and WT expression. It is possible
that the truncated ,-subunit is simply subject to proteasomal degradation owing
to ER quality control. Alternatively, the truncated protein may be able to assem-
ble with the - and B-subunits, thus causing a dominant negative action to retain
o- and B-subunits in the ER and impair assembly of WT receptors.

2.2.2. GABA , Receptor v,(Q1X)-Subunit Truncation Mutation

A 7y,-subunit mutation that introduced a PTC, QIX, between the signal pep-
tide and mature peptide was identified in a family with severe myoclonic
epilepsy of infancy (9). Whereas the functional consequence of the mutation is
unknown, NMD is likely to be involved and affect the expression of this mutant
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subunit. The mutation should prevent production of full length protein and
should also trigger NMD, thus preventing production of the signal peptide.
Thus, the v,(Q1X)-mutation would be predicted to produce haploinsufficiency,
which occurs when an individual who is heterozygous for a certain gene muta-
tion or hemizygous at a particular locus, often as a result of deletion of the cor-
responding allele, is clinically affected because a single copy of the normal
gene is incapable of providing sufficient protein for normal function.

However, assuming that mRNA transcription for each gene is the same
owing to the 20.,B,v,S-pentameric stoichiometry of GABA, receptors, there
should be an extra copy of the y,S-subunit. If the y,(Q1X)-mutation provokes
NMD and if the mutant y,S-subunit does not interfere with transcription of the
WT v,S-subunit at the mRNA level, there should be sufficient WT ,S-subunit
to form a normal complement of functional WT ., f3,Y,S-receptors and no dis-
inhibition should be produced. To determine the effect of this mutation on
expression of functional surface receptor, conventional study of WT and mutant
receptor expression with intronless cDNA constructs would not trigger activa-
tion of NMD, and thus this method of study would be nonphysiological. Future
studies in which heterologous cells are transfected with cDNA constructs that
contain the y,S(Q1X)-subunit cDNA, interrupted with the cDNA encoding the
appropriate intron (a minigene construct) or with knockin animals are required
to elucidate the underlying molecular pathology.

2.2.3. GABA ; Receptor v,(IVS6 + 2T—G)-Subunit Truncation Mutation

A splice-site mutation in the sixth intron of the GABRG2 gene, IVS6 +
2T—G, has been identified in a family with CAE and febrile seizures (10) (Fig. 1).
The effect of this mutation on v,-subunit expression and GABA , receptor function
is unknown but was predicted to lead to a nonfunctional, truncated, y,-subunit
protein through exon skipping. Electrophysiological and expression experiments
to study the effects of this mutation have not been reported. Because of the site
of the putative truncation (just upstream of M1), it is doubtful that if expressed,
the truncated subunit would be incorporated into a functional GABA , receptor.
In addition, the predicted exon skipping would result in a new PTC at the fifth-
and seventh exon junction site, and thus it is likely that the PTC would also trigger
NMD, thus eliminating the expression of mutant protein at the mRNA level.
Therefore, the underlying mechanism for this splice donor site mutation may
also be owing to haplo-insufficiency.

2.3. 0,-Subunit Mutations

2.3.1. GABA ; Receptor a.,(A322D)-Subunit Mutation

A mutation in the third transmembrane domain (M3) of the o -subunit,
o, (A322D), is associated with an autosomal dominant JME (/7). Because this
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mutation adds a negatively-charged aspartate residue into the M3 transmembrane
helix, it might be predicted to destabilize transmembrane helix formation and/or
alter subunit folding. When coexpressed with WT [,- and 7y,-subunits, mutant
0, (A322D)-subunits reduced both surface and total o,-subunit expression (28).
Consistent with its reduction in o-subunit protein expression, the o, (A322D)-
subunit mutation reduced peak GABA-evoked currents by 94% in o, (A322D)B,Y,-
receptors (/1,28,29) and by 50% in “heterozygous” o,0.,(A322D)p,Y,-receptors
(28). Thus, the o,(A322D)-mutation altered o,-subunit trafficking differently
than the v,(R43Q)-mutation altered y,-subunit trafficking; v,(R43Q) reduced sur-
face but not total v,-subunit expression.

Three lines of evidence suggest that the o, (A322D)-mutation reduced
o,,-subunit protein expression through ER-associated degradation (ERAD) (30).
First, the o,,(A322D)-mutation reduced total o,-subunit protein expression by
approximately similar amounts either when expressed alone, or when coex-
pressed with [32— and ,-subunits (Fig. 7A,B); thus o, (A322D)-reduced o,-subunit
expression before subunit oligomerization. Second, deglycosylation assays
demonstrated sequestration and trafficking arrest of mutant o, (A322D)B,Y,-
receptors in the ER, WT o,-subunits contained mature, low-mannose N-linked
glycosylation, but o, (A322D)f,,-receptors contained only immature, high-
mannose ER-associated glycosylation (30) (Fig. 7C). Third, confocal microscopy
studies of YFP-tagged o,- and o (A322D)-subunits demonstrated that
WT o,-YFPB,y,-receptors localized to the cell surface but that mutant
0,,(A322D)-YFPR,y,-receptors were localized to the ER (Fig. 8) (30,31).
Therefore, o,(A322D)-subunit expression was reduced before subunit
oligomerization, but after biosynthesis, residual o,(A322D)-subunit protein
was ER-associated, implying that a substantial fraction of o, (A322D)-subunits
was eliminated by ERAD, similar to another misfolded, disease-associated pro-
tein, the cystic fibrosis transporter regulator (32).

It was of interest to determine the cellular fate of o,(A322D)-subunit-containing
GABA, receptors that were not eliminated by ERAD. Most GABA , receptors
contain one o-subunit positioned between two [-subunits (OLBaB) and one
o-subunit is positioned between a B- and a y-subunit (Fig. 9A) (1,2) Thus, the auto-
somal dominant, o,(A322D)-mutation could theoretically produce four different
GABA, receptor pentameric assemblies: o, 3,c,B,y, (WT), o, 3,0,(A322D)B,y,
(Hetg ). 0,(A322D)B,0.,B,Y, (Hetg,,,), and o,(A322D)B,0,(A322D)B,Y,
(homozygous). HetBuB_ or HetBaY—receptors were selectively formed by using
tethered concatamers consisting of a single cDNA that encoded either the
B,-subunit linked to the o;-subunit or a cDNA that encoded a ,-subunit linked
to the B,-subunit, which was linked to the o,-subunit. Mutating the 3,—o, con-
catamer (,—0,[A322D]) and coexpressing it with the WT y,—f,-0o,-con-
catamer, produced Hetﬁw—receptors, and mutating the y,—f,—0-concatamer
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Fig. 7. The JME a,(A322D)-mutation reduced o.,-subunit expression before recep-
tor oligomerization and prevented Golgi-associated N-linked glycosylation. (A,B)
Cells were transfected with o, -subunits (2 p1g) and either 2 ug of both 8- and ,S-subunits
(A) or 4 pg of empty pcDNA3.1 vector. (B) Whole-cell lysates were fractionated on
10% SDS-PAGE gels and Western blots were probed with antibodies directed to the
o,-subunit and glyceraldehydes-3-phosphate dehydrogenase (GAPDH), which con-
trolled the amount of protein loaded on the gel. The fraction of the ol-subunit band
relative to GAPDH was quantified and depicted to the left of the gel. (C) Cells were
transfected with wild-type (wt, o,B,Y,), heterozygous (het, o0, [A322D]B,y,), or
homozygous (hom, o, [A322D]B,Y,)-receptors. Cellular lysates (2.5 mg/mL) were left
undigested (U), or digested with endoglycosidase-H (endo-H, H), or peptide-N-
glycosidase F (PNGaseF, F). The digestion products were fractionated through 12.5%
SDS-PAGE, which was stained by Western blot with an antibody directed against the
o,-subunit. Because wt-, het-, and hom receptors differ in o,-subunit expression (A),
the lysates were loaded on the gel in the ratios 8 mg:15 mg:50 mg:wt:het:hom to bal-
ance the amount of the o;-subunit on the gel. The o,-subunits from undigested lysates
from wt-, het-, and hom receptors migrated at 50 kDa, and those digested with
PNGaseF migrated at 46 kDa. Following endo-H digestion, wt- and het-subunits
migrated in two bands at 48.4 (endo-H resistant) and 46 kDa (endo-H sensitive), but hom
o,,-subunits migrated in a single endo-H sensitive band at 46 kDa. (Modified from
ref. 30.)
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Fig. 8. The JME o/,(A322D)-mutation colocalized to the ER Cells were transfected
with the ER marker, CFP-ER (ER, blue) and either wild-type (wt, o.,-YFPJ,Y,S), heterozy-
gous (het, o,-YFPo, [A322D]-YFPB,Y,S), or homozygous (hom, o, [A322D]-YFPR,Y,S)
receptors (R, green) and stained with the membrane marker FM 4-64 (M, red). The major-
ity of all receptors colocalized (Co) with the ER (cyan). Only wt and het o,-YFP-subunit
colocalized with the plasma membrane marker (yellow). The fraction of total wt, het, and
hom o,-YFP that colocalized to the ER or membrane is graphed. (Modified from ref. 30.)
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Fig. 9. The JME o, (A322D)-mutation causes position-dependent reductions in
whole-cell GABA-evoked currents. (A) afy-receptor subunits are arranged (as viewed
from the synapse) in the counterclockwise sequence y-f-o-B-o.. (B-D). Sample current
traces are depicted from (B) wild-type (WT), (C) Het or (D) Het receptors The
gray trace in (D) is shown in an expanded scale to drspPay the time- course of the cur-
rent. (E) Mean peak currents of wt concatamer receptors (n =20) were larger than those
of Het (n =17, p <0.05), which were substantially larger than those from Heth{ con-
catarnerlc receptors (n =8, p < 0.01). (Modified from ref. 28.)

(,—B,—0,[A322D]), produced HetB o TECEPLOrs. He‘[B op-Teceptor mean peak cur-
rent amplitude was 65% less than WT, but Hetg ,-receptors had essentially no
GABA-evoked currents (Fig. 9B-E) (28). Furthermore, o,(A322D) asymmetri-
cally reduced ,—o.,-protein expression; HetBa -receptors had 72% of the B,—o,-
expression as Hetg q-receptors (not shown). These results indicate that not only
is most of the o, (A322D)-mutation eliminated by ERAD before subunit
oligomerization, but the o/,(A322D)-subunits that are not degraded are formed
into Het but not HetB -receptors.
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2.4. 8-Subunit Susceptibility Variants

Although the monogenic mutations provide useful models for the pathogene-
sis of epilepsy syndromes, they only account for a small portion of complex
epilepsies, suggesting that most of the complex epilepsies are polygenic and
require additive actions of a set of susceptibility genes. To date, two susceptibility
genes for complex epilepsies have been reported (33). The gene encoding the T-
type calcium channel CACNAH is reported to be a susceptibility gene for CAE
and IGE (34,35). Several T-type calcium channel mutations resulted in enhanced
calcium channel current in a heterologous expression system, which might cause
hyperexcitability (36-38). Some of the single nucleotide polymorphisms in
CACNAIH gene, present in both epileptic patients and general population,
exhibited altered channel function, which might contribute to epileptogenesis (35).
The first GABA , receptor susceptibility gene, GABRD (the gene encoding the
d-subunit of GABA , receptors), was reported for complex epilepsies (/2). The
O(E177A)-variant is heterozygously associated with GEFS' patients. A
polymorphic allele, 8(R220H), is both heterozygously and homozygously
associated with JME patients, but is also found in the general population. Both
these variants led to a reduction in hot1B28-receptor currents expressed in HEK
293T cells (12).

The mechanistic basis for the current reduction was examined using ha,3,6-
receptors, which are more physiologically relevant and linked to epileptogene-
sis (39). The mean o,,3,8(E177A)- and o,3,8(R220H)-receptor GABA EC,s
were not significantly different from that of WT receptors. Saturating (1 mM)
GABA-evoked currents were obtained from WT o,3,0, a mixed population of
WT and variant, and pure variant receptors. Consistent with the previous report
for either variant (/2), mean whole-cell current amplitude for mixed and pure
variant o,3,0(E177A)- or o,B,6(R220H)-receptors was significantly smaller
than for WT o,,3,8-receptors (Figs. 10A,B and 11A,B). Macroscopic desensiti-
zation and deactivation were also altered for d(E177A), but not d(R220H)-
variant receptors (Figs. 10A,C,D and 11A,C,D) (39).

Surface expression of WT and variant receptors was investigated using Western
blot. Compared with surface expression of WT a,,3,8-receptors, surface receptor
protein was slightly but significantly reduced for pure variant o,3,6(E177A)-receptors
(Fig. 12A,C), and surface receptor protein was substantially reduced for pure
variant o,,,8(R220H)-receptors (Fig. 12B,D). Surface receptor protein for mixed
0,3,0(E177A)- or o, 3,8(R220H)-receptors was not significantly altered compared
with WT receptors (Fig. 12). Total receptor protein (surface + intracellular compart-
ments) was not altered for both mixed and pure variant o,B,8(E177A)- or
o,,3,60(R220H)-receptors compared with WT receptors (Fig. 12) (36).

To determine the basis for the reduction of variant current, single channel
recordings from WT and variant receptors were obtained (Fig. 13). The single
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Fig. 10. Peak current amplitudes were reduced and their kinetic properties were
altered for o,3,6-receptors containing the 8(E177A)-variant. (A) Examples of whole-
cell current traces evoked by saturating GABA (1 mM) from wild-type o420 (wt),
mixed wt, and variant (mix), and pure variant o,f,8(E177A) (var)-receptors. (B)
Compared with wt receptors, mean current amplitude was smaller for mix- and var
receptors. (C) Mean macroscopic desensitization was decreased for mix- and var recep-
tors compared with wt receptors. (D) Comparison of the mean time constant of current
deactivation among wt-, mix-, and var receptors. The solid bar above each current trace
denotes the duration of GABA application (4 s). The blank bars represent the mean cur-
rent features for wt receptors, the hatched bars represent those for the mix receptors,
and the black bars represent those for the var-receptors. The error bars denote the SEM.
(Modified from ref. 39.) *Significantly different from WT at p < 0.05, **p < 0.01.

channel conductance of pure variant receptors was not altered compared with
WT receptors. However, the distributions of the pure variant o,3,8(E177A)-
and o,3,8(R220H)-receptors were shifted toward shorter durations than the
distribution of WT «,3,6-currents, which resulted in a significant reduction of
mean open time for the pure variant receptors (39).

The finding that o,,3,8-receptors containing either (E177A)- or (R220H)-
variant had reduced GABA , receptor currents suggests that these susceptibility
variants contribute to complex epilepsies by disinhibition. The mechanistic
study suggests that the epilepsy in individuals heterozygous for a variant may
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Fig. 11. Peak current amplitudes were reduced but kinetic properties were not
altered for o,3,8-receptors containing the §(R220H)-variant. (A) Examples of whole-
cell current traces evoked by saturating GABA (1 mM) from wild-type o,,6 (wt),
mixed wt and variant (mix), and pure variant 0L4B28(R220H)-recept0rs (var). (B)
Compared with wt receptors, mean current amplitude was smaller for the mix receptors
and for var receptors. (C) Mean macroscopic desensitization was not different among
wt-, mix-, and var receptors. (D) Mean current deactivation time constant for mix- and
var receptors was not altered compared with wt receptors. The blank bars represent the
mean current features for wt receptors, the hatched bars represent those for mix recep-
tors, and the black bars represent those for var receptors. The error bars denote the
SEM. (Modified from ref. 39.) **Significantly different from WT at p < 0.01.

be predominantly owing to a receptor channel gating defect and in patients
homozygous for a variant may be owing to both gating and trafficking defects.

3. Febrile Seizures and GABA , Receptor Epilepsy Gene Mutations

Febrile seizures are the most common convulsions for children under age 6.
Although most are self-limited; complex, prolonged febrile seizures have been
proposed to lead to hippocampal mesiotemporal sclerosis and complex partial
epilepsy, and thus understanding the underlying mechanisms of febrile seizures is
of great clinical importance. However, whereas the reports reviewed earlier pro-
vide some understanding of the basis for afebrile seizures, the specific cause(s) of
febrile seizures and reason(s) why fever evokes convulsions are poorly understood.
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Fig. 12. Surface receptor protein was reduced for o,f3,6-receptors containing vari-
ant d-subunits. (A) Examples of Western blots for wild-type o,,0 (wt), mixed (mix),
and variant o,3,8(E177A)-receptors. (B) Examples of Western blots for wt o,,[3,0-,
mix-, and var o,3,60(R220H)-receptors. (C) Wt and 8(E177A)-var receptor surface
receptor proteins were quantified by normalizing to B-actin and expressed as relative
optical density. Relative optical density of var receptors was reduced compared with
wt receptors. Relative optical density of mix receptors was not different from that of
wt- and var receptors. (D) Relative optical density of var a,3,6(R220H)-receptors was
substantially reduced compared with wt receptors. Relative optical density of mix
receptors was not different from that of wt receptors but was significantly different
from var receptors. A V5 epitope was tagged at the N-terminus of wt or var 8-subunits.
Total receptor proteins were analyzed by Western blot using antibody against the V5
epitope. Surface receptor proteins were captured by biotinylation and analyzed by
Western blot. A protein band around 50 kDa was detected for the wt o, 3,8-receptor or
the o,3,d-receptor containing either of the var subunits. The error bars denote the
SEM. In both A and B, B-actin was applied as internal loading control. (Modified from
ref. 39.) *Significantly different from WT at p < 0.05, *** p < 0.001, **_ Significantly
different from MIX at p < 0.001.
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Fig. 13. Mean open duration of single channel currents was reduced for o,,8-
receptors containing pure variant 8-subunits. (A1-C1) Examples of single channel cur-
rents evoked by 1 mM GABA from wild-type (X4B28 (wt), and variant (var)
o,B,8(E177A)- and o,3,8(R220H)-receptors. Single channel current open durations
were longer for wt receptors than for var receptors. (A2—-C2) Distributions of wt- and
var receptor single channel current open states were plotted. (D) Single channel current
mean open durations were decreased for var o,3,6(E177A)- and o,,3,8(R220H)-receptors
compared with wt o,3,8-receptors. (E) Comparison of the mean value of exponential
function time constants, T,, T,, and T;, among wt- and var receptors. (F) Comparison of
the mean exponential function relative amplitudes, A,, A,, and A3, among wt- and var
receptors. The error bars represent the SEM. (Modified from ref. 39.) *Significantly
different from WT at p < 0.05, **p < 0.01, ***p < 0.001.

3.1. Febrile Seizures Have a Genetic Component

There are great variations in the incidence of febrile seizures in different
populations and regions. For example, the incidence of febrile seizures in
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Caucasians is 4-5%, and in China is about 1%, whereas it is increased to more
than 8% in Japan and 14% in Guam (40). These racial variations in the inci-
dence of febrile seizures strongly suggests genetic involvement. For a decade,
mutations in sodium channel genes have been associated with GEFS™. Recently,
GABA , receptor y,-subunit mutations (7) and §-subunit variants (41) have also
been associated with febrile seizures. However, in all these pedigrees, muta-
tions (Y,[R43Q], (v,[K289M], (v,[Q351X], (v,[Q1X], (v,[IVS6T-G]), and vari-
ants (O[E177A] or 6[R220H]) are associated with both febrile seizures alone
and extended phenotypes. A pedigree associated only with febrile seizures has
just been identified and shown to be associated with a y,-subunit mutation
(R139G) (Audenaert et al., in press).

3.2. A Temperature-Dependent Defect in Trafficking of GABA ,
Receptors Containing Y,-Subunit Epilepsy Mutations

Interestingly, all y,-subunit epilepsy mutations that have been identified are
associated with febrile seizures. The common association of these mutations
with febrile seizures suggests that elevated temperature somehow reduces the
function of GABA, receptor channels, thus causing disinhibition and febrile
convulsions; however, the basis for this temperature-dependent effect on inhibi-
tion has been unclear. Temperature changes have been shown to affect plasma
membrane states (42) and synaptic transmission (43). For example, synaptic
vesicle recycling has been temperature-dependent. The size of recycling vesicles
is twice as large, and the speeds of both endocytosis and exocytosis are faster at
physiological temperature than at room temperature (44). Furthermore, it has
been demonstrated that inhibitory synaptic strength can be modulated within 10
min by recruiting more functional GABA, receptors to the synaptic plasma
membrane (45).

Previous studies had demonstrated that the y,-subunit mutations associated
with idiopathic generalized epilepsy (R43Q, K289M, Q351X) impaired
receptor channel function either by reducing the number of receptors on the
surface owing to receptor ER retention (46), shortening channel mean open
time (/8), or accumulating receptor in desensitized states (23). These alter-
ations of channel function would lead to disinhibition and thus afebrile
seizures. The authors recent study with temperature variations has shed some
light on why seizures are provoked by fever in these y,-mutation harboring
mutants (47).

Expression of surface receptors containing 7,-subunit epilepsy mutations
(R43Q, K289M, Q351X) were reduced compared with WT receptors and were
further reduced by elevated temperature (incubation at 40°C for 1 h) (Fig. 14)
(46,47). HEK 293T cells transfected with human o 3,7,S-YFP WT or mutant
receptors were incubated at 37° or 40°C, and the cell membrane-bound proteins
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Fig. 14. Mutant v,S-subunit-containing o, 3,y,S-enhanced yellow fluorescent pro-
tein receptors had reduced surface expression, and temperature elevation further
reduced surface protein expression of mutant y,S-subunit-containing receptors. Western
analysis of biotinylated v,S- and o, -subunit surface proteins in HEK-293T cells
expressing wt- and het-mutant o, 3,y,S-EYFP receptors incubated at 37°C or 40°C for
1 h. The cell membranes were biotinylated, and equal amounts of protein were conju-
gated with beads and loaded and resolved by SDS-PAGE. Membranes were
immunoblotted with mouse monoclonal anti-GFP and anti-c,-antibodies and revealed
through conjugation with goat, antimouse secondary antibody. (Modified from ref. 47.)

were resolved by sodium dodecyl sulfate (SDS-PAGE) and detected with both
anti-GFP and anti-o/ -antibodies. Although a previous study suggested that
Y,-subunits may traffic-k to the cell surface alone (48), both YFP-coupled mutant
Y,- and o/1-subunits were reduced on the cell surface and further reduced with
incubation at 40°C. Interestingly, a JME mutation (a,[A322D]) did not show
further reduction of receptors on the cell surface with high temperature chal-
lenge (incubation at 40°C for 1 h). These data suggested that it was the pen-
tameric receptors instead of individual y,-subunit mutant proteins that were
reduced on the cell surface with elevated temperature.

As both the height of the fever and the rapidity of temperature elevation are
involved in provoking convulsions, it was tested how rapidly elevated temperature
induced subcellular redistribution of receptors. Consistent with the reduction of
receptor surface expression demonstrated using immunoblotting, it was found
that after a 30 min incubation at 40°C, heterozygous o, f3,7,S(R43Q)-,
0,,B,7,S(K289M)-, and o, B,Y,S(Q351X)-receptors had reduced membrane
surface and increased intracellular expression in COS-7 cells (Fig. 15).
WT v,S-subunits tagged with cyan fluorescent protein (CFP) (blue) and YFP
(green) and the plasma membrane marker FM4-64 (red) were primarily colocal-
ized (white) on the membrane surface (Fig. 15, top row) and expressed a small
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Fig. 15. Elevated temperature rapidly decreased surface receptors and increased intra-
cellular retention of mutant 7y,S-subunit-containing receptors. Confocal microscopic
images of fluorescence-tagged wt and mutant y,S-subunit-containing o, 3,y,S-receptors
in COS-7 cells after a 30 min incubation at 40°C. With het expression, mutant and
wt 1,S(R43Q)-, v7,S(K289M)-, and v,S(Q351X)-subunits were localized intracellularly
in compartments that had the morphology of the ER and colocalized with ECFP-ER (not
shown). Wild-type receptors containing both ECFP-tagged (blue) and EYFP-tagged
(green) v,S-subunits were mainly on the cell surface and coregistered with FM 4-64
(merged as white), whereas het mutant receptors containing both ECFP-tagged (blue) wt
and EYFP-tagged (green) mutant y,S-subunits were coregistered intracellularly and were
separated from FM4-64 (red). In the inserts, wt stands for ECFP-tagged wt-subunits, mut
for EYFP-tagged mutant subunits, mem for membrane marker FM4-64, and co for colo-
calization of all ECFP, EYFP, and FM4-64 channels. (Modified from ref. 47.)

amount of intracellular receptor (aqua) after a 30 min incubation at 40°C
(Fig. 15). For heterozygous expression, WT and mutant y,S-subunits were
tagged with CFP and YFP, respectively. After a 30 min incubation at 40°C,
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there was reduced membrane surface expression of receptor (loss of white), and
both mutant and coexpressed WT 7,S-subunits were localized intracellularly
(cyan) (Fig. 15, middle three rows).

The reduction of receptor surface expression following temperature elevation
was very rapid in both heterologous cells and hippocampal neurons. After 5 min
on a heated microscope stage, the receptors displayed a merged aqua color both
on the surface and intracellularly (Fig. 16A, 5 min, lower panel, red box). When
incubated at 40°C for 7 min, the heterozygous o, f3,Y,-CYP/y,(K289M)-YFP
receptors in COS-7 cells were localized more intracellularly. In the next 6 min
at 40°C, the intensity of the surface receptors rapidly diminished, and the intensity
and amount of intracellular receptors were increased (Fig. 16A, 7 and 11 min,
lower panel, red boxes).

The same rapid loss of mutant receptors from the cell surface was also
observed in hippocampal neurons. Rat WT v,L- and mutant v,L(Q351X)-sub-
units tagged with pHluorin were coexpressed with rat o,- and 3,-subunits in
hippocampal neurons for 6 d. Fluorescence should only be effectively gener-
ated by pHluorin when it is on the cell surface (pH > 7.0), and no or minimal
fluorescence should be produced by the pHluorin tag at acidic pHs (pH<6.5)
that are characteristic for vesicular compartments (49). After 6 d, YZL—subunit—
coupled fluorescence was visible and appeared as puncta on neurons express-
ing both WT and mutant receptors (Fig. 16B). As pHluorin only fluoresces at
the surface, the puncta on neurons were assumed to be surface receptors.
When challenged with high temperature (40°C), neurons transfected with het-
erozygous mutant receptors had fewer fluorescent puncta compared with WT
receptors from the same areas (Fig. 16B), indicating that there were fewer
receptors trafficked to the surface in neurons. The fluorescent puncta with WT
receptors showed minimal reduction in fluorescence following 40 min at
40°C, whereas fluorescent puncta with heterozygous mutant receptors
showed substantial reduction in fluorescence within 20 min at 40°C. After
incubation at 40°C for 30 min, there was more loss of puncta expressing
mutant than WT receptors.

Whereas high temperature could further compromise surface stability, endo-
cytic recycling, forward trafficking, ER retention or degradation in receptors
containing trafficking-deficient y,-mutations, and high temperature could also
have effects on cellular events in normal neurons. The temperature sensitivity
of normal GABA , receptors has never been addressed. The authors study on
WT GABA, o B,y,-receptors suggested that WT o, f3,y,-receptors have
impaired trafficking during prolonged temperature elevation compared with the
mutant 7y,-subunit-containing o, f,y,-receptors (Figs. 16B and 17). In hip-
pocampal neurons, WT GABA, o,p,y,-pHluorin fluorescence puncta were
slightly reduced after incubation at 40°C for 40 min (Fig. 16B o,3,y,L). In
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Fig. 16. Reduced surface expression and increased intracellular retention of mutant
Y,-subunit-containing o, [3,Y,-receptors with elevated temperature was rapid and
dynamic. (A) COS-7 cells were cotransfected with het o, 3,y,S/y,S(K289M)-receptors
with the wt v,S-subunit tagged with ECFP and the mutant v,S-subunit tagged with
EYFP. The receptors displayed a merged aqua color both on the surface and intracellu-
larly after incubation at 40°C for 5 min (boxed area). With brief incubation at 40°C, the
fluorescence intensity of the surface receptors progressively decreased (7 and 11 min,
lower panel, red boxes) with loss of cyan color on the cell surface (changes of cyan color
in the red box, red arrow), and the intracellular fluorescence intensity progressively
increased with the accumulation of intracellular receptors (changes of cyan color of the
coregistered image in the red box, red double arrow). The insert wt stands for ECFP-
tagged wt subunits, mut for EYFP tagged mutant subunits, and co for colocalization of
all ECFP, EYFP channels. (B) Heterozygous o,f,y,L-pHluorin/a.,f3,7,1.(Q351X)-
pHluorin receptor on the surface of rat hippocampal neurons was reduced rapidly by
temperature elevation to 40°C. As illustrated in the left panels, neurons were cotrans-
fected with het o, 3,y,L-pHluorin/c, B,y,L.(Q351X)-pHluorin receptors, and receptors
were imaged as puncta on the surface of neurons. With incubation at 40°C, the fluores-
cent puncta were reduced, with loss or fading of fluorescence on the cell surface (red
arrows). In the inserts TI stands for transmitted image, wt stands for wt o, B,y,L-
pHluorin receptors, mut for het mutant o, 3,v,L-pHluorin/a;, ,y,L.(Q351X)-pHluorin
receptors. (Modified from ref. 47.)
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HEK 293T cells, o, 3,y,S-receptors had a reduced peak current amplitude after
incubation for 2.5 h at 40°C (Fig. 17A), and the peak current was increased
30-fold more than 45 min at room temperature and then was stable for the next
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Fig. 17. Wild-type v,S-subunit-containing GABA, receptors had reversible,
impaired trafficking with temperature elevation. (A) Representative currents are pre-
sented from a single cell expressing wt o, 3,Y,S-receptors recovering at 25°C from a
2.5-h incubation at 40°C. (B) Wild-type receptor peak current amplitudes increased in
a 45 min time-course at 25°C and then stabilized following incubation at 40°C for 2.5 h.
The ordinate denotes current amplitudes at each time-point over the current amplitude
obtained at 120 min after incubation at 25°C. Data were averaged from four cells and
all currents were recorded in HEK 293T cells under lifted whole-cell configurations
with voltage clamped at —50 mV. (Modified from ref. 47.)

2 h (Fig. 17B). The data suggest that WT o 3,7, S-receptors are not spared from
the high temperature insult and that this heat-induced receptor trafficking
impairment is reversible. This functional impairment of WT o, 3,7,S-receptors
by extended exposure at 40°C may explain why children without y,-subunit
mutations can also manifest seizures when fever spikes.
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4. Conclusions

GABA ,-receptor subunit mutations associated with IGEs alter GABA,
receptor channel gating, expression, or trafficking. The decreased whole-cell
current and/or increased rate of current deactivation of GABA, receptors
containing the v,(K289M)-, 6(E177A)-, and 8(R220H)-mutations/variants are
explained primarily by reduced mean single channel open times. In contrast, the
reduction in whole-cell current for GABA , receptors containing the o, (A322D)-,
Y,(R43Q)-, and v,(Q351X)-mutant subunits is because of decreased GABA ,
receptor cell surface expression. Whereas the “gating” and “trafficking” mutants
appear to produce different defects in GABA , receptor function, the mecha-
nisms are actually overlapping. The y,(K289M)-, 6(E177A)-, and 6(R220H)-
mutations/variants all produce some defects in receptor trafficking (39,47), and
the o, (A322D)- and v,(Q351X)-subunit mutations were associated with altered
current kinetic properties (28) (Kang and Macdonald, unpublished). Furthermore,
the mechanisms by which gating, expression, and/or trafficking are altered are
all different. It is likely that the o, (A322D)-, v,(R43Q)-, and v,(Q351X)-subunit
mutations inhibit proper protein folding and assembly, the o, (A322D)-mutation
disrupts the M3 transmembrane helix, the y,(R43Q)-mutation prevents Y,—f3,
contact interaction during assembly, and the v,(Q351X)-mutation truncates the
C-terminus before the M4 transmembrane domain. Such misfolded GABA ,-
receptor subunit proteins do not assemble properly in the ER and are then
degraded (for a review see [50]).

All the mechanisms described earlier are likely to be related to the develop-
ment of afebrile seizures, as these defects in expression, trafficking, or function
were demonstrated by studying mutant receptors expressed at 37°C. Reasonable
hypotheses for the basis for febrile seizures are that the mutations

1. Confer a temperature-dependency to the defect in expression, trafficking, or
function; or

2. Confer an independent, temperature-dependent alteration if GABA , receptor
function itself confers susceptibility to fever-induced convulsions.

The later mechanism could be because of enhancement of a normal, temperature-
dependent alteration in GABA , receptor function or a pathological temperature-
dependent alteration in GABA , receptor function. The study discussed in this
review provides evidence that febrile seizures may be owing to enhancement
of a normal, temperature-dependent alteration of GABA , receptor (47). This
study demonstrated that GABA , receptor surface expression was somewhat
temperature-dependent over a relatively long period (hours). However, all of
the studies of temperature-dependent effects were carried out in heterologous
expression systems or cultured neurons with transient transfection. The expression



138 Macdonald et al.

variations and the overexpression of the receptor proteins with transient
transfection might obscure to some extent the temperature-sensitivity of the
receptor trafficking deficiency or alterations in channel function compared
with physiological conditions. All the mutations associated with febrile
seizures were Y,-subunit missense mutations or truncations and had increased
temperature-dependent reduction of GABA , receptor surface expression. The
authors data suggest that WT v,-subunit protein may be somehow very
sensitive to temperature changes and any defects during protein folding,
conformational stabilization, glycosylation, receptor assembly, forward
trafficking, and recycling caused by mutations may render the overall effect
of these receptors further compromised, thus further lowering the inhibitory
synaptic strength in the brain during rapidly rising fever. Thus, the afebrile
and febrile seizures associated with y,-subunit missense mutations or truncations
have different mechanisms. If these data can be generalized to all or most
IGEs with febrile seizures, they also suggest that there might be different
strategies for development of therapies for afebrile and febrile seizures.
Treatment for afebrile seizures might be directed toward the basic underlying
defect associated with the missense mutation or. Based on the authors data,
WT GABA, o, f,y,-receptor channel function was reversibly temperature-
sensitive, suggesting that for febrile seizures, the current therapeutic approach
of immediate cooling and reduction of body temperature should be effective
in preventing and terminating convulsions. Alternatively, treatments directed
toward stabilization of cell surface GABA , receptors and fast recruitment of
receptors to the surface and synapse would be another approach. Finally,
validation of the underlying mechanisms of the febrile and afebrile seizures
of IGEs will require confirmation of these findings in knockin mice and in
neurons in vitro, but studies to date have cast new light on these old and
vexing epilepsies.
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Abuse and Dependence Liability
of GABA ,-Receptor Modulators

Antecedents and Pharmacology

James K. Rowlett, Angela N. Duke, and Donna M. Platt

Summary

Ligands that act at y-aminobutyric type A (GABA ,) receptors, in particu-
lar the benzodiazepines and related drugs, have broad clinical use but
also the liability for abuse and dependence. Recent epidemiological data
suggest that abuse of benzodiazepine-type drugs may be on the upswing,
with a shift from primary misuse of benzodiazepines by people in a
therapeutic setting to use by younger people engaging in recreational
abuse. Laboratory findings suggest that benzodiazepine-type drugs have
reinforcing effects both in human and non-human subjects. However,
benzodiazepine-type drugs appear to have lower reinforcing effective-
ness compared to other drugs of abuse, such as psychomotor stimulants.
Recent research has begun to explore the role of GABA, receptor sub-
types in the reinforcing effects of benzodiazepine-type drugs, and unlike
other behavioral effects (e.g., motor coordination deficits); reinforcing
effects are not easily attributed to a single receptor subtype. Perhaps the
most firm conclusion that can be made at this point is that stimulation of
GABA , receptors containing ol subunits (a1GABA, receptors) is not
necessary for self-administration of benzodiazepine-type compounds.
Benzodiazepine use also is associated with physical dependence, charac-
terized by a withdrawal syndrome. In both human and non-human sub-
jects, this withdrawal syndrome is considered to be intermediate in
severity. Preliminary results suggest that compounds with selectivity for
02GABA ,, .3GABA ,, and/or a5GABA , receptors do not induce physical

From: The Receptors: The GABA Receptors, Third Edition
Edited by: S. J. Enna and H. Méhler © Humana Press Inc., Totowa, NJ

143



144 Rowlett et al.

dependence. As with reinforcing effects, systematic studies with selective
compounds having relatively high intrinsic efficacy at particular subtypes
should shed light on theses important mechanistic issues.

Key Words: Benzodiazepine; GABA , receptor; abuse; self-administration;
physical dependence; history.

1. Introduction

The abuse of substances that exert some or all of their action at y-aminobutryic
acid type A (GABA,) receptors has occurred for centuries. Substances ranging
from o-thujone, the active ingredient of absinthe, to ethyl alcohol are documented
to alter chloride currents mediated by GABA , receptors (/,2). At the beginning
of the 20th century, the barbiturates were introduced into clinical practice and
soon thereafter, reports of abuse began to surface (3). Given the selectivity of bar-
biturates for GABA , receptors, it has become clear that activity at these receptors
carries with it the risk for abuse and dependence.

The modern history of psychiatric medicine and pharmacotherapy is tied
intrinsically to the development of anxiety reducing or “anxiolytic” compounds
(for review see ref. 4). Although barbiturates originally were used for anxiety
reduction, these compounds proved too toxic for practical use; and the search
for safe and effective anxiolytics led to the introduction of meprobamate in
1955 by the pharmaceutical companies Wallace Laboratories and Wyeth (4).
Meprobamate (marketed as Miltown [Wallace Laboratories, Cranbury, NJ] and
Equanil [Wyeth-Ayerst, Philadelphia, PA]) indeed was safer than any previous
compounds, but reports of overuse and illicit diversion gradually negated its
clinical usefulness. Interestingly, the mechanism of action of meprobamate is not
yet understood fully, although a primary site of action for this drug is the
GABA , receptor (1).

Today, meprobamate and the other early anxiolytics have been replaced largely
by the benzodiazepines.* As discussed in the following section, benzodiazepine-
type drugs are similar to older anxiolytic drugs in that they act at the GABA , recep-
tor. Unfortunately, benzodiazepine-type drugs also retain the liability for abuse and
dependence associated with the earlier anxiolytics (5,6). Thus, action at GABA
receptors likely plays a key role in both the therapeutic as well as abuse-related

*“Benzodiazepine” typically refers to a compound with the 1,4-benzodiazepine struc-
ture, e.g., diazepam, chlordiazepoxide, or related drugs, such as triazolobenzodiazepines,
e.g., alprazolam. However, other compounds with nonbenzodiazepine structures bind at
the same receptor as benzodiazepines. Throughout this review, both types of compounds
will be referred to as “benzodiazepine-type drugs” for clinically available agents and
“benzodiazepine-type compounds” for experimental agents. ‘“Benzodiazepines” will
refer exclusively to drugs with benzodiazepine-based structures.
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effects of this important class of drugs, and the extent to which therapeutic efficacy
and abuse potential can be dissociated is not yet fully understood.

This chapter will explore issues related to the abuse and dependence poten-
tial of benzodiazepine-type drugs and the role that GABA, receptors play in
this phenomenon. The addictive properties of benzodiazepine-type drugs have
been, and continue to be, subject to lively debate (5,7). Rather than emphasize
any particular aspect of this debate, the authors intend to review the issues
related to benzodiazepine abuse potential and provide historical context.
Additionally, we will provide an overview of GABA , receptor pharmacology
relevant to understanding benzodiazepine abuse and dependence. A final aim of
this chapter is to identify gaps in the knowledge of the mechanisms of action
underlying these side-effects that have historically plagued the development
and use of anxiolytic drugs.

2. Benzodiazepines and GABA , Receptor Heterogeneity

As reviewed elsewhere in this book, GABA , receptors have received consid-
erable attention as the site of action for drugs that act not only as anxiolytics, but
also as sedatives, anticonvulsants, and muscle relaxants. All of these clinically
beneficial effects are exhibited by the benzodiazepine-type drugs, which act by
allosterically binding to GABA , receptors and enhancing the ability of GABA to
increase chloride conductance. Many studies over the past decades have revealed
the existence of multiple subtypes of the GABA , receptor (for e.g., see ref. 8),
and research with transgenic mice and subtype-selective ligands has postulated
that the diverse behavioral effects of benzodiazepine-type drugs may reflect
action at different subtypes of GABA , receptors (9-12).

The GABA , receptors in the central nervous system are pentamers constituted
from structurally distinct proteins, with each protein family consisting of differ-
ent subunits. The majority of GABA , receptors consist of o-, 3-, and y-subunit
families, and benzodiazepine action appears to be determined by the presence of
particular o-subunits. Benzodiazepine-type drugs bind predominantly to a site on
the native GABA , receptor that occurs at the interface of the v,-subunit with
either o/;-, 0, 0L;-, Or OL-subunits, whereas these drugs are inactive at correspon-
ding o,- and o-subunit containing receptors. More than 90% of the GABA
receptors in the brain contain .-, 0.,-, and 0,;-subunits (13), and GABA, recep-
tors containing o.,-subunits (o, GABA , receptors) have been recently implicated
in the sedative effects of benzodiazepine-type drugs, whereas GABA , receptors
containing o.,- and o.;-subunits (0., GABA ,- and 0,;GABA , receptors) have been
implicated in the anxiolytic effects of benzodiazepine-type drugs (9,10).
Receptors containing o.-subunits (0, GABA , receptors), in contrast, are a rela-
tively minor population that may play a role in memory processes, but likely not
anxiolysis or motor effects (14,15).
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To the extent that the different behavioral effects of benzodiazepines are
attributable to different receptor subtypes, it is possible that a subset of recep-
tors is responsible for the abuse-related effects of these drugs. Consequently,
the heterogeneity of GABA , receptors sparks the hope that compounds lacking
abuse liability can be found. However, as will be reviewed in later sections of
this chapter, a complex picture is emerging with respect to abuse of
benzodiazepine-type drugs and the role of different GABA ,-receptor subtypes.

3. The Emergence of “Mother’s Little Helper”

The introduction of meprobamate raised the hopes that anxiolytics could be
developed that were safer than barbiturates. These drugs would, in turn, begin to
meet the needs of the then-recognized large portion of the population suffering
from anxiety disorders. Meprobamate was by all accounts a hit, spurring the inter-
est in the development of novel anxiolytic drugs (4). The apex of anxiolytic drug
development was reached in 1960 with the introduction of chlordiazepoxide
(Librium®) and with diazepam in 1963 (Valium®), by the Swiss company
Hoffman-La Roche (Basel, Switzerland). The popularity of diazepam has been
well documented, with this compound becoming the most widely prescribed drug
irrespective of therapeutic use in the US and Europe between 1968 and 1987 (16).
But by as early as 1967, reports in the popular media were warning against the
potential for illicit use and abuse, particularly by youth and the counterculture
(4,16). Use of benzodiazepines in fact entered the popular culture, as typified by
The Rolling Stone’s song “Mother’s Little Helper,” referring to a street name asso-
ciated with the perceived widespread use of diazepam by middle-class housewives
(similarly, “Executive Exedrin” was a street name associated with the popular use
of benzodiazepines and related anxiolytics by business executives). By the 1970s,
the lurid accounts of abuse and dependence had escalated (for e.g., see ref. 17) and
in 1979, the US Congress initiated hearings on the “Valium scare” (18).

As a consequence of the 1979 Congressional hearings, benzodiazepines are
regulated in the US by the Drug Enforcement Agency (DEA). Benzodiazepine-
type drugs are categorized as Schedule IV,* which in regulatory terms reflects
the idea that the abuse potential of these drugs is considered low relative to
other drugs of abuse (/9). The consequence of this scheduling in the US and
similar regulations worldwide primarily is restrictions on the period of time for
which a benzodiazepine-type drug can be prescribed.

*The DEA categorizes drugs into five schedules based on medical use and relative
abuse liability. Schedules I and II drugs are considered to have high abuse liability, but
those in Schedule I are not approved for medical use in the US. Schedules III, IV, and
V have medical use and abuse liability in descending degree of probability, with
Schedule V available over-the-counter in some cases.
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4. Benzodiazepines: A Question of Abuse vs Therapeutic Use

As will be discussed in subsequent sections, the idea that the abuse poten-
tial of benzodiazepine-type drugs may be less than other abused drugs has
empirical, in addition to regulatory support. This notion has generated lively
debate beyond the “Valium scare” era of the 1970s (for e.g., see refs. 4,5,7).
Based in large part on epidemiological findings at the time, Woods and col-
leagues (5,20,21) concluded that the vast majority of benzodiazepine use was
appropriate and, combined with human laboratory data, the classification of
benzodiazepine-type drugs as addictive drugs or drugs of abuse was perhaps
erroneous, or at the very least, overstated. An important consequence of this
classification might be that benzodiazepine-type drugs are, in fact, underpre-
scribed; with many patients going untreated owing to a general reluctance to
prescribe and use these drugs (5,22). Another perspective is that classifying
benzodiazepine-type drugs as abused drugs reflects a reactionary response by
society at large: As stated by Tone (4, p. 375):

“...the stigmatization of a drug as dangerous...may tell us more about the
politics of the society that passed judgment on it than about the drug’s chemi-
cal ability to alter mood and behaviour”.

Although provocative, the debate on the extent to which benzodiazepine-
type drugs should be considered drugs of abuse may simply reflect a lack of
consensus on what constitutes a dangerous drug of abuse vs a “mildly addictive”
substance. The fact remains that benzodiazepine use is widespread, and recent
reports have suggested that patterns of abuse might be quite complex (23).
Griffiths and colleagues have proposed two major patterns of problematic use
of benzodiazepine-type drugs: Recreational abuse and chronic quasi-therapeutic
use (for review, see refs. 23,24). Recreational abuse refers to intermittent or
long-term use of benzodiazepine-type drugs at high doses, often along with
other substances (i.e., polydrug abuse). Recreational abuse is relatively rare
compared with the rate of prescription, but similar to abuse of illicit drugs, such
as the opioids (23,24). Chronic quasi-therapeutic abuse, on the other hand,
refers to long-term use of benzodiazepine-type drugs by patients, which is
inconsistent with accepted guidelines for prescription or an individual’s med-
ical condition. This type of abuse is said to be relatively prevalent compared
with the rates of prescription (23,24).

Recent epidemiological findings also suggest that prevalence and patterns of
use of benzodiazepine-type drugs may be changing over time. One example
comes from recent reports from the Drug Abuse Warning Network (DAWN),
which reports yearly estimates of drug abuse-related emergency department
visits from a large network of hospitals in the United States. According to the
most recent data available (2002), of all psychotherapeutic drugs, benzodi-
azepines were the most frequently reported in emergency department visits (25).
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However, most striking is that benzodiazepine-related emergency department
visits are as prevalent as those of heroin and more so than the amphetamines
(Fig. 1). Moreover, a steady upward trend was reported for benzodiazepines,
with an overall increase of 41% from 1995 to 2002 (Fig. 1) (see ref. 25).
Emergency room visits can occur for a variety of reasons, and in a follow-up
report from the DAWN network it was apparent that most cases involved suicide
attempts (26). However, comparison of the motives underlying benzodiazepine-
involved emergency department visits showed that the nature of the emergencies
appear to be changing (Fig. 2). In this regard, the percent of emergency depart-
ment visits involving benzodiazepine dependence as well as visits by patients
who abused the drugs for “psychic” effects increased significantly from 1995 to
2002 (Fig. 2) (see ref. 26). In fact, for patients age 12-25, suicide-related visits
were not different from visits related to drug taking for psychic effects. A second
disturbing trend in benzodiazepine-related emergency room visits is that in 1995,
the age group with the highest incidence of emergency department visits was the
35-44-yr old category, which by 2002 had shifted to 26-29-yr olds. An even
younger age group, 18—19-yr olds, showed the greatest percent increase (~66%)
of all age groups in emergency department visits from 1995 to 2002 (26).
Current reports based on substance abuse treatment admissions also lend
support to a recent increase in benzodiazepine use. Based on findings from the
Treatment Episode Data Set (TEDS), an annual compilation of patient character-
istics in substance abuse treatment facilities in the US, admissions owing to “pri-
mary tranquilizer” use (including, but not limited to, benzodiazepine-type drugs)
increased 79% from 1992 to 2002 (27). For both the DAWN and TEDS data sets,
a primary characteristic of the abuse of benzodiazepine-type drugs was that they
were combined with other substances (usually alcohol) in the majority of cases.
It is of particular interest to look more closely at specific benzodiazepine-type
drugs for clues to the factors contributing to the abuse of this class of drugs.
According to the DAWN data sets, the benzodiazepine that has increased the
most in reports from emergency room visits is alprazolam (Xanax®, Pfizer, Inc.,
New York, NY), which is an intermediate-duration triazolo-benzodiazepine, pre-
scribed for the treatment of anxiety disorders, followed next by diazepam (25).
Interestingly, the newer drugs marketed for the treatment of insomnia (zolpidem
and zaleplon) appear to contribute in a very minor way to overall benzodiazepine-
associated emergency room Visits, accounting for less than 10% of the overall
visits. Of these hypnotics, zolpidem (Ambien®, Sanofi-Aventis, Bridgewater, NJ)
is the most frequently reported; clearly surpassing the next two most frequently
reported hypnotics, temazepam (Restoril®, Mallinckrodt Pharmaceuticals,
St. Louis, MO) and flurazepam (Dalmane®, Roche Products, Inc., Humacao,
Puerto Rico) (see Fig. 3). Of concern is the observation that visits involving zolpi-
dem have increased dramatically from 1995 to 2002—a 118% increase that was
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Fig. 1. Trends in benzodiazepine-involved emergency room visits in the contiguous
United States. “Benzodiazepines” include all benzodiazepine-type drugs available by
prescription in the US. “Amphetamines” consist of b-amphetamine, methamphetamine,
and 3-4 methylenedioxymethamphetamine. Data were obtained from the DAWN
(Office of Applied Studies, SAMHSA, USA) and reported in Crane and Lemanski (25).
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Fig. 2. Reported motives for benzodiazepine-associated emergency room visits in the
contiguous US. for 1995 and 2002. Data were obtained from the DAWN (Office of Applied
Studies, SAMHSA, USA, 2003 update) and reported in Crane and Lemanski (26).
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Fig. 3. Trends in hypnotic-involved emergency room visits in the contiguous United
States. Shown are data for the three most frequently reported hypnotics, zolpidem
(Ambien®), temazepam (Restoril®), and flurazepam (Dalmane®). Data were obtained
from the 03/2002 update, DAWN, 2001, Office of Applied Studies, SAMHSA.

more than any other hypnotic or anxiolytic. A caveat of these observations is that
alprazolam and zolpidem are the most frequently prescribed benzodiazepine-
type anxiolytic and hypnotic, respectively, although the extent to which simple
availability accounts for these findings is not known.

Regardless of controversies surrounding the extent to which abuse of ben-
zodiazepine-type drugs warrants consideration in the same manner as other
more “mainstream” drugs of abuse, there is generally a consensus that certain
subpopulations are at greater risk for inappropriate benzodiazepine taking.
These groups include polydrug abusers, patients with histories of alcohol
abuse, and the elderly (27,23). With respect to polydrug abuse, benzodi-
azepine-type drugs are often coabused with alcohol and opioids (26), and the
basis for this form of polydrug is not well understood. People with a history of
moderate-to-heavy alcohol use tend to have a higher degree of long-term ben-
zodiazepine use (often without a prescription) and appear more sensitive to the
effects of these drugs (268—-30). And although the elderly likely do not engage
in recreational abuse, prevalence of use is typically higher than in the general
population (21,23). Overuse in the elderly is particularly disquieting, given the
potential for motor-impairing and amnestic effects of benzodiazepines and
related drugs in patients with a high prevalence of motor coordination deficits
and cognitive deficits. In fact, a well-documented phenomenon is a signifi-
cantly higher risk of falls or hip fractures in elderly patients taking benzodi-
azepines (for e.g., see refs. 31,32).
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5. Benzodiazepine Abuse: From the Street to the Laboratory

As illustrated earlier, drug taking is a complex phenomenon influenced by a
variety of historical and social factors in addition to pharmacological variables.
Along with the legal and medical aspects, which contribute to a compound
being classified as an abused drug, the most likely property of a compound that
predicts inappropriate use is the degree to which the compound has reinforcing
effects. A drug is said to have reinforcing effects if its presentation increases the
probability of subsequent responses to produce it. The study of the reinforcing
effects of drugs has been an important emphasis of drug abuse research for
decades, and the demonstration of a drug’s reinforcing effects in the laboratory
forms a key component of abuse liability assessment required by worldwide
regulatory agencies (19,33,34).

Another major determinant of the extent to which a drug has abuse liability is
the occurrence of physical dependence with repeated administration. Physical
dependence is characterized by the emergence of a withdrawal syndrome on ces-
sation of chronic drug treatment. Tolerance to some or all of the effects of a drug
often accompanies the development of physical dependence. It is important to
note that abuse can occur in the absence of physical dependence—the latter
phenomenon is a predictor of abuse potential, but not a necessary condition. As
with reinforcing effects, regulatory agencies also consider the extent to which a
compound induces physical dependence following chronic treatment as part of
scheduling decisions (33).

A final property of a drug often considered to be a key component of abuse
liability is its subjective, or interoceptive effects. These effects are often
assessed with drug discrimination procedures in which subjects typically are
trained to distinguish the presence and absence of a drug, i.e., a response is cor-
rect or incorrect based on whether drug or placebo is administered. In its most
basic form, these procedures determine the extent to which one drug shares dis-
criminative stimulus effects with another drug—if the latter is an abused drug
of a particular class, then the likelihood that the compound of interest has sub-
jective effects in common with the drug of abuse is high (19,35).

The remaining sections of this chapter will review the current state of knowl-
edge of the role of GABA, receptors in mediating behavior associated with the
abuse liability of benzodiazepine-type drugs. Of the three properties of drugs that
are considered for determination of abuse liability, the focus will be on the rein-
forcing effects and propensity to induce physical dependence of benzodiazepine-
type drugs. The discriminative stimulus effects of benzodiazepine-type drugs
have been reviewed extensively elsewhere (for e.g., see refs. 19,35) and will not
be discussed in detail further.
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5.1. Self-Administration of Benzodiazepine-Type Drugs:
Human Studies

A consistent finding in human laboratory studies is that benzodiazepine-type
drugs have reinforcing effects in subjects with histories of drug or alcohol
abuse, in anxious subjects, and patients with sleep disorders (27,23). However,
in subjects lacking these characteristics benzodiazepine-type drugs consistently
do not function as reinforcers. This finding often is used to argue that benzodi-
azepine-type drugs are not “conventional” drugs of abuse (5). The finding that
the reinforcing effects of benzodiazepine-type drugs depends so strongly on
subject characteristics and/or histories is unusual among abused drugs, and the
implications for understanding the mechanism(s) underlying benzodiazepine
reinforcement are not clear. However, one potential mechanism might be ther-
apeutic effects, i.e., people may self-administer benzodiazepine-type drugs in
order to alleviate anxiety or insomnia. In fact, Griffiths and Weerts (23) have
proposed that the reinforcing effects of benzodiazepine-type drugs may occur
solely owing to therapeutic efficacy.

Recent support for this idea comes from a study by Helmus et al. (36). Subjects
with social anxiety disorder and healthy controls participated in public speaking
sessions (a commonly-used task for inducing anxiety), and were allowed to
choose between diazepam and placebo. During public speaking, preference for
diazepam was greater for subjects with social anxiety disorder (81.8%) compared
with healthy controls (36.4%). Quantitative assessment of subject-rated effects
indicated that diazepam attenuated anxiety when the levels of anxiety were ele-
vated owing to public speaking in the social phobics (36), providing evidence that
diazepam self-administration was correlated with therapeutic effect.

The observation that benzodiazepine-type drugs do not have reinforcing
effects in normal healthy subjects also suggests that polydrug abusers and alco-
holics likely self-administer these compounds owing to unique characteristics of
these patient populations. There are at least two possible characteristics:
Polydrug abusers and alcoholics self-administer benzodiazepine-type drugs in
order to reduce anxiety and/or insomnia (i.e., “self-medicate” like the social pho-
bics described earlier) or a biobehavioral adaptation to one or more effects of
benzodiazepine-type drugs occurs owing to abuse of other substances. With
respect to the self-medication idea, results to date have been somewhat mixed,
with some authors observing that benzodiazepines are coadministered with other
substances primarily to boost a drug “high” (for e.g., see refs. 37,38), whereas
others have found evidence for self-medication of “emotional disturbances” or
insomnia (39,40). A study in an Israeli population of patients maintained on
methadone for treatment of opioid dependence may shed light on these mixed find-
ings. Gelkopf et al. (40) found that although large proportions of this population
self-administered benzodiazepines for either recreational purposes (41.4%) or
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treating “‘emotional problems” (87.1%), about one-third of this population reported
taking benzodiazepines for both reasons. These clinical findings suggest that an
interaction between therapeutic effect and reinforcing effects following exposure to
earlier abused substances should be considered as a viable mechanism underlying
the abuse potential of benzodiazepine-type drugs.

Although it is likely that the reinforcing effects of benzodiazepines may be
altered by previous drug history, the nature of these alterations is unclear. One
known consequence of chronic drug exposure is physical dependence, and evi-
dence exists from animal studies that benzodiazepines may suppress some of the
withdrawal signs associated with chronic opioid agonist or ethanol treatment (for
review, see ref. 21). However, physical dependence has not been identified as a
key factor in studies involving drug-experienced humans (27). In addition, ben-
zodiazepines themselves induce physical dependence, and self-administration of
benzodiazepines does not require that the subjects be dependent (for review, see
ref. 23; physical dependence will be discussed in following sections).

5.2. Self-Administration of Benzodiazepine-Type Drugs:
Nonhuman Studies

One prediction based on the idea that benzodiazepine-type drugs have
reinforcing effects is that these compounds should be effective in models of
self-administration that use nonhuman subjects in controlled laboratory
settings. Indeed, this prediction does hold, with benzodiazepine-type com-
pounds showing reinforcing effects under a variety of experimental conditions
(for e.g., see refs. 12,19,41—43). These studies employed iv self-administration
procedures in which subjects are trained to press a lever in order to receive an
iv drug injection through a chronic venous catheter. Reinforcing effects of the
drug are affirmed if it maintains a higher degree of self-administration com-
pared with that observed under conditions of vehicle availability.

Several features characteristic of behavior reinforced by drug self-
administration are illustrated in Fig. 4. For example, increasing the unit dose
of drug (mg/kg/injection) resulted in self-administration (measured in this case
as the number of injections taken per daily session) that increased above levels
observed when vehicle was available (i.e., diazepam functioned as a reinforcer).
However, as unit dose was increased further, self-administration began to
decrease to near vehicle levels, i.e., the dose-response function was biphasic
(resembling a “bell-shaped” or “inverted U-shaped” function). This dose-
response relationship is typical of most drugs of abuse. In addition, the peak
levels of self-administration maintained by diazepam were below the peak levels
maintained by the training drug methohexital, a short-acting barbiturate (44).
Similarly, peak diazepam self-administration as assessed by the break point
measure was nearly an order of magnitude lower than maximum break
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Fig. 4. Self-administration of diazepam by rhesus monkeys trained under a progressive-
ratio schedule of iv methohexital injection. Abbreviations: M, methohexital, 0.03 mg/
kg/injection; V, vehicle. Numbers above points represent median break points (last
response requirement completed in the sessions). Data for number of injections/
session are mean + SEM for N = 4 monkeys. Experimental details can be found in
Rowlett et al. (12).

points maintained by cocaine (12,45).* These findings are consistent with the
idea that benzodiazepines function as reinforcers, but their strength as rein-
forcers are intermediate compared with other drugs.

Another characteristic of a reinforcing drug is that it can be used to train self-
administration behavior. For many years, benzodiazepines were believed to be
ineffective as training drugs until Weerts et al. (46) demonstrated intravenous
self-administration of the short-acting benzodiazepine midazolam by inexperi-
enced baboons. As in other procedures, midazolam self-administration was
described as maintaining relatively low rates of responding, consistent with
benzodiazepine-type compounds having intermediate reinforcing effectiveness
compared with other self-administered drugs (46).

5.3. GABA ,-Receptor Subtypes and the Reinforcing Effects
of Benzodiazepines

One of the most intriguing exceptions to the general finding that
benzodiazepine-type drugs have relatively modest reinforcing effects has been

*Break point is a measure commonly used in progressive-ratio procedures similar to
that illustrated in Fig. 4. A break point is the last response requirement completed in a
session. Maximum break points maintained by common drugs of abuse range from 400
to 1000 under procedures similar to that of Fig. 4 (for e.g., a maximum average break
point of 1000 was reported for cocaine, see ref. 45).
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the result with the hypnotic drug, zolpidem. In fact, zolpidem self-administra-
tion often is greater than conventional benzodiazepines and closer to barbiturate
or stimulant levels (12,47). Zolpidem displays selectivity for the o, GABA , recep-
tor, raising the possibility that this receptor subtype plays a key role in the rein-
forcing effects of benzodiazepine-like compounds (72,19,47). Another
compound, zaleplon, that also displays selectivity for the o, GABA, receptor,
was self-administered by baboons to a degree similar to zolpidem (48), lending
further support to the idea that o, GABA , receptors may be an important sub-
strate for self-administration of benzodiazepine-type drugs.

The strongest support to date for a critical role for o, GABA , receptors in the
reinforcing effects of benzodiazepines comes from a review by Ator (/9). In an
abuse model in which baboons were trained to self-administer iv injections of the
stimulant cocaine, Ator (/9) reported that a benzodiazepine-type partial agonist,
TPA123 functioned as a reinforcer, whereas another partial agonist, TPA023, was
ineffective.* The primary difference between the two compounds is that TPA123
has low intrinsic efficacy in vitro at o, GABA , receptors, but TPA023 lacks effi-
cacy at these receptors (i.e., was an antagonist in vitro at o, GABA , receptors; see
also ref. 49). Together with the findings obtained with zolpidem and zaleplon,
these results raise the possibility that a benzodiazepine-type compound’s poten-
tial for abuse may be directly related to its efficacy in vitro at o, GABA
receptors—certainly a promising hypothesis with respect to drug development.

Recently, findings were reported with a compound similar to TPA023 using
the rhesus monkey self-administration model illustrated in Fig. 4 (/2). The
compound L-838,417 has the in vitro efficacy profile of partial agonist activity at
0.,-, Ol5-, and oLs-subunit containing GABA , receptors and is an antagonist at o, -
subunit containing receptors (10,50). However, in contrast to TPA023, L.-838,417
was reliably self-administered, albeit to a lower degree than zolpidem or conven-
tional benzodiazepines (/2). These findings are consistent with action at
o, GABA , receptors not being necessary for benzodiazepine self-administration.

Although the findings of Ator (/9) and our laboratory appear contradictory,
as is illustrated by Table 1, reconciliation of these apparent differences may
simply await further experimentation. Table 1 summarizes published receptor
action and self-administration results for TPA023 and L-838,417, zolpidem,
and diazepam. For comparison purposes, a scale of low, intermediate, and high
degrees of self-administration based on previous work by Ator, Griffiths, and
colleagues was developed (see Table 1 for details). As can be seen in the table,
for these particular compounds the available results are concordant across the

*Partial agonism in this case is defined by the ability of the compound to potentiate
GABA-induced chloride currents in cloned GABA ,-receptor subtypes, relative to
chlordiazepoxide as a standard.
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Table 1
Relationship of Receptor Binding, Intrinsic Efficacy, and Relative
Reinforcing Effectiveness for Benzodiazepine-Type Compounds

Binding Efficacy® References Reference
selective? o, 0, o, Ol 19,42,47° 12¢
Diazepam No 71 81 88 57 ++ ++
Zolpidem o3>0, 116 103 105 - + +++
>>0L
TPA023 No 1 12 33 6 0 NA
L-828,417 No 1.5 425 425 385 NA +

“Binding and efficacy data are from cloned human receptors (10,49,75). Efficacy represents
percentage potentiation of CI~ currents at an EC,; concentration of GABA. EC,;-concentration
resulting in 20% of maximum C1~ current.

bRelative reinforcing effectiveness, iv self-administration in baboons, Griffiths, Ator, and col-
leagues: 0, not different from vehicle; +, below a mean of 4 injections/session (“low”); ++, 4-6
injections/session (intermediate); +++, 6—8 injections/session (high).

“Relative reinforcing effectiveness using a scale adapted from Griffiths, Ator, and colleagues;
iv self-administration in rhesus monkeys, Rowlett et al.: 0, mean 0—4 injections/session (not dif-
ferent from vehicle); +, 5-8 injections/session (low); ++, 9—12 injections/session (intermediate);
+++, 13-20 injections/session (high).

NA, not available.

two laboratories; however, key information is missing (e.g., tests of TPA023
self-administration in rhesus monkeys, tests of L-838,417 in baboons).
Irrespective of the gaps in knowledge, the data in Table 1 provides enough
information for preliminary conclusions and hypotheses.

5.3.1. Intrinsic Efficacy at a,GABA , Receptors Does Not Predict Relative
Reinforcing Effectiveness

Both zolpidem and TPA023 lack binding and appreciable efficacy, respec-
tively, at the o ,GABA, receptor. However, zolpidem was robustly self-
administered, whereas TPA023 lacked reinforcing effects.

5.3.2. Action at o,GABA , Receptors is Not Necessary for Reinforcing Effects
Although TPA023 lacked both efficacy at o, GABA , receptors and reinforc-

ing effects, L.-838,417 lacked efficacy at o, GABA , receptors and did function
as a reinforcer.

5.3.3. Intrinsic Efficacy is a Major Determinant of the Degree
of Reinforcing Effectiveness

Selective affinity and selective efficacy cannot account for differences in the
reinforcing effects of the compounds shown in Table 1. At least 3 additional
sub-hypotheses can be proposed with respect to intrinsic efficacy.
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5.3.3.1. EFFICACY AT ocZGABA A AND/OR ocsGABA A
RECEPTORS Is CRUCIAL

Zolpidem’s high degree of relative reinforcing effectiveness may be attribut-
able to its high degree of efficacy at o, GABA, and/or a,GABA, receptors,
rather than selectivity at o, GABA , receptors.

5.3.3.2. A THRESHOLD OF EFFICACY MAY BE REQUIRED

A compound may require more than 12% efficacy at o, GABA , receptors and/or
at least about 40% efficacy 0.;GABA , receptors in order to have reinforcing effects.

Although differences in activity at GABA, receptors provides the most
intriguing hypotheses for the observed differences in self-administration shown
in Table 1, some methodological factors must also be considered. For example,
the subjects in the studies by Ator (/9) were trained under a cocaine baseline,
whereas the subjects in the Rowlett et al. (/2) report were trained under a bar-
biturate (methohexital) baseline. As described in previous sections, the history
of drug use by human subjects is a major determinant of the reinforcing effec-
tiveness of benzodiazepines, and a similar finding has been reported in the ani-
mal literature. In this regard, Bergman and Johanson (4/) demonstrated that the
number of rhesus monkeys self-administering diazepam was significantly lower
when self-administration was trained with cocaine compared with pentobarbi-
tal. The extent to which differences in baseline training conditions influenced
the findings shown in Table 1 is unknown at this time.

Another important factor that must be considered in assessing the relative
reinforcing strength of subtype-selective compounds is pharmacokinetics. Little
is published regarding the pharmacokinetic parameters of TPA023 and L-838,417
following iv administration in monkeys; however, L-838,417 is purported to
have a relatively short half-life similar to that of midazolam (ref. /2, J.R. Atack,
personal communication), whereas TPA023’s duration of receptor occupancy in
rodents suggests that this compound may be relatively long-acting (49). These
findings raise the possibility that the lack of self-administration of TPA023 may
be a function of this compound’s long duration of action, although long duration
compounds clearly are self-administered under the procedures used by both
Ator (19) and Rowlett et al. (/2), for example, diazepam engenders reliable
self-administration in both (Table 1). In fact, onset of action may be the most
important pharmacokinetic factor that determines the degree of reinforcing
effects of abused drugs (23) but empirical information on the onset of action of
TPAO023 and L-838,417 is not yet available.

6. Physical Dependence Following Chronic Treatment
With Benzodiazepine-Type Drugs

Prolonged use of benzodiazepine-type drugs can lead to physical depend-
ence, which in turn may contribute to the abuse liability of these drugs (51,52).
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Table 2
Comparison of Benzodiazepine Withdrawal Signs
Between Human Patients and Monkeys?

Human” Monkey”

Anxiety

Increased aggression
Self-directed behaviors
Enhanced excitability
Nausea/vomiting

Loss of coordination
Insomnia

Muscle tension/rigidity
Headaches

Tremors

Panic attacks
Perceptual disorders
Seizures

+++ A+ ot
N N I g it S NS

+
+

4Signs for human patients were obtained from refs. 2/ and 54. Signs for
monkeys were obtained from the work of Griffiths, Ator, Weerts, and col-
leagues (for e.g., see ref. 61).

bSymbols: +, signs are present; ?, not known.

For example, abrupt cessation of benzodiazepine use after prolonged treatment
at a therapeutic dose can result in a withdrawal syndrome (for review, see refs.
5,23). Benzodiazepine withdrawal is characterized by many signs that are oppo-
site to the therapeutic effects of benzodiazepines (e.g., anxiety, insomnia) and,
in more severe cases, patients may experience seizures (23,53,54) (see Table 2
for common withdrawal signs). Physical dependence to a benzodiazepine-type
drug is often measured in the laboratory as the emergence of characteristic
withdrawal signs on cessation of the drug that is reversed with subsequent drug
administration (spontaneous withdrawal), or precipitated by administration of
an antagonist, such as flumazenil (precipitated withdrawal) (21).

6.1. Physical Dependence Following Chronic Benzodiazepines:
Human Studies

A variety of factors may influence the development of physical dependence
to chronic drug treatment in patients. These factors range from the drug’s phar-
macokinetic profile to the patient’s personality characteristics, and are reviewed
for benzodiazepine-type drugs extensively by Woods et al. (27), with an update
published by Woods and Winger (5). As noted by Woods and Winger (5), empirical
evidence of physical dependence to benzodiazepines has accrued since the 1980s;
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however, a complete characterization of the risk factors and consequences of
benzodiazepine-induced physical dependence was lacking at the time of their
review—a situation that is still essentially true today. Woods and Winger (5)
also observed that physical dependence, or more to the point, alleviating phys-
ical dependence, is not a necessary condition for a benzodiazepine-type drug to
be abused or self-administered.

A common laboratory approach to studying physical dependence is to use
precipitated withdrawal as a means to evaluate dependence in a controlled fash-
ion. In a recent study, Mintzer and Griffiths (53) administered diazepam daily
at a single, relatively high therapeutic dose to healthy volunteers and assessed
withdrawal symptoms by administering flumazenil after 1, 7, 14, and 28 d of
chronic diazepam exposure. They found that withdrawal could be precipitated
after as little as 7 d of chronic exposure. However, withdrawal severity did not
increase with increased exposure (i.e., withdrawal symptoms were similar on
days 7, 14, and 28), suggesting that duration of exposure to a benzodiazepine
does not predict the severity of physical dependence in humans, at least over
this time frame (see also ref. 55). These findings also imply that the long-held
assumption that the severity of withdrawal increases with therapeutic exposure
should be re-examined closely (5). The results of Mintzer and Griffiths (53)
also illustrate that physical dependence to a benzodiazepine can develop at a
therapeutic dose (21).

Accumulating evidence from clinical studies suggests that there are several
conclusions that can be drawn regarding the characteristics and risk factors of
physical dependence to benzodiazepines (for review, see ref. 54). A consistent
finding in studies of long-term benzodiazepine use is that not all patients develop
physical dependence (21), although the factors contributing to this variance are
unknown at present. Another emerging finding is that benzodiazepines with rela-
tively short durations of action may engender more severe withdrawal (5,54, but
see also ref. 24). Maintenance dose of benzodiazepine also is often cited as a
determining factor of the severity of withdrawal, with higher doses resulting in a
more severe withdrawal syndrome; an observation with empirical support (56).
Other factors that may be important include patient characteristics such as age
and previous/current history of drug and alcohol use—these factors await system-
atic study.

A recent surge in sales and interest in hypnotic drugs, in particular eszopi-
clone (Lunesta®, Sepracor, Inc., Marlborough, MA), potentially brings to the
forefront concerns about dependence following long-term hypnotic treatment,
in addition to new opportunities to study the consequences of long-term expo-
sure to benzodiazepine-type drugs. Most hypnotic benzodiazepine-type drugs
are relatively short-acting (e.g., zolpidem, zaleplon) raising concerns over the
possibility of severe withdrawal after chronic treatment. However, in a recent
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review of hypnotic abuse liability, Griffiths and Johnson (24) rated the with-
drawal observed after therapeutic doses of zolpidem (no information was available
for zaleplon) as intermediate, i.e., similar to conventional benzodiazepines.
Little information exists for the longer-acting hypnotic eszopiclone, although
Griffiths and Johnson (24) also estimated this drug to have an intermediate
degree of withdrawal, based on it being the active isomer of zopiclone (which
has been shown empirically to induce an intermediate degree of withdrawal).
However, the degree to which eszopiclone engenders physical dependence
following long-term treatment is unknown, although the drug is reported to be
well tolerated in patients during a 12-mo period of chronic treatment (57).

6.2. Physical Dependence Following Chronic Benzodiazepines:
Nonhuman Studies

Physical dependence can be studied in animals by chronically treating the
subject and either ending treatment to assess spontaneous withdrawal or admin-
istering an antagonist or an inverse agonist to assess precipitated withdrawal
(for e.g., see refs. 58,59). Several approaches have been used to assess with-
drawal signs, including measurement of drug-induced seizures (for e.g., see ref.
60), measurement of observable withdrawal signs (for e.g., see ref. 61), and
drug discrimination methods (for e.g., see ref. 62). Observational methods are
particularly useful for evaluating signs of withdrawal in nonhuman primates
(61,63-65), and can provide a profile of effects remarkably similar to the signs
of withdrawal seen in human subjects (Table 2). Using observational methods
Lukas and Griffiths (66) demonstrated that severity of withdrawal increased as
the dose of chronic diazepam treatment was increased (see also ref. 67). In pri-
mate studies, it is not entirely clear to what extent the severity of withdrawal is
altered by varying the duration of chronic treatment (2/). Moreover, little evi-
dence exists for a more severe withdrawal syndrome engendered by short-act-
ing drugs. In this regard, short-acting benzodiazepines, such as midazolam, can
produce physical dependence similar in magnitude to longer-acting drugs such
as chlordiazepoxide (21). Latency to experience withdrawal symptoms may be
shorter when compared with longer-acting benzodiazepines; however, conclu-
sions regarding short-acting compared with long-acting benzodiazepine-type
drugs and physical dependence are limited owing to a lack of direct compar-
isons between drugs with different durations of action.

6.3. GABA ,-Receptor Subtypes and Benzodiazepine
Physical Dependence

Although withdrawal from benzodiazepine-type drugs has been characterized
extensively in both humans and animals, the underlying mechanisms of benzodi-
azepine physical dependence have not been determined (68,69). Using a drug
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discrimination model of withdrawal in rhesus monkeys,* McMahon et al. (62)
demonstrated that the potencies of a series of benzodiazepines and related
compounds to attenuate the withdrawal-inducing effects of flumazenil did not cor-
relate with the potencies of these drugs to engender benzodiazepine-like discrimi-
native stimulus effects in nondependent monkeys. These findings raise the
possibility that distinct receptor mechanisms underlie physical dependence com-
pared with benzodiazepine-related interoceptive effects in nondependent subjects.

A key question regarding compounds with GABA , -receptor subtype selectiv-
ity is the extent to which chronic treatment with these compounds induces phys-
ical dependence. More specifically, can physical dependence be associated with a
particular subtype of the GABA , receptor—a proposition that perhaps is unlikely
given that physical dependence is associated with a plethora of behavioral effects.
Early studies with zolpidem suggested that this o,, GABA , -selective agonist did not
induce physical dependence after chronic treatment in mice (for e.g., see refs. 69,70),
suggesting that this receptor subtype does not play a key role in the development
of physical dependence. However, more recent reports have indicated that zolpi-
dem can, in fact, engender a withdrawal syndrome in nonhuman primates that is
quite similar to that observed after chronic treatment with conventional benzodi-
azepines (47,61,71), a finding consistent with reports in humans (24). Although
these results suggest a lack of concordance between rodent and primate models,
the primary difference may be attributable to the dependent variables used to
define withdrawal. In this regard, the earlier rodent studies relied primarily on
measuring seizure activity, whereas the primate studies measured a broad profile
of behavioral effects in addition to seizure activity. Finally, additional evidence
that the o, GABA , receptor may play a more prominent role in physical depend-
ence induced by benzodiazepine-type drugs comes from a report that zaleplon,
similar to zolpidem, engendered a withdrawal syndrome in baboons (72).

The recent development of compounds with selective efficacy at o, GABA ,-,
0,GABA , -, and/or 0., GABA , -receptor subtypes now provides the opportunity
to evaluate the role of these receptors in physical dependence induced by
benzodiazepine-type drugs. Mirza and Neilsen (60) evaluated the degree to
which chronic treatment with compounds varying in both selectivity and effi-
cacy at GABA ,-receptor subtypes engendered seizures in mice following
administration of the inverse agonist FG-7142. Chronic treatment with zolpi-
dem, as well as the selective compounds L-838,417 and SL651498 (full agonist

*In drug discrimination models of physical dependence, animals are administered an
agonist chronically and trained to discriminate injections of an antagonist from vehicle.
Because the antagonist precipitates withdrawal, the “cue” that is the basis for the discrim-
ination presumably consists of withdrawal signs. In this model, drugs that precipitate
withdrawal “substitute” for the antagonist (i.e., share discriminative stimulus effects)
and agonists can shift the dose—response function for the antagonist to the right.
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at o,,GABA,- and 0,GABA, receptors, partial agonist at o, GABA,- and
osGABA , receptors), did not result in seizures following FG-7142 administra-
tion. Another recent study has shown that chronic treatment with TPA023 also
did not result in FG-7142-induced seizures in mice (49). These findings suggest
that physical dependence only occurs with nonselective benzodiazepine-type
compounds, i.e., action at all receptor subtypes is required for physical depend-
ence to develop. However, Mirza and Neilsen (60) also observed that chronic
treatment with nonselective partial agonists did not result in FG-7142-induced
seizures, suggesting that relatively high efficacy also might be a requirement for
the development of physical dependence.

7. Tolerance Following Chronic Treatment

In addition to the development of physical dependence, chronic benzodiazepine
treatment can result in tolerance to some behavioral effects. It is important to note
that the development of physical dependence does not require the development
of tolerance, and that tolerance can occur in the absence of physical dependence
(21). Moreover, the time-course for the development of tolerance varies for differ-
ent behavioral effects of benzodiazepine-type drugs. In humans, for example, toler-
ance develops rapidly to sedative effects and motor coordination deficits, whereas
tolerance does not always develop to the anxiolytic or memory impairing effects of
benzodiazepine-type drugs after long periods of use (23,73,74). A clear gap in our
knowledge about tolerance development is the extent to which the reinforcing
effects of benzodiazepine-type drugs change over time, i.e., whether or not tolerance
to the reinforcing effects of benzodiazepines develops after chronic exposure. Based
on available information, tolerance to reinforcing effects of benzodiazepine-type
drugs appears unlikely, as self-administration of midazolam or zolpidem was shown
to be stable over relatively long durations of exposure (61,71). Moreover, indirect
evidence that tolerance to the reinforcing effects of benzodiazepines does not occur
comes from the observation that long-term use by humans is not associated with
escalation in the ingested dose of drug across time (21,23).

8. Conclusions

Of the diverse types of ligands that act at the GABA , receptor, the benzodi-
azepines and related drugs are unique in having widespread clinical use and the
liability for abuse and dependence. Recent epidemiological data suggests that
abuse of benzodiazepine-type drugs may be on the upswing, with a shift in use to
younger people engaging in recreational abuse of these drugs, rather than groups
of people primarily misusing benzodiazepines in a therapeutic setting.
Nevertheless, controversies remain regarding the extent to which benzodiazepine-
type drugs represent a serious risk as “traditional” drugs of abuse.
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Laboratory findings suggest that benzodiazepine-type drugs have reinforc-
ing effects both in human and nonhuman subjects. However, benzodiazepine-
type drugs appear to have lower reinforcing effectiveness compared to other
drugs of abuse, such as psychomotor stimulants. This conclusion is drawn pri-
marily from the observations that benzodiazepines typically do not function as
reinforcers in normal healthy subjects and that benzodiazepine-type drugs tend
to maintain self-administration at intermediate levels in nonhuman subjects.
Recent research has begun to explore the role of GABA ,-receptor subtypes in
the reinforcing effects of benzodiazepine-type drugs, and unlike other behavioral
effects (e.g., motor coordination deficits), reinforcing effects are not easily
attributed to a single receptor subtype. Perhaps the most firm conclusion at this
point is that o, GABA , receptors are not necessary for self-administration of
benzodiazepine-type compounds, although they might be sufficient. Research
with more selective compounds that are full agonists for different subtypes
clearly is needed to resolve some of the issues with our understanding of
benzodiazepine reinforcement.

In addition to reinforcing effects, it is well documented that chronic exposure
to benzodiazepines results in physical dependence, characterized by a with-
drawal syndrome. In both human and nonhuman subjects, this withdrawal syn-
drome is considered to be intermediate in severity. Consensus on the most
important factors determining the presence and severity of physical dependence
has not yet been reached. However, dose clearly plays a role and, importantly,
the length of exposure needed for dependence to develop might be relatively
short. Regarding receptor mechanisms, initial studies suggested that o, GABA ,
selective agonists are devoid of physical dependence liability, whereas the most
recent findings in humans and nonhuman primates indicate that long-term use
of these compounds can be associated with physical dependence. Preliminary
results suggest that compounds with selectivity for o, GABA -, 0,;GABA -,
and/or o,,GABA , receptors do not induce physical dependence, but these find-
ings are complicated by the relatively low intrinsic efficacy of these ligands. As
with reinforcing effects, systematic studies with selective compounds having
relatively high intrinsic efficacy at particular subtypes should shed light on
these important mechanistic issues.

Finally, abuse of benzodiazepines—any drug, for that matter—must always be
considered in the historical context in which the compound was both developed
and subsequently evolved into a drug of abuse. The history of benzodiazepine
abuse in the US and Europe clearly illustrates that society at large can determine,
with remarkable efficiency and often irrespective of scientific data, the relative
reinforcing effectiveness of a class of drugs. Benzodiazepine-type drugs clearly
have the potential to treat, and do treat a significant section of the population with
anxiety and sleep disorders, but it will remain an onerous task to escape the
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stigma associated with these drugs brought on by past events. Given recent
increases in inappropriate use of these compounds, there may be, in fact, clear
reasons for concern. Regardless, the potential for the development of a new com-
pound lacking abuse-related effects may be a reality, and if such a compound is
discovered then the simple fact of having action at GABA , receptors should not
be the prime determinant of scheduling, despite events of the past.
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Summary

The y-aminobutyric acid (GABA) neurotransmitter acting through
ionotropic and metabotropic receptor classes exerts the major inhibitory
control in the central nervous system. Therapeutic agents targeting GABA
receptors (GABA-R), such as benzodiazepines and baclofen, are used to
treat many nervous system conditions, including anxiety and spasticity.
The subunit composition of GABA-Rs at the cell surface plays a critical
role in determining their physiological and pharmacological properties,
and alteration of GABA-R subunit expression has been associated with a
number of diseases including schizophrenia, temporal lobe epilepsy, and
alcoholism. The ionotropic type A GABA receptor (GABA ,R) and type C
GABA receptor (GABAR) are pentameric complexes that comprise a
ligand gated chloride channel. The metabotropic type B GABA receptor
(GABAR) is a heterodimer that couples G protein-signaling to GABA
binding. There are eight classes of ionotropic receptor subunits and only
two metabotropic receptor subunit classes. Most of the GABA ,R subunit
genes are localized in syntenic -a-y gene clusters on four chromosomes
but the two GABAZR genes are localized on distinct chromosomes.
Control over subunit expression in different brain regions and during
development is orchestrated at the genomic level by the use of multiple
promoter regions and through the alternative splicing of GABA-R subunit
RNAs. This chapter examines current GABA-R research relevant to the
many levels of control over receptor gene regulation and cell surface
receptor expression that may be relevant to both health and disease.
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Key Words: GABA receptor; GABA , receptor; GABA receptor; genes;
transcription; gene expression; alternative promoters; alternative splicing;
uncoupling; protein turnover.

1. Introduction

v-Aminobutyric acid (GABA) is the primary inhibitory transmitter in the
adult nervous system and can activate three classes of receptors: ionotropic
type A GABA (GABA,), metabotropic type B GABA (GABAy), and
ionotropic type C GABA (GABA ) (for review see refs. 1-3). The ligand-gated
GABA , receptor (GABA ,R) is a pentameric complex assembled from eight
subunit families defined by amino acid (aa) sequence homology: o, , B, .
Y, 3> 0, & T, 0, and p, .. With the availability of powerful molecular tools, the
cloning of GABA ,Rs led to the discovery that each subunit is encoded by a
distinct gene and most genes are organized in $-a-a-y and B-a-y gene clus-
ters on different chromosomes (4,5). Alternative splicing and alternative pro-
moters generate additional heterogeneity in GABA R subunit variants that
may allow for the assembly of thousands of possible pentameric combina-
tions. In contrast, the metabotropic GABAR is made up of two distinct sub-
units GABAZR1 and GABAZR2. It is now clear that the most abundant
GABAgRI1 isoforms (GABA R 1a and GABAR1b) are produced by alterna-
tive promoters in the GABA,RI gene (6), and there is no evidence for
GABAZR2 variants (7).

Whereas the ligand-gated GABAR is predominantly found in the retina
(8-10), GABA,Rs and GABAgRs are broadly expressed throughout the
embryonic and adult nervous systems (//—15). Moreover, selective expression
of GABA R and GABAR subunits during normal physiology and in response
to a variety of neurological and psychiatric diseases may play a major role in
the choice of subunits available for assembly. Consistent with this hypothesis,
multiple receptor subtypes have been described based on pharmacological
analyses of recombinant receptors and native tissue (/6,17). Differential gene
regulation of GABA-R expression may contribute to the particular function of
GABA-Rs in a cell.

The precise mechanisms that account for alterations in GABA ,R and GABA ;R
subunit gene expression are only now beginning to be revealed. Exciting new
discoveries indicate that GABA-R subunit expression is controlled at multiple
levels ranging from subunit gene expression to control of protein turnover by
cell-signaling pathways. Several mechanisms that underlie regulation of subunit
expression include: chromatin remodeling, transcription initiation, alternative
splicing, messenger RNA (mRNA) stability, translation, post-translational
modification, intracellular trafficking, and protein degradation. The purpose of
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this review is to discuss evidence for genomic (and nongenomic) mechanisms
regulating GABA ;R and GABA 4R gene expression. It is intriguing to remember
that GABA-induced uncoupling of the allosteric interactions between the GABA
and benzodiazepine recognition sites on the GABA R was first described in
1990 (18). Subsequently, experiments using primary neuronal cultures demon-
strated that the occupancy of the GABA ,R can induce downregulation of recep-
tor number (/9-21) through a transcriptional mechanism (22,23). Rapid progress
in the molecular determinants of the GABAZR system was prompted by the
cloning of GABAZRI in 1997 (24). Only 1 yr later several groups cloned the
GABA4R?2 subunit gene and determined that functional GABAZRs assemble as
a heterodimer of GABAZR1 and GABAZR2 subunits (25-30). Moreover, recent
advances indicate that regulation of GABA-R function in the brain is a highly
compensating system. The authors hope that this review will illustrate the molec-
ular mechanisms for underlying adaptive changes in GABA ;R and GABA 4R gene
expression that may ultimately impact receptor function.

2. GABA, Receptors

Fast inhibitory neurotransmission in the central nervous system (CNS) is pri-
marily mediated by the GABA ,R. This receptor consists of a ligand-gated chlo-
ride channel that is opened by the binding of GABA. GABA R function can be
regulated by binding of different allosteric modulators to the receptor such as
benzodiazepines, barbiturates, neurosteroids, anesthetics, and convulsants (317).
GABA ,Rs have a pentameric structure and can be made up of a variety of sub-
unit combinations with different pharmacological properties (32,33). Nineteen
GABA R subunits are present in the mammalian CNS and the majority of
receptors are made up of two o, two B, and one Y subunits (2,34-37). The 9, €,
and 7 subunits may substitute for the y subunits (34), whereas the 6 subunit pro-
motes the action of the anesthetic etomidate on 3, containing receptors (38). The
p subunits form homo- and hetero-oligomeric receptors with different p subunit
subtypes and these receptors are often classified as GABARs (2).

2.1. The GABA (R Family of Genes and Gene Products
2.1.1. Chromosomal Localization and Gene Clusters

Most of the GABA ,R subunit genes are organized in syntenic clusters local-
ized to four different human chromosomes: 4, 5, 15, and X (Fig. 1) (for review
see refs. 39,40). Genes within the clusters have a conserved transcriptional ori-
entation that is consistent with duplication events stemming from an ancestral-
gene cluster containing o-, B-, and y-like subunits. It has been proposed that a
tandem duplication of an o-subunit within the ancestral cluster 3-a-y generated
p-a-a-y after a whole genome duplication and further before a whole genome



172 Farb et al.

AGABABR1% ¥

A GABARR?2

1 3 6 )

Fig. 1. Multiplicity of human GABA ,R and GABAR subunits: multiple genes with
additional diversity generated by alternative R promoters and RNA splicing. The GABA ,R
and GABA_R subunit genes are localized to human chromosomes 1, 3,4, 5, 6,9, 15, and
X. Genes with alternative promoters (*) and alternative splicing () are indicated.
GABA ,R gene clusters are indicated by an arrow on chromosomes 4, 5, 6, 15, and X. The
orientation of each gene is shown where the up arrowhead (A) indicates the gene is tran-
scribed on the positive strand and the down arrowhead (V) indicates the gene is transcribed
on the negative strand. This information is from the NCBI Map Viewer, Human Genome
Build 36.1. The receptor subunit gene names are o, (GABRAI); o, (GABRA2);
0., (GABRA3); 0,, (GABRA4); 0.5 (GABRAS); o, (GABRAG); B, (GABRBI); B, (GABRB2);
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duplication. The same transcriptional organization is present in both four-gene
and three-gene clusters (4,5,41—44). The two B-a-a-y GABA R clusters con-
tain the y,-a,-a -3, genes that are localized to chromosome 4p14-q12 (Fig. 1)
(4,45—48) and (although in the reverse order) the 3,-a.-a -y, genes are found at
chromosome 5q31.2-q35 (4,45,48-51). The three-gene clusters containing a
single o-subunit are the ;-as-y, genes that are localized to chromosome
15q11-q13 (4,42,43,52-55), and &-a;-0 at chromosome Xq28 (Fig. 1)
(4,5,41,44).

A tandem gene duplication of an ancestral p gene may have given rise to p,
p, genes that have been localized to chromosome 6915 (56) after the duplica-
tion and translocation of another p gene, p, that has been localized to 3q12.2
(Fig. 1) (57). In contrast, there is a single 0 gene that is localized to chromo-
some 1p36.3 (Fig. 1) (58,59). The 7 gene is localized to chromosome 5q35.1
and is separated from the ,-a-a -y, gene cluster (Fig. 1) (60). Gene duplica-
tion has generated a diverse set of GABA ,R subunits with different functions
as a consequence of different aa sequences. Another consequence of gene dupli-
cation is the flexibility that different promoter regions bring to the level and
pattern of gene expression for each subunit. Gene clusters can provide a mech-
anism for coordinate expression. For example, the embryonically expressed
0Ly, B], and v, all reside in the chromosome 4 cluster (67). In addition, the most
abundantly expressed subunits are o, [32, and v,, and these subunits are all
found in the chromosome 5 cluster. Locus control regions have been
described for erythroid specific and developmental switching of the human-glo-
bin gene clusters (62). Certain GABA R clusters may be subject to a locus con-
trol region that is distant from but acts as a regulator of the cluster. Many aspects
of GABA R subunit gene expression do not correlate with the location of the
subunit gene within the clusters, reflecting the complexity of expression patterns
and the presence of individual as well as coordinate control of many subunits.

2.1.2. Alternative Promoters

Alternative promoters for a single gene provide additional diversity of
receptor subunit sequence and expression involving the 5’ noncoding
sequence and amino (N) terminal aa sequence of the subunit. The activity of
alternative promoters has been described for human «,, a,, and ﬁ3 GABA,R
subunit genes (Table 1). Two alternate 5" noncoding exons in the «, gene,
termed 1A and 1B, result from the activity of two different promoters, and
higher expression of 1B compared to 1A is detected in all brain regions

Fig. 1. (Continued) B, (GABRB3); y, (GABRGI); Y, (GABRG2); Y, (GABRG3); §
(GABRD); & (GABRE); © (GABRQ); p, (GABRRI); p, (GABRR2); p, (GABRR3);
GABAR1 (GABBRI), and GABA_R2 (GABBR2).
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Table 1
GABA R and GABA; Receptor Subunits are Formed by Alternative
Promoters and Alternative Splicing

Subunit Isoform Alters References

Alternative promoter

o, 1A, 1B 5’ Noncoding 63
0L 1A, 1B, 1C 5’ Noncoding 64
B, 1, la 5’ Noncoding 65
signal peptide
GABAZR1 GABARIa 5’ Noncoding 6
N-terminus
GABAgRIb 5’ Noncoding 6
N-terminus
Alternative splicing
o, i—vii 3’ Noncoding 63
C-terminal truncation
transmembrane region
o, oL, o, A C-terminal truncation 68
Ols ocSS, oL C-terminal truncation 64
Ol océS, oL C-terminal truncation 71
B, B,S, B,L Truncated 73
Y, 1,S.7,L Phosphorylation site 74
v,XL N-terminal domain 77
Y5 Y5S, VL Phosphorylation site 75
€ €S, el Truncated 70
P, p,» P,ASI, N-terminal domain 72
p,A450
GABAgRI GABAgRIc One SD 7
GABARIe Soluble EC domain 262

examined (63). Three different promoter regions in the a; gene produce tran-
scripts that differ in the 5’ noncoding region and correspond to the first exon,
termed 1A-C, and may serve to control ag-subunit expression by transcrip-
tional control and differential stability (Table 1) (64). The ﬂ3—gene contains
two distinct promoters which produce transcripts, from exon 1 or exon la,
that differ in noncoding and coding regions resulting in two alternative signal
peptide sequences (Table 1) (65). Transcripts containing exon la are the
minor product of the 8 gene in the brain. Different N-terminal signal peptide
sequences could affect receptor assembly, processing or distribution of the [3,
subunit in neurons.
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2.1.3. Alternative Splicing

Unlike alternative promoters that can alter the expression level and nature of
N-terminal sequences only, alternative splicing can alter the expression level
and composition of any exon in the gene transcript. Eight GABA R subunit
genes a,, a,, Us, g, B, V5, V5, € and p, are subject to alternative splicing
(Table 1). Six GABA,R o, subunit isoforms that differ in their 3’ noncoding
regions can be produced by alternative splicing mechanisms (63,66). Linkage
and association analyses suggest that these o, subunit variants are associated
with brain oscillations in the 8 frequency range and the risk of alcoholism (67).

A truncated a, subunit mRNA product results from alternative splicing
(Table 1) and is more abundant in embryonic whole brain and adult cerebellum
suggesting a developmental and regional regulation (68). Alternative splicing of
human a, a4, p,, and € subunit mRNASs also leads to truncated transcripts that
apparently lack function (Table 1) (5,69-72). Two splice variants of the [3, sub-
unit differ by a 38aa insertion containing a phosphorylation site for calmodulin-
dependent protein kinase II (Table 1) (73). Similarly, two splice variants have
been described for vy, and vy, subunits that differ by the presence or absence of
an insert containing a protein kinase C (PKC) phosphorylation site (Table 1)
(74,75). The v,L variant contains a 24-bp insertion from a separate exon encod-
ing eight additional aa not present in ,S in the cytoplasmic domain between the
third- and fourth putative membrane spanning regions. The two variants of the
Y, subunit, v,S and v,L, are present in different regional and developmental pat-
terns (76). An additional variant of v,, v,XL, has been described that contains
an alternatively spliced exon containing an additional 40 aa in the N-terminal
extracellular region and which is not expressed at the cell surface (77).

2.2. Differential Expression of GABA R in the CNS
2.2.1. Developmental Expression

Analyses of mRNA and protein levels indicate that most GABA R subunits
exhibit distinct patterns of expression in the embryonic and adult nervous systems,
suggesting a change in receptor subunit composition during development
(14,78,79). The expression of o, 0., 0., and B, subunits is prominent at embry-
onic and early postnatal stages and decreases during development (/4,78,79). A
similar developmental pattern is observed for the 3, subunit but with much lower
expression levels. In contrast, 0., o, and 3, subunits exhibit low levels at early
developmental stages and their expression increases with development (14,78,79).
The expression levels of y, and y, subunits decrease during development, whereas
the level of the v, subunit remains relatively constant during ontogeny (78). RNase
protection assays indicate that v,S is the predominant splice variant at early post-
natal stages and that during development there is an increase in v, L (80).
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A developmental switch in the expression of o, and o, subunits may con-
tribute to changes in receptor function (78,80-83). The o -subunit is present at
low concentrations and in very few areas of the brain at birth and increases
dramatically during the first postnatal week, exhibiting a ubiquitous distribution
in adult brain (78). Parallel to the increase in o, levels, the o, subunit is more
abundant and widespread at birth and its expression and distribution within the
CNS is reduced during development (78). These developmental changes in
o subunit expression are consistent with a modification in the pharmacological
properties of GABA ,Rs (80-83). At early developmental stages the benzodi-
azepine type Il receptors containing 0., subunits are predominant, whereas there
is a delayed development of benzodiazepine type I receptors that contain
o, subunits (8/-83). Moreover, the postnatal increase in o, subunit expression
correlates with an increase in the binding affinity of zolpidem, a compound that
exhibits selectivity for o, containing receptors (80).

2.2.2. Regional Expression

Immunohistochemical and in sifu-hybridization studies demonstrate that the o,
B, ;- and v, subunits display a widespread pattern of expression, whereas the local-
ization of most subunits is limited to certain areas of the brain (13,15,84).
Moreover, o}, 3,, and v, are the most widely co-localized subunits supporting the
notion that this subunit combination is the most abundant receptor subtype in the
adult brain (13,15,84). The o, subunit is present in almost all brain areas and is con-
sidered the most ubiquitous o subunit (/3,15,84). Low levels of o, expression are
found in the striatum, reticular thalamic nucleus, and the internal granular layer of
olfactory bulb. The o, subunit is most abundant in the accessory olfactory bulb,
dentate molecular layer, Cornue Ammonis (CA)3 region of hippocampus, amyg-
daloid nuclei, septum, striatum, accumbens, and hypothalamus. In contrast, the o,
subunit is predominant in the main olfactory bulb (external plexiform and glomeru-
lar layers). Expression of the o, subunit is found in thalamus, striatum, nucleus
accumbens, tuberculum olfactorium, and dentate gyrus. The expression of the o
subunit is highest in the olfactory bulb, inner layers of cerebral cortex, endopiriform
nucleus, subculiculum, Ammon’s horn, and ventromedial hypothalamic nucleus.
The o, subunit exhibits the most restricted localization and is only found in the
granule cells of cerebellum and cochlear nucleus (73,15,84).

Immunoprecipitation studies indicate that B, is the most abundant 3 subunit
in the brain (85). The three 3 subunits are widely expressed, especially in cere-
bral cortex (13,15,84,85). Their distribution overlaps in most of the brain
(13,15,84) suggesting the existence of receptors with more than one 3 subunit
(86). However, the expression of [ subunits is restricted in some brain regions.
For example, the striatum contains low 3, and B, but high 3, expression (13,15,84).
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The vy, subunit is the most widely distributed y subunit and is highly
expressed in olfactory bulb, cerebral cortex, hippocampus, amygdala, septum
and basal brain, pallidum, and hypothalamus (13,15,84). A difference in the rel-
ative distribution of v,S and y,L subunits was demonstrated using antibodies
specific to each splice variant (87). The y,S subunit is more abundant than y,L
in hippocampus, cerebral cortex, and olfactory bulb. In contrast, y,L is more
abundant than v,S in the inferior colliculus, medulla, and cerebellar Purkinje
cells (87). The highest expression levels of y, subunit are found in the pallidum,
substantia nigra, septum, medial, and central amygdaloid nuclei and in the bed
nucleus of the stria terminalis (/3,15,84). The v, subunit is rarely expressed in
most brain regions, with higher concentrations in cerebral cortex and medial
geniculate nucleus (13,15,84).

The 6 subunit is codistributed with o, and is most abundant in cerebellar
granule cells, thalamus, dentate molecular layer, subculiculum, cortex, and
striatum (/13,15,84). The € subunit is localized in septal and preoptic areas and
various hypothalamic nuclei (88). The m subunit is present in hippocampus
and nonneuronal tissues such as uterus and ovaries (89,90). Whereas p subunits
are present in the superior colliculus and cerebellar Purkinje cells (97), the
highest levels of p, ;subunits are found in retina (92). The 6 subunit also dis-
plays a restricted pattern of expression in monoaminergic neurons and is
enriched in the locus ceruleus (93,94).

2.2.3. Subcellular Expression

Using light-microscopy immunofluorescence and electron microscopy
immunogold methodologies, several groups have localized GABA , Rs at synap-
tic, perisynaptic, and extrasynaptic sites (95,96). The o, 5, o, B,, B;, and
Y, subunits are found at both postsynaptic and extrasynaptic plasma membranes
(95-99). In contrast, d subunits are localized almost exclusively at extrasynaptic
sites (100). The o subunit presents in hippocampus a diffuse staining that is not
co-localized with gephyrin, a postsynaptic clustering protein, suggesting an
extrasynaptic localization (98,99). It is believed that GABA ,Rs made up of o,
0L,, Or 0, subunits in combination with /B, are the principal receptor subtypes
localized at synaptic sites that mediate phasic inhibition (/0/). Receptors that
contain «,,, 05, or 0O, in combination with & subunits are mainly present at
extrasynaptic sites and are responsible for tonic inhibition (/01).

The presynaptic localization of GABA,R subunits is controversial (102).
Although expression of o), o, B,, B;, and v, subunits in primary afferent termi-
nals in the spinal cord could be important for mediating presynaptic inhibition
(102—104), contradictory data suggests that 3, and B, subunits are primarily
found at sites apposed by glutamic acid decarboxylase (GAD)-immunoreactive
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terminals (/05). In addition, it is difficult to directly record presynaptic mem-
brane potentials (/02). However, it is clear that activation of presynaptic GABA
Rs induces inhibition of neurotransmitter release (/02).

2.3. Use-Dependent Regulation of GABA ,Rs

Long-term potentiation and long-term depression of GABAergic synapses
have been described both in neonatal and adult brain (/06—108). Although dif-
ferent mechanisms are involved depending on the brain region and develop-
mental stage, an increase in the intracellular Ca>* concentration is crucial to
induce all the changes in the strength of inhibitory synapses. These forms of
activity-dependent synaptic plasticity may have a role in the development and
function of neuronal networks. Exposure of early postnatal cortical neurons in
culture to the positive endogenous modulator allopregnanolone produces
changes in the expression of specific GABA,R subunit genes (109). These
results suggest that an activation-dependent plasticity mechanism regulates the
development of GABA ,Rs.

Several lines of evidence indicate that GABA ,Rs can be persistently acti-
vated by high GABA concentrations under physiological conditions. As a result
of a single-action potential, GABA released reaches concentrations of 1-5 mM
in the synaptic cleft and is then cleared biphasically with time constants of 100 s
and 2 ms (/10). Moreover, GABAergic neurons in neocortex and cerebellum
are fast-spiking cells with basal firing rates of 5-50 Hz (equivalent to one action
potential every 200 ms and 20 ms, respectively) that can last many minutes
(111-113). Furthermore activation of postsynaptic GABA ,Rs long outlasts the
presence of free GABA because the neurotransmitter is “trapped” in the recep-
tor. GABA responses decay biphasically with time constants (T) of approx 50
and 171 ms (114,115). Taken together, the high frequency firing of GABAergic
neurons and the slow decay of GABA responses indicate that activation of
GABA ,Rs can last several minutes.

Exposure of GABA ,Rs to high GABA concentrations can be even more evi-
dent under certain pathological situations. For instance, the firing frequency of
GABAergic neurons in cat neocortex increases up to 800 Hz during electro-
graphic seizures (//6). In human brain the extracellular concentrations of GABA
increase 600-fold during an ischemic episode (/17). This prolonged GABA ,R
activation suggests the existence of regulatory mechanisms. Tolerance to the
anticonvulsant and sedative/hypnotic effects of benzodiazepines has been
observed after chronic treatments (//8-120). Although the molecular bases of
this tolerance have not been elucidated, chronic in vivo administration of
diazepam to rats induces a subsensitivity of GABA,Rs to GABA and a
decrease in the potentiation of GABA responses by benzodiazepines (/21).
Chronic administration of flurazepam produces tolerance and changes in the
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Fig. 2. Cellular mechanisms involved in the use-dependent regulation of GABA ,Rs.
Chronic GABA exposure induces downregulation of receptor number and uncoupling
of the allosteric interactions between GABA and benzodiazepine binding sites (/8). The
mechanism of downregulation involves transcriptional repression of GABA R subunit
genes and is mediated by activation of VGCC (22,23,123). Brief GABA exposure
(GABA pulse, ¢, ,= 3 min) induces uncoupling many hours later (¢, , onset = 12 h) with-
out downregulation. This delayed-onset uncoupling does not depend on VGCC activa-
tion and involves transcriptional activation of an unknown gene(s) (). GABA pulse
also produces transcriptional repression of specific GABA R subunit genes (129).

protein and mRNA levels of specific GABA R subunits in certain brain areas.
The relationship between these changes in receptor subunits and tolerance has
not been determined. Interestingly, Holt et al. (/22) reported a decrease in the
allosteric interactions between GABA and benzodiazepines 4-12 h after a
single injection of diazepam, which precedes the changes in the mRNA levels
of vy, subunit.

The molecular mechanisms of GABA ,R regulation have been investigated
in primary neuronal cultures and cell lines expressing recombinant receptors.
Chronic exposure of cultured neurons to GABA induces a decrease in the
receptor number and a reduction in the allosteric interactions between GABA
and benzodiazepine-binding sites, a phenomenon termed homologous uncou-
pling (18), with a half-life of 24-25 h (Figs. 2—4). Moreover, a decrease in the
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Fig. 3. Life cycle for downregulation and uncoupling of the GABA ,R in neurons.
GABA-induced downregulation of GABA R subunit mRNAs has a half-life of 8 h.
This time constant is similar to the apparent half-life of GABA ,R subunit mRNAs in
control neurons (9 h) as determined by the addition of a-amanitin, supporting the idea
that the mechanism of downregulation involves transcriptional repression (/23). The
GABA R is degraded biphasically with time constants of 3.8 and 32 h (151,152).
Downregulation is blocked by nifedipine, a VGCC blocker, and elevated K*. In contrast,
uncoupling is resistant to nifedipine, elevated K*, tetrodotoxin (TTX), and
6,7-dinitroquinoxaline-2,3-dione (DNQX) plus 2-amino-5-phosphonopentanoic acid
(APV) but is blocked by oi-amanitin (22,729). (Modified from ref. 129.)

interactions between benzodiazepines and barbiturates (heterologous uncou-
pling) is induced by chronic GABA administration (/8,27). The mechanism of
downregulation of receptor number involves transcriptional repression of
GABA R subunit genes (23,123) and is mediated by activation of voltage-gated
Ca®* channels (VGCC) (Figs. 2—4) (22).

Exposure of neurons to benzodiazepines, neurosteroids, or barbiturates pro-
duces uncoupling between the recognition sites for allosteric modulators of the
GABA R without a change in receptor number (19,21,124,125). These results
suggest that downregulation and uncoupling are mediated by independent
mechanisms (Figs. 2 and 3). Surprisingly, in contrast Follesa et al. studies by (/25)
show that a chronic treatment of cultured neurons with progesterone induces a
reduction in the modulation of GABA currents by diazepam and a B-carboline
that is accompanied by a decrease in the mRNA levels of o, o, 0.5, and v,
subunits. These observations may be due to the upregulation of diazepam insen-
sitive receptors that contain o, subunits.

Benzodiazepine-induced uncoupling has also been reported in cell lines
expressing recombinant GABA ,Rs. The reported time-courses of uncoupling
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Fig. 4. GABA ,R turnover. Eighty percent of GABA ,Rs are present at the membrane
surface (surface pool) (/47). The intracellular receptor population is made up of a non-
precursor pool (16%) and a transported pool (4%) (150). Degradation of internalized
receptors and nonprecursor receptor pool exhibits a biphasic kinetic (151,152).
Persistent activation of GABA ,Rs by GABA induces repression of receptor subunit
transcription (123).

vary from minutes in PA3 cells (126) to hours in WSS-1 cells (127). These stud-
ies suggest that uncoupling is the consequence of a post-transcriptional process.
For instance, studies performed in an insect cell line suggest that diazepam-
induced uncoupling is produced by the exposure of receptors to an acidic environ-
ment inside of intracellular compartments as a result of a receptor internalization
process (128).

A recent report demonstrates in primary cortical cultures that uncoupling is
a two-step process: a brief initiation step (half-life of 3.2 min) that requires the
activation of GABA ,Rs by GABA followed by a delayed-onset (half-life of
12 h) that can occur in the absence of neurotransmitter (Figs. 2 and 3) (/29).
This delayed-onset uncoupling is not accompanied by receptor downregulation
and is independent of VGCC activation. This brief activation of GABA ,Rs also
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induces a decrease in the mRNA levels of o, 0, and 3, ; subunits but no
change is produced in a,, o, v,, and 7Y, subunits (/29). As this treatment
failed to alter the receptor number, uncoupling might have been the result of
a change in receptor subunit composition leading to the expression of
GABA ,Rs with a decreased strength in the coupling between GABA and ben-
zodiazepine sites (129).

Although the mechanism of uncoupling has not been elucidated it has been
shown that this regulatory process can be blocked by i-amanitin, suggesting that
uncoupling is contingent on the transcription of a regulatory factor (/29). The
function of this factor has not been demonstrated yet, but it might be a protein
kinase or phosphatase that alters the phosphorylation state of the GABA ,R.
Run-down of the GABA ,R responses and its modulation by different positive
allosteric modulators such as benzodiazepines, barbiturates, and steroids is the
result, at least in part, of the loss of phosphorylation factors (/30,131). This reg-
ulatory protein might, alternatively, be a GABA ,R-associated protein. For
instance, p130, a protein that binds to the GABA ,R 7,-subunit, seems to regu-
late the modulation of GABA currents by diazepam and zinc (see “GABA , R-
Associated Protein™) (132).

2.4. Transcriptional Gene Regulation

Neurons must continually adapt to their changing environment by altering
their gene expression patterns to direct normal brain function as well as the
etiology of neurological and psychiatric diseases. Gene expression can be reg-
ulated at multiple levels from DNA to RNA to protein. These levels include
chromatin remodeling, transcription initiation, alternative splicing, mRNA sta-
bility, translation, post-translational modification, intracellular trafficking, and
protein degradation. The fact that certain GABA ,R and GABA 4R subunit genes
are transcribed in distinct neuronal subtypes during development and in diseased
states suggests that transcriptional control plays a major role in the abundance
and choice of subunit variants for receptor assembly. The complex transcrip-
tional regulatory networks that control GABA-R gene expression have been
specified by interactions of the promoter with a shifting array of transcription
factors. Several recent studies illustrate how complementary approaches of
expression studies in cell cultures, transgenic models, and computational meth-
ods elucidate the mechanisms of transcriptional regulation for the GABA,R
subunit genes.

Promoters mark the start of every transcript and are recognized by
sequence-specific and general transcriptional regulators during transcription
initiation and serve to integrate multiple cellular signals to generate diversity
in gene expression. Sequence motifs such as the TATA box and/or initiator
(Inr) element are found in the promoter region of many GABA,R subunit
genes (for review see ref. 40). Results of transient transfection in primary neuronal
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Fig. 5. An Inr element in the GABA R 3, promoter mediates neural specificity and
GABA-induced downregulation. (A) Primary cultures of rat hippocampal neurons can
be successfully transfected with a reporter construct containing the immediate 5 flank-
ing region of the human 3, gene upstream of the gene encoding -galactosidase. (B) The
B, promoter construct f3,-P (—436/+105) displays neural-specific activity. In addition, a
72bp construct that contains three copies of the Inr and its flanking sequence [(=5/+19),]
produces activity that is equal to or more than [3,-P in primary rat neocortical neurons
and exhibits negligible activity in primary rat fibroblast cells (23). (C,D) GABA (500
UM; 48 h) reduces sequence-specific binding of nuclear proteins from neocortex to the
Inr in the B, promoter. Moreover, the Inr produces promoter activity that is autologously
downregulated by GABA (23). (E,F) In GABA treated neocortical cultures, decreased
nuclear protein binding and promoter activity is consistent with decreased levels of {3,
mRNA, [°H] flunitrazepam binding, and B, subunit protein. (Modified from ref. 23,
Copyright 2000 National Academy of Science, USA.)

cultures indicate that the TATA-less 3, promoter contains a functional Inr that
is critical for neural specific activity (Fig. 5) (23). In addition, three concate-
nated copies of the Inr (=5/+19), produces promoter activity that is autolo-
gously regulated, consistent with GABA-induced downregulation of mRNA,
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subunit protein and functional receptor (Fig. 5) (23). The activity-dependent
regulation of GABA ,R 3, subunit gene expression is mediated by a decrease
in sequence-specific binding of general transcription factors to the 8, Inr
(Fig. 5) and raises the possibility that regulation of the preinitiation complex
on a receptor subunit gene may in turn control the availability of subunits for
receptor assembly (23).

Moreover, deletional analysis in primary neuronal cultures and/or cell lines
has defined the proximal promoter regions for the a, (133), as (64), o (134),
ﬁ3 (65), v, (135), and 0 subunit genes (/36) that are important for tissue and
cell-specific transcriptional activity. Additional characterization of the «
(136—138) promoter using transgenic mice indicates the DNA sequences that
are capable of reproducing the neuronal subtype specific and spatiotemporal
expression patterns of the endogenous gene.

Given the importance of cis-regulatory sequences to modulate promoter activ-
ity, it is not surprising that more recent studies have focused on the content of the
DNA sequences to identify transcription factorbinding sites. Two DNA sequence-
based approaches have been used for identification of transcriptional regulatory
networks that control GABA ,R subunit gene expression. The former relies on pre-
diction of transcriptional elements specific to individual promoters, whereas the lat-
ter develops a conceptional framework of the consensus sequences across
promoters for the GABA R subunit genes. Using a transcription factor database
and searches based on promoter sequence and binding site preferences, potential
transcription factor binding sites have been localized in 5" regulatory regions of the
0, (139), 04(133), 0i5(64), 0 (134,138), and B1 subunit genes (23). Furthermore,
functional promoter analysis has identified a GA repeat that contributes to tran-
scriptional activation of the o, promoter (/33) and a novel 60-bp element in the ¢
promoter that is essential for cerebellar granule cell-specific gene expression (134).

Neural-specific gene expression can also be mediated through a sequence-spe-
cific interaction between the neuron-restrictive silencer element (NRSE) and the
neuron-restrictive regulatory factor (NRSF) (/40-142). Whereas NRSE-like
sequences are found in many GABA,R subunit genes (40), the NRSE/NRSF
regulatory complex has been demonstrated to direct expression of the y, (135) and
d subunit genes (/42) to neuron-like cells. Additional neural-specific activators
required for neuron-specific gene regulation include the v, promoter element
1 (GPE1) located downstream of the v, transcriptional start site (/35), the brain-
specific factor 1 (BSF1) which recognizes a novel 22-bp purine repeat element in
the & promoter (7/43), and the Sp3- and Sp4-transcription factors that interact with
two Spl-binding sites in the o, promoter (/44).

In contrast, promoter prediction and cross comparison of multiple promoter
regions is a powerful tool to identify potential consensus sites and transcription
factors that participate in regulatory pathways that may not have been immediately



GABA-R Expression 185

accessible through analysis of a single promoter (for review see ref. 40).
Importantly, bioinformatic analysis (40) coupled with biologically relevant
in vivo and in vitro assays (/45) has been used to identify early growth response
factor-3 (Egr3) as a major regulator of the GABA ,R 0, subunit gene in develop-
ing neurons and in epilepsy. The human o, minimal promoter in an AAV/eYFP
viral construct produces region-specific transcription consistent with the
expression pattern of endogenous «, mRNA and controls condition-specific
upregulation of @, mRNA in a pilocarpine model of temporal lobe epilepsy
(145). Studies of ., promoter activity in primary neurons and in vivo chromatin
immunoprecipitation indicate that PKC, PKA, and Egr3 are critical for a,-
transcriptional activation. Moreover, increased levels of ¢, and Egr3-mRNAs
are accompanied by increased binding of Egr3 to the a, promoter after status
epilpeticus (145). It is anticipated that in the future complementary approaches
that combine biological and computational methods will reveal the regulatory
networks that participate in normal physiology as well as the impaired nervous
system and define novel targets for therapeutic intervention.

2.5. Receptor Turnover

Regulation of GABA ,R expression and stability at synapses is important for
synaptic plasticity. GABA ,Rs at postsynaptic sites are subjected to a continu-
ous dynamic turnover comprising the following processes: synthesis, assembly,
targeting to plasma membrane, clustering, internalization, recycling and degra-
dation (Figs. 4 and 6) (146). Eighty percent of GABA ,Rs are localized at the
surface and 20% are internal (/47). GABA ,Rs are synthesized and assembled
in the endoplasmic reticulum (ER) and then transported to the plasma mem-
brane through the Golgi apparatus (148,149). Only 4% of the total GABA ,R
population (20% of internal receptors) is destined for trafficking to the mem-
brane surface, whereas 16% represent a nonprecursor pool that is subjected to
degradation (/50). GABA R degradation exhibits biphasic kinetic with time
constants of 3.8 and 32 h (/51,152). Receptors form clusters at the postsynap-
tic membrane, a crucial step for efficient synaptic neurotransmission (/53,154).
The GABA R turnover is regulated by the interaction of the receptor with dif-
ferent proteins including gephyrin, GABA, receptor-associated protein
(GABARAP), Plic-1, adaptin protein-2 (AP2), brefeldin A-inhibited GDP/GTP
exchange factor 2 (BIG2), and Golgi-specific DHHC (aspartate-histidine-histidine-
cysteine) zinc finger protein (GODZ) (see Section 2.6.) (Fig. 6).

2.6. Proteins That Interact With the GABA ,R

2.6.1. Gephyrin

The inhibitory synaptic scaffold protein gephyrin is important for the com-
position of certain postsynaptic inhibitory specializations (155,156). Studies
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Fig. 6. Schematic representation of GABA,R trafficking. The intracellular
GABA R transport depends on the association of the receptor with different proteins.
GABA ,Rs are assembled in the ER and transported to the cell surface through the
Golgi apparatus (/48,149). GABA ,Rs are internalized by endocytosis into clathrin-
coated vesicles and this process depends on the association of 3 and Y GABA R sub-
units with the adaptin complex AP2 (170). GABA,Rs colocalize at postsynaptic
membranes with the scaffolding protein gephyrin that seems to participate in receptor
clustering (157). The intracellular transport of GABA ,Rs is regulated by the interaction
between Y, subunits and GABARAP (/62). GABARAP also interacts with N-
ethylmaleimide sensitive factor (NSF), a protein involved in vesicle-fusion events (165).
The binding of GABARAP with the GABA R is competitively inhibited by P130, a pro-
tein that can also regulate receptor function (/32). Plic-1, an ubiquitin-like protein, inter-
acts with oc and B GABA R increasing the stability of receptor intracellular pools (168).

using gene knockout and antisense oligonucleotide approaches indicate that the
GABA R v, subunit and gephyrin facilitate the clustering of GABA,Rs at
inhibitory synapses (Fig. 6) (157,158). Inhibition of gephyrin expression by
RNA interference in hippocampal neurons demonstrates a role for gephyrin in
reducing the mobility of GABA ,R clusters (/59). The lack of a direct interaction
between gephyrin and GABA R subunits (/60) suggests that a linker protein is
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needed for a physical association. Moreover, a gephyrin-independent mecha-
nism of GABA R clustering is evident for receptors containing o, and 0., but
not o, 0, B3, 5, and v, subunits in the spinal cord of gephyrin knockout mice
and implicates additional clustering proteins in the synaptic localization of
selected GABA ,R subtypes (161).

2.6.2. GABA ,R-Associated Protein

Yeast-two hybrid experiments demonstrate the interaction of the GABA ,R v,
subunit intracellular loop with the intermediate region of GABARAP (Fig. 6)
(162). In addition, the N-terminus of GABARAP binds soluble tubulin and poly-
merized microtubules, suggesting a role linking the receptors to the cytoskeleton.
An analysis of the crystal structure when coupled with structure-based mutage-
nesis studies reveals that GABARAP presents two conformations, a monomeric
and an oligomeric form (/63). It is proposed that the oligomerization process can
induce tubulin polymerization and thus facilitate GABA ,R clustering.

Although GABARAP can interact with gephyrin (164), it is not detected at
GABAergic synapses and is mainly localized in intracellular compartments
arguing against a role for GABARAP in synaptic anchoring (164,165). GABARAP
can also interact with the NSF, a protein involved in vesicle-fusion processes,
suggesting a role in intracellular trafficking of GABA ,Rs (Fig. 6) (165). More-
over, a role in sorting or targeting is also suggested from the homology between
GABARAP and the protein pl6, an intra-Golgi trafficking factor (164).
Heterologous expression of GABARAP in Cos7 cells and cultured hippocampal
neurons increases the levels of GABA,Rs at the plasma membrane and this
effect is reduced by point mutations in the vy, binding domain of GABARAP
(166). This finding supports a role for GABARAP in trafficking GABA ,Rs to
the plasma membrane. However, an immunocytochemical study of GABARAP
deficient mice shows that GABARAP is not essential for trafficking of
GABA ,Rs containing ', subunits to the neuronal plasma membrane or a synaptic
localization (167).

P130, a protein structurally related to phospholipase (PL) C that lacks catalytic
activity, also interacts with GABARAP (Fig. 6) and competitively inhibits the
binding of the GABA,R 7, subunit to GABARAP (732). Electrophysiological
studies performed in hippocampal neurons show that the modulation of GABA
currents by diazepam and zinc is reduced in p130 knockout mice (/32). These
results suggest a role for p130 and GABARAP in regulating the function of
GABA Rs.

2.6.3. Plic-1

Plic-1 is an ubiquitin-like protein that has been shown to interact with the sec-
ond intracellular loop of both o and B subunits of GABA,Rs through a
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C-terminal ubiquitin-associated domain (/68). Plic-1 is localized at GABAergic
synapses and intracellular compartments. Inhibition of the interaction between
Plic-1 and GABA R subunits induces a decrease, whereas overexpression of
Plic-1 produces an increase in the number of cell surface receptors without
affecting receptor internalization. In addition, Plic-1 increases the half-life of
GABA R subunits probably by the inhibition of receptor polyubiquination that
leads to reduction of GABA ,R proteosomal degradation. Taken together, these
results suggest that Plic-1 facilitates GABA ,R expression at the plasma mem-
brane by increasing the stability of receptor intracellular pools (168).

2.6.4. Adaptin Protein-2 (AP2)

The presence of GABA ,Rs in clathrin-coated vesicles isolated from rat brain
was first reported by Barnes and colleagues (169). It was subsequently demon-
strated that GABA ,Rs in hippocampal neurons and recombinant receptors in
A293 cells are constitutively internalized through clathrin-dependent endocyto-
sis (170). GABA R [ and vy subunits interact with AP2, which is important for
membrane protein internalization in clathrin-coated pits (/70,171) (Fig. 6).
Furthermore, a dileucine AP2 adaptin-binding motif within the GABA ,R 3, sub-
unit is critical for receptor endocytosis (/71). Phosphorylation of serine residues
within the {3, subunit inhibits the interaction with the AP2 complex, suggesting
a phospho-dependent mechanism to regulate GABA R internalization (/72).
Importantly, inhibition of clathrin-dependent endocytosis results in an increase
in the amplitude of miniature inhibitory postsynaptic currents (mIPSCs)
(170,171). These findings indicate that the interaction of the AP2 complex with
GABA ,Rs can modulate inhibitory synaptic transmission through recruitment
of receptors into clathrin-coated pits.

2.6.5. Brefeldin A-Inhibited GDP/GTP Exchange Factor 2 (BIG2)

Several groups have used yeast two hybrid screens to identify proteins
including BIG2 that interact with the GABA ,R. The C-terminus of BIG2 inter-
acts with all GABA ,R 3 subunits and may be involved in vesicular and protein
trafficking (/73). BIG2 is concentrated in the trans-Golgi network in the rat
brain and stimulates the translocation of newly synthesized GABA ,Rs to the
plasma membrane in a cell line expressing recombinant receptors, suggesting a
critical role for BIG2 in the exocytosis of GABA ,Rs (173).

2.6.6. Golgi-Specific DHHC Zinc Finger Protein (GODZ)

GABA ,Rs are palmitoylated on multiple cysteine residues of the v, subunit
both in heterologous expression systems and in neurons (/74,175). Inhibition of
palmitoylation leads to a reduction in the clustering of GABA ,Rs at synapses
and total cell-surface receptor number (/74). Moreover, the interaction of
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GABA,Rs with GODZ, a neuronal-specific thioacyltransferase, mediates the
palmitoylation of the v, subunit (/75). Thus, palmitoylation of v, subunit contain-
ing GABA ,Rs by GODZ might represent a post-translational modification that
regulates trafficking of specific postsynaptic GABA R subtypes.

2.7. Modulation of GABA 4R Turnover by Cell Signaling Pathways
2.7.1. Insulin

The processes that facilitate insertion of GABA ,Rs into neuronal membranes
are critical in the regulation of inhibitory synaptic strength. Insulin causes a rapid
translocation of functional GABA ,Rs from intracellular compartments to the
plasma membrane and thus increases the amplitude of mIPSCs (776). This
translocation depends on the [3, subunit of the GABA ,R and is mediated by acti-
vation of the insulin receptor tyrosine kinase. A recent study also shows that the
insulin-induced insertion of GABA ,Rs to postsynaptic sites can be mediated by
the serine/theronine kinase Akt (also known as PKB) signaling pathway (177).
Moreover insulin can prevent D3-receptor-induced internalization of GABA ,Rs
by a rapid recruitment of receptors to the membrane surface (/78). Importantly,
insulin provides neuroprotection by counteracting decreases in cell-surface
GABA ,Rs after oxygen-glucose deprivation in cultured cortical neurons (179).

2.7.2. Brain-Derived Neurotrophic Factor

Activation of receptor tyrosine kinase TrkB by the neurotrophic factor brain-
derived neurotrophic factor (BDNF) produces a decrease in the amplitude of
mIPSCs by downregulation of GABA,R surface-expression in cultured
hippocampal neurons (/80), in cultured cerebellar granule cells (/81), and in
brain slices (/82,183). This reduction in synaptic strength is accompanied by a
selective decrease in .-, 0.,-, and o.,-containing receptors (1/80) and [3,,,-con-
taining receptors (/81). Furthermore, the decrease in surface expression of func-
tional GABA ,Rs in the paraventricular nucleus of the hypothalamus occurs
through a dynamin-mediated endocytosis of postsynaptic receptors (/84).

In contrast, Mizoguchi et al. (/85) reported that BDNF increases the surface
expression of GABA ,Rs in visual cortex. BDNF can also enhance the strength of
GABAergic synapses on cultured hippocampal neurons with preserved neuronal
activity and can prevent the reduction of GABA R clusters in activity-deprived
neurons (/86). Moreover, when hippocampal neurons are cultured with astrocytes,
only the activation of BDNF and TrkB signaling within neurons is required for
astroctye-mediated increases in postsynaptic GABA ,R clusters (187).

Studies from Jovanovic et al. (/88) also suggest that BDNF can bidirection-
ally modulate GABA ,R function in cultured cortical and hippocampal neu-
rons. Thus, BDNF first induces an increase followed by a decrease in the
amplitude of mIPSC. This process is accompanied by an enhancement in
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GABA ,R phosphorylation by PKC and a subsequent receptor dephosphoryla-
tion step mediated by the protein phosphatase 2A. This regulatory mechanism
seems to depend on the differential interaction of PKC, receptor for activated
C-kinase, and protein phosphatase 2A with the GABA ,R (188).

Overall, BDNF has different effects on GABA R trafficking and warrants
further investigation. The finding that BDNF produces a stabilizing action on
repetitively active “epileptic” GABA ,Rs through PLC and PKC-mediated sig-
naling (/89) highlights the importance of this system in regulating the efficacy
of GABAergic inhibition and the stability of GABA ,Rs at synapses.

2.7.3. Protein Kinase C (PKC)

Pharmacological studies with drugs that activate or inhibit PKC indicate that
PKC plays a role in GABA R trafficking, GABA-gated CI~ conductance and
GABA R sensitivity to allosteric modulators. In recombinant systems such as
Xenopus oocytes (190) and A293 cells (191), PKC produces a reduction in cell-
surface GABA ,Rs through a mechanism that is independent of receptor phos-
phorylation. Several groups have presented opposing mechanisms that mediate
PKC-induced changes in cell-surface stability of GABA ,Rs. Connolly et al.
(191) has found that PKC downregulation of cell-surface receptors requires a
Y subunit and is mediated by a decrease in receptor recycling to the plasma
membrane. Alternatively, PKC activation may stimulate endocytosis that is not
dependent on the 7y subunit and may occur through a dynamin-independent
pathway (/92). It has also been shown that PKC-mediated decreases in GABA ,R
function may be owing to an increase in endocytosis that requires the v, subunit,
occurs through a dynamin-dependent pathway, and is dependent on a dileucine
motif within the {3, subunit (/93). The physiological significance of GABA ,R
endocytosis in neurons awaits further investigation, but this process could
possibly allow neurons to selectively modify cell surface levels of GABA ,Rs
on distinct cues from the neuronal environment.

2.8. Diffusion of GABA ,Rs Within the Plasma Membrane

Stability of the GABA,R population in the plasma membrane is vital for
controlling neuronal excitability (/48) and involves both the insertion of new
receptors from intracellular pools and the movement of GABA ,Rs within the
plasma membrane (155). Evidence for the mobility of functional GABA ,Rs in
the plasma membranes of hippocampal neurons was obtained using a functional
“knockdown” approach (7194). GABA ,Rs that are irreversibly inhibited by a
sulfhydryl reagent were obtained by expressing o, subunits with a mutation
conferring activation-dependent binding to the inhibitor that blocks the ion
channel (/94). These studies suggest that the function of synaptic receptors is
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rapidly recovered after inhibition most likely by importing receptors from
extrasynaptic sites through a diffusion process within the membrane plane.

2.9. Interaction Between GABA ARs and GABABRs

Surprisingly, hetero-oligomerization of the GABA,R v,S subunit with the
GABAgR subunit GABAZR1 stimulates the cell-surface expression of GABAR1
in the absence of its usual partner GABAGR?2 (195). Although agonist stimulation
of the GABA,R1/y,S complex does not mediate phosphorylation of extracellular
signal-regulated kinase (ERK) or G protein-gated potassium channel activity as
does GABAZRI/GABAZR2 heterodimers, coexpression of GABA,R v,S with
GABAgRI enhances agonist-promoted internalization of GABAZR1/GABA;R2
receptors. This report suggests that a cross-talk between GABA ,Rs and GABARs
may regulate an aspect of GABA ,R trafficking and endocytosis.

2.10. Regulated Gene Expression and Implications for Disease
2.10.1. Epilepsy

Alterations in GABA ,R-mediated inhibitory synaptic transmission have been
implicated in the generation of seizures. Mutations in ¢, v,, and 7, subunits
are associated with familial forms of idiopathic generalized epilepsy (IGE)
(196-199). The o, subunit epilepsy mutation o, (A322D) reduces o, cell-surface
expression and alters o, subunit trafficking after translation but before receptor
assembly (200,201). Moreover, hippocampal cell-surface expression of o,f3,y,
receptors containing Y, epilepsy mutations [Y,(R43Q), v,(K289M), and
Y,(Q351X)] is reduced with elevated temperature and may be attributable to
accelerated endocytosis and/or increased retention in the endoplasmic reticulum
(202). This finding suggests that febrile seizures resulting from mutations in the
Y, subunit gene may be provoked in response to fever.

Animal studies suggest that changes in the levels of GABA,R subunit
expression and alterations in GABA ;R subunit composition may contribute to
the induction and maintenance of epileptogenesis (203—215). The results of
these studies reveal increased and decreased GABA R expression (for review
see ref. 40). For example, in the electrical kindling model for temporal lobe
epilepsy, the postsynaptic insertion of new GABA ,Rs containing 3, subunits
is accompanied by an increase in postsynaptic GABA responses (216).
Moreover, changes in the mRNA levels of specific GABA R subunits follow-
ing pilocarpine-induced status epilepticus are associated with a decrease in
potentiation by zolpidem and an increase in zinc inhibition of GABA currents
in dentate granule cells (2/2). The selective downregulation of o and JB,
mRNASs and upregulation of o, [33, d, and € subunit mRNAs are long-lasting
and precede the onset of spontaneous seizures (2/2). A recent study suggests
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that the stimulation of o, subunit transcription by status epilepticus is mediated
by increased binding of the transcription factor Egr3 to the a, promoter (145).

Unlike the former studies in adult rats, increased levels of o, subunit expres-
sion are detected after status epilepticus in postnatal day 10 (P10) rat pups (203).
Coupled together with the observation that the P10 rats do not become epileptic,
age-dependent alterations in hippocampal GABA ,R gene expression may con-
tribute to the selective resistance of the immature brain to epileptogenesis.
Overall, these results suggest that the marked disruption in postsynaptic GABA ,R
function may result from reorganization of receptor subunits as a causative
and/or compensatory response of the genome to maintain homeostasis.

2.10.2. Ethanol

The effects of ethanol consumption are similar to those of positive allosteric
modulators of the GABA ,R such as anxiolysis, sedation/hypnosis, anticonvul-
sant, and motor-incoordination actions. However, a direct in vivo action of
physiological concentrations of ethanol on GABA,R function has not been
proved (217). The molecular and cellular adaptations of GABA ,Rs following
chronic ethanol exposure and withdrawal are unclear (2/7) but may include
changes in cell-surface density (2/8), in post-translational modification by PKC
(219,220), or in subunit expression (221-227).

Several groups have reported that chronic ethanol exposure and subsequent
ethanol withdrawal produces subunit- and region-specific changes in GABA R
gene expression (for review see refs. 40,217,228). A significant decrease in
0.,;subunit expression with a concomitant increase in o, and 0 is observed in pri-
mary hippocampal neurons (229,230) and a switch in o subunit expression is
found in the hippocampus, cerebellum, and cortex of ethanol-dependent rats
(223,227,231). Moreover, withdrawal from chronic intermittent ethanol treat-
ment downregulated o, and 6 subunit expression and upregulated o, v,, and
Y, subunits in the hippocampus (232). These changes are accompanied by a
corresponding increase in anxiety, a decrease in the behavioral effects of posi-
tive allosteric modulators and a decrease in the decay time of mIPSCs (232).

However, in cerebellar granule cells, ethanol withdrawal produces an upreg-
ulation of the o, subunit (233) and downregulation of & subunit expression
(229) that can be prevented by treatment with diazepam or y-hyroxybutyric acid.
The alterations in o, and § subunit expression are consistent with changes in
GABA R function (229,233). In addition, ethanol-induced o, gene expression
in the cerebellum may be mediated by specific transcription factor binding to
distinct regulatory regions of the o, promoter (234).

Studies performed with recombinant GABA ,Rs show that receptor subunit
combinations 3,6 and 03,0 are more sensitive to ethanol, suggesting that
extrasynaptic receptors represent the main targets of ethanol (235). Moreover,
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low ethanol concentrations appear to stimulate tonic inhibition through the acti-
vation of d-containing receptors in dentate gyrus granule cells (236). Together
these findings indicate that complex mechanisms of regulation control the
expression, localization, and function of distinct GABA ,R populations induced
by prolonged exposure to and withdrawal of ethanol.

2.10.3. Schizophrenia

An impairment of certain cognitive functions, such as working memory, is a
core feature of schizophrenia. Moreover, individuals with schizophrenia exhibit
reduced synthesis of GABA in the parvalbumin-containing subpopulation of
inhibitory neurons of the dorsolateral prefrontal cortex, a brain region involved
in working memory (237). The significant decrease in GABA levels is accom-
panied by a marked increase in the cellular expression of the GABA,R
o, subunit mRNA in prefrontal cortex of schizophrenics (238). A compensatory
increase in GABA ,R-binding activity has been described in prefrontal cortex
of schizophrenia patients (239). An increase in [°’H] muscimol binding to
GABA ,Rs is also found in the schizophrenic superior temporal gyrus, a region
of the brain involved in auditory hallucinations (240). The abnormalities in
GABA ,R-mediated inhibitory neurotransmission may have a modulatory effect
to contribute to the dysfunction of cortical regions linked to deficits in working
memory (241). It also remains unclear if the subunit composition of GABA ,Rs
is altered in schizophrenia and/or specific schizophrenic symptoms such as
working memory, delusions, or hallucinations (242).

3. GABA Receptors

The GABAZR mediates slow inhibitory synaptic transmission and disruption
of GABAgR-mediated synaptic pathways has been implicated in many diseases
including neuropathic pain, spasticity, schizophrenia, epilepsy, and drug addic-
tion (for review see refs. 1,11,16,243). Activation of presynaptic GABA4Rs
inhibits neurotransmitter release by suppressing neuronal Ca’* conductance.
Postsynaptic GABAR-mediated responses inhibit adenylate cyclase and stim-
ulate inwardly rectifying K* channels. It is believed that formation of a fully
functional receptor requires the coassembly of GABAZR1 and GABAZR2 sub-
units (25-29). Multiple isoforms of human GABAZR1 have been described
(GABAgRla, GABAZRIb, GABA RIc, and GABAgRIe) but only one
GABAgR?2 has been identified (7).

Pharmacological analyses of native GABAZRs have revealed evidence for
GABAGR subtypes, suggesting heterogeneity in GABAR isoforms as well as
subcellular targeting and/or coupling to distinct effector systems (7/6). A
striking example of differential expression is found in the neonatal brain as well
as the adult striatum and olfactory bulb where GABAZR1 is present in
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greater amount than GABA;R2 (/2). In addition, GABAZR2 knockout mice
(GABAZR27) display a selective redistribution of GABA,R1 protein to the
soma and proximal dendrites, possibly representing expression at the synaptic
plasma membrane (244). In GABAZR27~ mice, atypical postsynaptic GABA,
R-mediated electrophysiological responses are detected in hippocampal neu-
rons, whereas knockout of GABAZR1 (GABABRI*/*) eliminates the response.
This, along with the fact that GABA;R17~ and GABAR2”~ suffer from spon-
taneous seizures, highlights the importance of identifying mechanisms that con-
trol GABAgR subunit expression and receptor assembly.

The GABAgRI1 variants GABAgR1a and GABAZRI1b differ in their N-
terminal aa sequence. Thus far, most reports have demonstrated that there are
no differences in the pharmacological profile of GABAR1a- and GABAR1b-
containing receptors (24,245-248). However, differential expression of GABAR1
isoforms in embryonic and adult neurons suggests that regulation of their expres-
sion may define the particular function of GABAgRs in a cell. GABAZR2 is
expressed at the cell surface (27,28) and targets GABAZRI to the membrane
(29,30,249-252). The C-terminal sequences of GABAgRI encode an ER retention
signal that prevents it from being expressed at the cell surface. Interaction of
GABAZRI and GABA,R?2 through their coiled-coil regions masks the ER reten-
tion signal, allowing expression of the assembled receptors at the cell surface.

3.1. The GABAy R Family of Genes and Gene Products
3.1.1. Chromosomal Localization

A requirement of both GABAZR1 and GABAZR2 subunits for GABAZR
function suggests that the expression of both genes may be coordinately regu-
lated, perhaps in tandem as duplicated genes in the same chromosomal environ-
ment. Contrary to this expectation, the human GABA R gene has been mapped
to chromosome 6p21.3 (253-255) and the human GABAZR2 gene has been
mapped to a distinct chromosome 9q22.1 (28,30) (Fig. 1). The majority of
exon locations and sizes are conserved between orthologues and paraloques in
human and Drosophila, suggesting an ancestral gene (7). The GABAR1 coding
region spans 22 kb, whereas the GABA,R2 coding region spans 418 kb of
genomic DNA. Despite their location on different chromosomes, the two
GABAgR subunit genes may achieve complementary expression by having
some control in common such as being in a CpG island or being subject to sim-
ilar transcriptional control (6) (Fig. 7).

The GABARI chromosomal location is within the susceptibility region for
IGE, comprising juvenile myoclonic epilepsy, iodiopathic absence epilepsies,
and IGE with generalized tonic clonic seizures on awakening (254,255). The
region of chromosome 9 containing GABA ;R?2 is found within a susceptibility
locus for hereditary neuropathy type-1. This disease is a rare neurological
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Fig. 7. Identification of CRE and USF transcriptional regulatory elements in the
GABAgRIa-, GABAgRIb-, and GABA jR2-promoters. Solid arrows indicate the major
transcriptional starts determined by RNase protection (6). The transcriptional start site
for GABA4R2 has not been identified. Dashed arrow indicates the GABAZR?2 transla-
tional start site. Bioinformatics was performed using Matlnspector software (http://
www.genomatix.de) (350).

disorder manifested from early childhood by diminished or absent sensibility to
pain, touch, and temperature. To date, no studies have reported a link between
GABA4R2 and hereditary neuropathy type-1.

3.1.2. Alternative Promoters

Complexity and diversity of the human genome can be achieved by gene num-
ber and by the production of multiple proteins that are encoded by a single gene
locus. Approximately 35-50% of human genes have evidence of alternative
RNA splicing of a parent heteronuclear transcript (256,257). Additional hetero-
geneity of protein isoforms can be achieved by alternative promoters. Recent
bioinformatics analyses estimate that 18% of all human genes contain multiple
promoters and transcriptional start sites (258,259). The structural organization of
genes containing alternative promoters can be organized by class: (a) multiple



196 Farb et al.

Genomic organization

SD SD
GABABR1a . 6 7-23
219 83 204 186 18

NH,
GABAgR1b 6 7-23
229
NH,
Promoter activity
200 -
(7)
> 150 -
=y
g 8 100
Rogkel
oL
5=
50
©) (5) (9
1 - — |
Hip Neo  Str Hip Neo Str
GABARBR1a GABARBR1b

Endogenous protein expression

A Hippocampal Hippocampal Hippocampal

§

GABA R1a

D Hippocampal Hippocampal Hippocampal

-

GABA R1b MAP2



GABA-R Expression 197

tandemly arranged promoters to generate mRNAs with alternative first noncod-
ing exons and a common downstream exon that contains the translation initia-
tion site; (b) alternative promoters to generate mRNAs with different 5" exons
that contain alternative translation initiation sites and are spliced to a common
exon with the same open reading frame; and (c) alternative promoters to gener-
ate mRNAs with different first exons that are spliced to a common second exon
but are read in different frames (259,260). Alternative promoters create diversity
in regulatory control of gene expression that is needed for developmental and tis-
sue-specific gene expression, subcellular localization, differential levels of
expression, and the specific capacity to respond to extracellular stimuli (259,260).
For some genes, the use of alternative promoters may also influence mRNA sta-
bility, translational efficiency, and protein function (259,260).

The human GABA R gene encodes at least four subunit variants. The most
abundant GABAR1 isoforms GABAgR1a and GABAZR1b contain different N-
termini where the first 164 aa of GABAZR1a are replaced with 47 aa to gener-
ate GABAZR1b. The N-terminal sequence of GABA R1a, but not GABAZR1b,
encodes two Sushi domains (SD) that may interact with the fibulin family of
extracellular matrix proteins (267). The 5" ends of GABAgRIa and GABAZRIb
have recently been identified and examination of the genomic sequence imme-
diately upstream does not reveal the presence of consensus splice junctions that
are necessary to produce the different transcripts by alternative slicing (6). The
5’ ends of GABA ;R1a and GABA4R1D, rather, represent unique sites of transcrip-
tional initiation and the genomic sequence immediately upstream of GABA jR1a
and GABAZR1D exhibits significant promoter activity (Fig. 8). Together, these

Fig. 8. (Opposite page) GABAgR1a and GABAZR1b are produced by alternative
promoters. (Left panel) Identification of independent transcription initiation sites for
GABAgR1a and GABAR1b. Transcription initiation sites (arrows) were identified by
RNase protection analysis (6). The SD and N-terminus (NH,) are indicated. The
GABAR1a-specific exons are shown in red, the GABA R 1b-specific exons are shown
in blue, and the size of the exons (base pairs) is shown below. (Middle panel)
GABAgRIa- and GABA,RIb-promoter activity in primary embryonic hippocampal
(Hip), neocortical (Neo), and striatal (Str) neurons. Data shown are mean + SEM. Right
panel, levels of GABAjR1a protein exceed GABAZRI1b in primary embryonic hip-
pocampal neurons. The endogenous GABA R1a (A, C) and GABA,RIb (D, F; red)
protein was detected using an antiserum raised against the N-termini of GABAgR1a
and GABAR1D, respectively. Hippocampal neurons were identified using the axonal
marker Tau (B) or the dendritic marker MAP2 (E), and colocalization with the GABA,-R
subunit proteins is shown as merged images (C, F). Expression was monitored in
fixed cells after 7 DIV. The images were obtained as 1 pum optical sections by confocal
microscopy. Expression of GABA R1b is low and barely detectable (arrowheads). Bar
for A—C, 10 um. Bar for D-F, 20 um.
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findings indicate that GABA ;R 1a and GABA zR1b transcripts are under the con-
trol of alternative promoters (class b) and not alternative splicing (Table 1) (6).

Differential regulation of GABA RIa and GABAzR1b during development is
achieved by the differential use of the alternative transcription initiation sites.
Both GABA,RI transcripts are present in the human adult brain, whereas
GABAgRIa but not GABARID is detected in the human fetal brain (6). This
result is consistent with levels of promoter activity and protein expression in the
embryonic brain. The GABAgRIa-promoter is 33-times more active than
GABAZRIb in primary embryonic hippocampal neurons at 7 d in vitro (DIV)
(6) (Fig. 8). This difference in promoter activity is mirrored in the endogenous
GABAjR1a and GABAR1b protein levels in primary hippocampal neurons at
this stage in development (Fig. 8). Promoter activity also parallels endogenous
gene expression in striatum. The differences are smaller, but GABA jR1a pro-
moter activity is seven times greater than GABA zR1b in striatal neurons (Fig. 8).
Differential use of the alternative GABAZRI promoters most likely reflects
modulation of transcription factor binding to unique regulatory elements in the
GABAgRIa and GABAyRID 5 flanking regions (6). Additionally, these inde-
pendent promoters may have different regulatory specificity to control subcel-
lular localization and genomic responses to synaptic input.

3.1.3. Alternative Splicing of GABAZR1 But Not GABA,R2

3.1.3.1. ALTERNATIVE SPLICING OF HUMAN GABA;R1

Two alternatively spliced transcripts arise from the human GABA RI gene,
GABAZRIc and GABARIe (Fig. 9). Both of these transcripts contain 5’

sequences that are consistent with both isoforms being under the control of the
GABA R a-promoter.

3.1.3.1.1. HuMAN GABAgRIC

The human GABAgRIc isoform results from exon skipping of the
GABAGRI gene exon 4 that encodes the second SD (Table 1) (7). The human
GABAGgRIc isoform is predicted to encode a protein with only the first of the
two SD present in GABAgR1a (Fig. 9). Similar to patterns of GABAgRI1a
expression, GABA RIc mRNA is more highly expressed in early nervous
system development as compared with adult levels (7), suggesting that the two
isoforms are coordinately regulated (Fig. 10). The functional significance of
two SD in GABAgR1a or one sushi domain in GABA R 1¢ remains to be deter-
mined in future studies.

3.1.3.1.2. HumaAN GABABRle

GABAgRI1e was isolated from human prostate cDNA and is a truncated iso-
form encoding only the signal peptide, SD, and extracellular ligand-binding
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[Species ] [ Splicing |
GABAgR1a promoter
GABAgR1a y&:‘}jﬁk Human, rat None 6,24
GABAgR1c* ?(g Human Exon skipping of sushi domain 7
GABAgR1h* UV Rat 12
GABAgR1c-a é“g“‘qﬁ"" Rat Inserion between ECL2-TM5 247
G Ll -T
GABAgR1e @@,‘ Human, rat  Exon skipping, new stop codon 262
\d’
GABAGRI  Sfafs  Rat Exon skipping of 7aa in ECD 264
~. insertion between ECL2-TM5
GABAgR1g & Rat Insertion, new stop codon 265
GABAgR1b promoter
g
GABAgR1b ‘:_‘:}__ﬂ_;'t Human, rat None 6,24
. I
GABAgR1c-b X‘mﬂ Rat Insertion between ECL2-TM5 247,263
- 1
GABAgR1d ?ﬂ_ﬁi!, Rat Insertion, new stop codon 263
GABAgR2 promoter
GABAgR2 Human, rat  None 7,25-30,266

Fig. 9. Human and rat GABAZR1 and GABA;R2 subunit variants. Schematic rep-
resentations of GABAgR1a-h and GABA,R2 are shown. The GABAR1 isoforms are
produced by alternative promoters and alternative RNA splicing, whereas only one
GABAR?2 has been identified. The N-terminal aa-binding domain, transmembrane, C-
terminal, intracellular, and extracellular loops are indicated. The alternatively spliced
regions are shown in black and indicated by arrows, the N-terminal SD produced by the
GABA gR1a-promoter are shown in red, and the alternative N-terminal region produced
by the GABA RIb-promoter is shown in blue. The asterisks indicate that the human
GABAgRIc isoform has been identified as GABA R1h in rat. ECL2, second extracel-
lular loop; TMS, fifth transmembrane domain.

domain of GABAZRI (Fig. 9) (Table 1) (262). Exon 11 of the GABA,RI gene,
which encodes the first transmembrane domain, is skipped in the GABA ;R e tran-
script. The reading frame of exon 12 is altered by the omission of exon 11 and
encodes nine new aa and an inframe stop codon consequently producing the trun-
cation. GABA Rl e transcripts are more highly expressed in peripheral tissues
than the brain, when measured by reverse transcriptase polymerase chain reaction
(RT-PCR) (262). In a heterologous system, the truncated receptor is both secreted
and membrane associated, but the functional role of the GABAgR1e isoform is
not known.
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[subunt | [Embyo | [Agut | GABAgR1a GABAgR1b
GABAgR1a  High 288 Low M

GABAgR1b  Low High

GABAgR1c  High §3 Low GABAgR1c GABAgR2

GABAgR2 Low High @%!‘."

Fig. 10. A summary of GABA ;R subunit gene expression during development. (Left
panel) A comparison of GABA R subunit gene expression in the embryonic and adult
nervous systems. The GABA;R1a and GABA R Ic isoforms, which contain 1 or 2 SD
respectively, are abundantly expressed during embryonic development (/2). The pres-
ence of sushi domain(s) may relate to a novel functional requirement for the GABAZR
in the embryo. (Right panel) schematic representations of human GABAgRIa,
GABAR1b, GABAgRIc, and GABAZR2. The SD are shown in red, the GABAZR1b-
specific N-terminal region is shown in blue, and the N-terminus of GABAZR?2 is shown
in black. The two lobes of the aa-binding domain, transmembrane domains, C-termi-
nus, intracellular, and extracellular loops are also indicated.

3.1.3.2. ALTERNATIVE SPLICING OF RAT GABABRI

In addition to the two alternatively spliced GABA 4RI transcripts described in
human, GABAgRIc and GABAgR1 e, rat has five further alternatively spliced tran-
scripts bringing the total number of alternatively spliced transcripts in rat to seven
(Fig. 9). Five isoforms are generated by alternative splicing of the transcript aris-
ing from the GABAgRIa-promoter: GABA RIh, GABAgRIc-a, GABA RIe,
GABAgRIf, and GABA R1g. Two isoforms are generated by alternative splicing
of the transcript arising from the GABA RIb-promoter: GABA RIc-b and
GABAgRI1d.

3.1.3.2.1. RAT GABAgRIc-a AND GABA R1c-b
The rat GABAgR1c isoform was isolated from a hippocampal library and
differs from GABAgR1a and GABAZR1b by an inframe 31 aa insertion between
the second extracellular loop and the fifth transmembrane region (Fig. 9)
(247,263). The rat GABAzRIc-a and GABAZR1c-b variants contain divergent
N-terminal regions that are respectively produced by the alternative GABA ;R 1a
and GABA gR1b promoters.

3.1.3.2.2. Rar GABAR1d

The GABAZR1d isoform contains an aa sequence identical to GABAZR1b
except for the C-terminus (Fig. 9) (263). This suggests that the GABA jR1d tran-
script is generated under the control of the GABARIb-promoter and may be
more highly expressed in the adult than the embryo. GABAZR1d differs from
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GABAgRIb by a 566-bp insertion of intron 22 sequences, generating a new
stop codon that results in a C-terminal truncation (263). The 57 C-terminal aa
of GABAZRI1D are replaced by 25 different aa in GABAgR1d. The GABA R1d
cDNA was isolated from a cerebellum cDNA library and RT-PCR was used to
detect transcripts for GABAR1d in forebrain, cerebellum, eye, kidney, and uri-
nary bladder (263).

3.1.3.2.3. RAT GABA,RIe

A transcript corresponding to rat GABA jR1e lacking exon 11 is detected by
RT-PCR in brain and peripheral tissues (262). This provides evidence that the
same N-terminal extracellular domain truncation described for human
GABAgRIe is conserved in rat (Fig. 9).

3.1.3.2.4. Rat GABA,RIf

The rat GABAR1f isoform isolated from a hippocampal cDNA library has
a 93-bp inframe insertion encoding 31 new aa between the second extracellu-
lar loop and the fifth transmembrane domain (Fig. 9) (264). The 93-bp inser-
tion is sequence from rat intron 17 and, although the intron/exon boundary is
conserved between rat and human, no sequence similar to the 93-bp insertion
is found in human intron 17. In addition, the rat GABAZR1f isoform has an
inframe deletion of exon 5 (264). Importantly, exon 5 encodes a seven aa
hinge sequence that links the second sushi domain to the aa-binding domain
(7). Skipping exon 5 results in a 21-bp deletion and the encoded seven aa
hinge sequence is removed from the N-terminal extracellular region in the
GABAgRI1f isoform (Fig. 9) (264).

Results of RT-PCR demonstrate that transcripts without exon 5 sequences
are present at low levels in rat cortex, midbrain, cerebellum, brainstem, thala-
mus, and hippocampus (264). This contrasts with RT-PCR results that demon-
strate the presence of the GABALRIf transcript in rat skeletal muscle, testis,
kidney, colon, small intestine, spleen, stomach, liver, lung, and heart, suggest-
ing a role for GABAZRI1f in peripheral tissues.

3.1.3.2.5. RAaT GABAZRIg

The GABAZR1g cDNA was isolated from a rat hippocampal library and
the predicted protein sequence is 239 aa (265). The first 157 aa of
GABAgRI1g are identical to GABAR1a followed by an 82 aa insertion that
generates a new stop codon. The truncated protein contains the signal peptide,
two SD and the new sequence but does not contain the hinge sequence
encoded by exon 5, the extracellular ligand-binding domain, transmembrane
regions, or the C-terminus (Fig. 9). The frame-shift is achieved by the inser-
tion of 124 bp after exon 5. GABA;R1g is expressed in both the rat brain and
peripheral tissues (265).
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3.1.3.2.6. RAT GABAR1h

A transcript for the rat isoform lacking the second sushi domain in the N-termi-
nal extracellular region and corresponding to the GABA R 1c¢ isoform described in
human (7) is detected in mRINA isolated from rat embryonic and adult nervous
system tissues by RT-PCR (72). As the term rat GABA R 1c¢ has already been used
for a different isoform, the rat isoform lacking the second SD is referred to as
GABAgRIh, the next unused letter for rat GABAZR1 isoforms.

3.1.3.3. GABA,R?2

GABA 4R2 encodes 941 aa in human and 940 aa in rat and the same transcript
was independently cloned by a number of groups (25-30). The transcript
encoding human GABAgR?2 is split into 19 exons (7). Two further low abun-
dance transcripts of GABA,R?2 differing in the last exon encoding the C-terminal
tail were isolated by PCR cloning (266). Analysis of genomic sequence reveals
no consensus splice sites at the sequence junctions required to generate these
spliced forms within the GABA;R2 C-terminus (7). Furthermore, no transcripts
in human fetal or adult brain mRNA were detected that correspond to the size
expected for C-terminal alternative forms of GABAZR?2 (7). Therefore in con-
trast to the many alternative isoforms of the GABAZRI protein, to date there are
no alternative isoforms of the GABA;R2 protein.

3.2. Differential Expression of GABAyR1 and GABAZR2 in the CNS
3.2.1. Developmental Expression

GABA has been proposed to act as a developmental signal to influence the for-
mation of neuronal networks (267). At early developmental stages when the func-
tion of GABA ,Rs is excitatory (268), GABAyRs are likely the major inhibitory
receptor in the CNS (269,270). Evidence for multiple GABAZR subtypes comes
from pharmacological analyses of native receptors (/6). In principle, the molecu-
lar heterogeneity in GABARR isoforms, subcellular localization, and differences in
effector systems could lead to the functional heterogeneity of receptor subtypes.

Despite the functional requirement for a heterodimeric receptor complex of
GABAgRI and GABA,R2 subunits, these proteins are not coordinately regu-
lated in the embryonic brain (Fig. 10). At embryonic day (E)10 levels of
GABA,ZRI mRNA greatly exceed GABAZ;R2 mRNA (712). By E14, GABA,RI
and GABAZR2 mRNAs are coexpressed in the brain, cranial, and dorsal root
ganglia (12). Moreover, GABAZR1 and GABA;R2 immunoreactivity is found
in the hippocampal primordium at E14 (271). GABAZR1 and GABAZR?2 tran-
scripts and protein are also present in the E18 brain and E18 cultured cortical
and hippocampal neurons (12,272). At this developmental stage, GABAZRs are
negatively coupled to adenylyl cyclase (12) (Fig. 11).
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During early postnatal development, the alternative GABAgRI1 isoforms
GABAgR1a and GABAR1b exhibit regional differences in developmental regu-
lation. In cerebral cortex, thalamus, and cerebellum, expression of the GABA R1a
isoform is most abundant between PO and P14 (273-275). Parallel to the downreg-
ulation of GABAR1a, levels of GABA;R1D expression peak at P10-20 and con-
tinue to be more abundant than GABAgR1a in the adult brain (273-275). Given
the independent maturation of GABARla, GABAZRIb, and GABAZR?2 iso-
forms, GABA;R1a-GABALR2 heterodimers may predominate during early
embryonic development whereas GABA;R1b-GABALR?2 are most abundant in
the adult (Figs. 10 and 12). No differences in the levels of GABAgR1a and
GABAZRI1b expression are found in brainstem, striatum, and hippocampus at
P21, P28, and adulthood (273,275).

Consistent with expression of GABAgRIa, the alternatively spliced variant
GABAGgRIc, which is produced by the GABA jR1a promoter, is most abundant
in the embryonic brain (7). Similarly, expression of the equivalent rat GABAGR1
isoform GABAgR1h is three times more highly expressed in the embryo than
in the adult (12). Differential expression of human GABA R1a and GABAZR1c
most likely reflects differences the chromatin environment and/or transcription
factor binding to specific response elements in the GABA RIa promoter.
Moreover, selective expression of GABAgR1a and GABAgRI1c subunits con-
taining one or two SD, respectively, may reflect a functional requirement of the
SD during development (Fig. 10). Although SD is believed to be involved in
protein—protein interactions, the specific function of the SD in GABAR1a and
GABAgRIc await further characterization.

3.2.2. Regional Expression
3.2.2.1. HirpoCAMPAL FORMATION

GABARRI and GABAZR2 are widely expressed in the hippocampus
throughout development. By E14, both GABALR1 and GABAZR?2 are detected
in the hippocampal primordium (271). In addition, levels of GABA;R1 and
GABAZR?2 protein expression increase at E18 where GABAZR1 expression is
concentrated in the cell body and GABAZR2 is present in neuronal processes
and neuropil (271). The somatic distribution of GABAZR1 can be ascribed to
the accumulation of receptors in the ER (277,276). Similar expression patterns
have been observed in cultured E18 hippocampal neurons. At 3 DIV GABAZR1
and GABAZR2 immunoreactivity is restricted to the cell body and nucleus with
no labeling in the developing neurites (272). Between 7 DIV and 21 DIV, when
baclofen-evoked inwardly rectifying K* channels are first detected, there is a
dramatic redistribution of GABAZR1 and GABAZR?2 subunits to a punctate pat-
tern throughout the neuronal processes (272).
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During postnatal development, GABAgRI is distributed in pyramidal cells
of the CA1l and CA3 subfields as well as interneurons throughout the hip-
pocampus (271,274,276). Moreover, GABA R 1a, but not GABARID, is present
at birth in CA1 and CA3 and a prominent upregulation of GABAZR1b can be
observed in at P20 (274). In addition, GABAR1a is most abundant in CA3
pyramidal cells, whereas GABAR1b is highly expressed in the CA1 subfield
(277). In contrast to GABALR1, GABA;R2 immunoreactivity is stronger in CA3
than CA1, and is found mostly in the neuropil and weaker in the pyramidal cell
layer (274). Also, GABAZRI1, but not GABAZR2, is expressed in glial cells
throughout the hippocampus (271).

GABAGR subunits are localized to pre- and postsynaptic elements throughout
the hippocampus (271,276). Presynaptically, GABAR1 and GABAR?2 are local-
ized along the extrasynaptic membrane of axon terminals as well as the presy-
naptic active zones of asymmetrical and symmetrical synapses (271,276).
Postsynaptically, GABAZR1 and GABAR?2 are detected in the extrasynaptic and
perisynaptic membranes of dendritic spines and shafts in pyramidal and nonpyra-
midal cells (271,276). In both locations, GABAZRs could be activated by spillover
of GABA after its synaptic release. Moreover, the presence of GABARI and
GABAZR2 on excitatory (glutamatergic) and inhibitory (GABAergic) terminals
suggests a potential mechanism for selective GABAergic control of synaptic trans-
mission at glutamatergic inputs (276).

3.2.2.2. OLFACTORY BULB AND STRIATUM

GABAZRI and GABAR?2 are expressed together in the majority of the adult
nervous system consistent with the functional requirement of a presumed het-
erodimer of the GABALR subunits (25,26,28,29). Multiple lines of evidence
indicate that GABAGRI and GABAR2 are not coordinately regulated in all

Fig. 11. (Opposite page) GABAgR activation reduces cAMP levels in CHO cells
stably expressing GABALR2 (GABAZR2-CHO) and primary embryonic cortical neu-
rons expressing GABA R1 and GABAR2. (Left panel) GABA;R2-CHO cells are neg-
atively coupled to adenylyl cyclase in the absence of GABAZRI1. (Reprinted with
permission from ref. 28.) (Middle panel) E18 cortical neurons cultured for 7 DIV con-
tain functional GABARR negatively coupled to adenylyl cyclase. (Reprinted with per-
mission from ref. /2.) (Right panel) A schematic model for GABA;R-mediated cell
signaling and autologous gene regulation. GABAR activation is negatively coupled to
the cAMP/protein kinase A (PKA) signaling pathway that can modulate CREB-mediated
transcription. Given that GABA RIa and GABA ,RIb gene expression is controlled by
CREB-binding to distinct CRE sites in the alternative GABA ;R promoters, GABAZR
activation, and the subsequent inhibition of cAMP/PKA signaling, may provide a mech-
anism to control expression of its own gene product by autologous gene regulation.
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Fig. 12. A schematic diagram for the developmental switch of GABAgRla and
GABAgR1b receptor subtypes. Developmental changes in GABAgzRIa and GABA RID
mRNAs and proteins have been demonstrated by RNA and protein analyses, which show
high expression of GABAgRIla in the embryonic brain and a postnatal increase in
GABABRlb (6,274,275). Furthermore, results of functional promoter analyses indicate
that the GABAgRIa promoter is much stronger than GABAZRIb in primary embryonic
hippocampal neurons (6). This developmental switch is represented here as high levels of
GABAgR1a, GABAR?2 heterodimers (red) in the embryo and high levels of GABAR1b,
GABAgR?2 heterodimers (blue) in the adult. A model in which selective control of the
alternative GABA RI promoters during development may control the abundance of
specific GABAgR subtypes at the cell surface is proposed. The functional significance of
this developmental switch in GABA,R populations awaits further characterization.

regions of the nervous system including regions within the olfactory bulb
and striatum (12,25,26,29,278-280). The accessory olfactory bulb coexpresses
GABAZRI and GABAR?2 but in the main olfactory bulb GABA ,RI mRNA is
highly expressed in the granular and glomerular cell layers and GABAZR2
mRNA is barely expressed in these layers (/2). Subcellular GABARI and
GABAgR?2 protein distribution patterns in the main olfactory bulb are not
completely overlapping (287). In the striatum the most abundant cell type,
medium spiny neurons, express either low GABAZR?2 protein levels (280) or no
detectable GABA,R?2 protein levels (279) and high GABA,RI protein levels
(279,280,282,283). The differential expression of GABAZRIT and GABAZR2 in
the olfactory bulb and striatum is set up early in development (/2,281).

The functional consequences of differential GABAGR subunit expression in
certain nervous system regions have not been determined. If no GABA;R2
protein exists in striatal medium spiny neurons, for example, then it is possible
these neurons do not contain functional GABAyRs. Alternatively GABA,R1



GABA-R Expression 207

may function in a different way in striatal medium spiny neurons, such as with
a different partner for membrane localization and signaling. A third possibility
is that low levels of GABAZR?2 protein are sufficient for function. Regardless
of the functional consequences it is likely that the control of the expression of
GABA4R2 is different in a subset of regions of the nervous system. The expres-
sion studies imply that GABAZR1 and GABAR2 are not necessarily expressed
coordinately. This is consistent with both subunits being expressed on different
chromosomes and indicates that their promoter regions are likely to be under
the control of distinct transcription factors.

3.3. GABAgR Agonists and Antagonists: Effects on Gene Expression
3.3.1. Agonists
3.3.1.1. BACLOFEN-MEDIATED CHANGES IN GENE EXPRESSION

Several groups have shown that GABAgR activation by the specific agonist
baclofen inhibits forskolin-stimulated increases in cAMP levels in cortical brain
slices (284), transfected CHO cells (28,285), and primary embryonic cortical
neurons (Fig. 11) (/2). This effect is reversed by co-application with a
GABAgR antagonist. GABARs are also described to have stimulatory or
inhibitory effects on Ca®* signaling pathways (286,287). Responses to cAMP
and Ca®* signaling are ultimately mediated by transcription factor binding to
discrete regulatory regions in many genes, and alterations in GABAgR activity
may initiate long-term effects on protein synthesis, including autologous regula-
tion of GABAR gene expression (Fig. 11).

Several groups have reported the effects of baclofen on GABA R subunit
gene expression. In the gerbil hippocampus, baclofen produces a dose-dependent
decrease in GABAZR1 and GABAR2 protein, whereas the GABAR antago-
nist phaclofen enhances receptor subunit immunoreactivity (288). In contrast,
repeated administration of baclofen to rats does not alter the levels of GABAZR
subunit mRNA and protein in the cerebral cortex (289) and lumbar spinal cord
(290). Whereas microarray analysis of baclofen-treated primary hippocampal
neurons does not reveal changes in GABAZR subunit gene expression,
GABAGR activation produces selective changes in the expression of 20 genes
that encode proteins for signal transduction, endocytosis/trafficking, and
cytoskeletal organization (2917). Expression of these genes remains unchanged
when baclofen is applied in the presence of the GABA,R antagonist CGP-
55845A. Moreover, GABAZR activation blocks amphetamine-induced neu-
ropeptide gene expression and behavioral activity (292,293).

A well-characterized target of the cAMP and Ca”* signaling pathways is the
cyclic ADP (cAMP) response element (CRE) that binds members of the cAMP
responsive element-binding protein (CREB) family of transcription factors
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(294-296). Acute exposure of cerebellar granule neurons to GABA (1-100 uM)
and baclofen (1-100 uM) inhibits cAMP and Ca?*-mediated expression of a
CRE-driven reporter gene (297). Moreover, the GABAZR antagonist CGP-35348
(50 uM) attenuates the inhibitory effects of GABA and baclofen. GABA4R activ-
ity inhibits CRE-dependent transcription by negative modulation of CREB (297).
In contrast, exposure of cerebellar granule neurons to 10 pM baclofen has also
been demonstrated to increase the DNA-binding activity of CREB to a consensus
CRE (298). Furthermore, acute in vivo administration of baclofen (10 mg/kg)
increases CRE-binding in the hippocampus (299). The discrepancies between the
effects of baclofen on GABAgR subunit gene expression and CREB-mediated
transcription may be attributed to different treatment paradigms and/or differen-
tial regulation in different species and different brain regions.

3.3.1.2. BACLOFEN-MEDIATED CHANGES IN THE TRANSLOCATION
OF A CREB-RELATED PROTEIN

The mechanism-of-action of GABARs continue to challenge the thinking by
interacting in their C-terminal regions with transcription factors such as CREB2,
also termed activating transcription factor -4 (ATF-4), and C/EBP homologous
protein (CHOP), a downstream target of ATF4 (300-303). CHOP interacts selec-
tively with GABA;R1a-GABAR2 receptors to regulate cell-surface expression
(303). In contrast, GABAZR1a/b can bind to GABAZR2 or ATF4 but not to both
simultaneously (301,302). ATF4, therefore, may prevent GABAZR dimerization
and inhibit the formation of functional heterodimeric GABAyRs. Conversely,
the C-terminus of GABAZR1 may mask the ATF4 nuclear localization signal to
control its concentration in the nucleus (300). GABA4R activation can also stim-
ulate translocation of ATF4 from one cellular compartment to another, regulat-
ing ATF4-directed transcription (300-302). GABA4Rs, therefore, may influence
gene expression both by modulating the levels of cAMP (297) and by direct
interaction with ATF4 (300-302).

3.3.2. Antagonists

In models of learning memory, increased binding of CREB to CRE sequences
enhances the expression of proteins important for memory consolidation. ATF4,
on the other hand, acts as a suppressor of gene transcription mediated by CREB
and inhibition of ATF4 activity has been found to enhance memory processes
(304-306). Recent evidence suggests that the GABAZR antagonist SGS742
(CGP-36742), which is currently in a clinical trial of patients with mild cogni-
tive impairment, improves spatial learning and reduces basal and baclofen-
induced ATF4-binding to a consensus CRE (299). It is, therefore, believed that
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SGS742 may modulate postsynaptic GABA R-mediated repression of ATF4
activity to enhance long-term memory.

Generalized absence seizures induced by y-butyrolactone in mice is associ-
ated with increased nuclear protein binding to CRE and AP-1 regulatory
sequences and inhibition of GABA;Rs by CGP 35348 attenuates the genomic
response (307). Consistent with this finding, increased CRE and AP-1 binding
activity is inhibited by the GABA,R antagonist CGP 46831 at a dose that sup-
presses seizure behavior in a genetic model of absence epilepsy (308,309).

3.4. Transcriptional Gene Regulation

The alternative GABA gR1a and GABA zR1b promoters contain consensus CRE
sequences located 1540 and 202 bp upstream of their respective transcriptional start
sites (Fig. 7). The 5’ flanking regions of GABAzR1a and GABAzR1b have been ana-
lyzed in vitro by reporter-gene expression and nuclear protein-binding assays tar-
geting the GABARIa and GABA RIb CREs (6). These studies demonstrate that
recruitment of CREB to the CRE sites is essential for activation of GABAzRIa and
GABAZRIb promoter activity (Fig. 13). Moreover, CRE decoy oligonucleotides
that compete for binding of endogenous CREB family members inhibit GABA zR1a
and GABA4R1b gene expression, indicating a critical role for CREB in the activa-
tion of GABA 4RI transcription from the alternative promoters in vivo (6).

Differential regulation of the GABA;RI promoters is mediated by the CREB-
related protein ATF4 and the depolarization-sensitive upstream stimulatory fac-
tor USF (6). Overexpression of ATF4 relative to CREB stimulates GABA ;R1a
and inhibits GABA zR1b promoter activity (Fig. 13). Consistent with this find-
ing, CREB¥2 knockout mice, exhibit increased GABAjRIa and decreased
GABAZRID gene expression (6). The novel observation that GABAGR1 associ-
ates with the transcription factor ATF4 in the cytoplasm of neurons, and the
genomic regulation of GABA,RI by such factors, suggest a surprising addi-
tional potential role for GABAZR subunits in the trafficking of ATF4 to medi-
ate autologous gene regulation and in the role that ATF4 may play in the
trafficking of GABAZR subunits to control heterodimerization.

Recent evidence also suggests that overlapping USF- and CREB-binding sites
define a novel GABA R1b regulatory region (6). USF decoy oligonucleotides
selectively increase GABALR1b protein in embryonic hippocampal cells that
normally contain very low levels of GABAyRIb, indicating that USF may
inhibit endogenous levels of GABAZR1b subunits (Fig. 13). Only GABA;RIb
transcription is under control of USF-mediated repression, as GABAgR1a is not
regulated by USF decoy oligonucleotides. The USF-CRE regulatory element in
the GABAzR1b-promoter is preferentially occupied by CREB; however, in the
absence of CREB (as measured by a mutant CRE site) it is occupied by USF,
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Fig. 13. A model for combinatorial regulation of the alternative GABA ;,R1 promoters.
Whereas it is known that GABAZR1 interacts directly with the transcription factor
ATF4 in the cytoplasm of neurons, GABAyR activation may stimulate translocation of
ATF4 from one cellular compartment to another (300—302). In primary embryonic hip-
pocampal neurons, high levels of GABA RIa and low levels of GABA RIb promoter
activity and endogenous gene expression (Fig. 8) indicate a transcriptional mechanism
to control differential expression of these subunits during development. In contrast to
the embryo, levels of GABAZR1b increase postnatally and continue to be more abun-
dant than GABAR1a in the adult (273-275). A model in which activator and repres-
sor proteins selectively recognize DNA regulatory elements specific to the GABA R1a
and GABA ,R1b promoters, independently controlling expression of these receptor sub-
unit subtypes during development is proposed. Regulation of GABA ;RIa gene expres-
sion in the embryonic and adult nervous systems may be meditated by the competitive
binding of ATF4 and CREB to the GABA R Ia CRE site. In contrast, binding of ATF4
and USF repressor proteins may inhibit GABARID expression in the embryo.
Derepression of GABARID gene expression during postnatal development may be
regulated by a loss of ATF4- and USF-binding to the GABA,R1b promoter. CREB-
activator proteins may then be recruited to the GABAR1b CRE site to stimulate tran-
scriptional activation. Although the possibility that chromatin remodeling may also
play a role cannot be excluded, differential regulation by CREB may be a control point
for influencing the subunit composition of receptor subtypes in the developing and
mature brain. (Modified from ref. 6. Reproduced with permission, © 2004 by the
Society for Neuroscience.)
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suggesting that the USF/CRE site may be dynamically regulated by the avail-
ability of these two different transcription factors (6).

During early development levels of GABAZRIb and GABAZR2 are low,
whereas GABAR1a is abundantly expressed (Figs. 10 and 12). Given that CREB,
ATF4, and USF differentially regulate GABA ;R1a and GABA jR1b transcription in
embryonic hippocampal neurons, these transcription factors may participate in dif-
ferential gene regulation during early development. Similar to the GABA ;R 1b-pro-
moter, an overlapping CRE-USF site is also found in GABAZR2 5’ flanking region
(Fig. 7), which is consistent with the hypothesis that these response elements medi-
ate repression of GABAZR1b and GABAZR2 in embryonic tissue followed by
induction of GABA;R1b and GABAZR2 in adult brain. Functional promoter analy-
ses will provide insight into the possible role that USF transcription factors may
play in de-repression of GABA;R1b and GABAZR2 during CNS development.

3.5. Receptor Turnover

Desensitization and receptor turnover are important aspects of receptor expres-
sion and termination of signaling. Presynaptic and postsynaptic GABAgRs
desensitize at different rates in rat hippocampal neurons indicating a distinction
between these two receptor populations (370). The plasma membrane stability of
GABAgRs has been measured in rat cortical and hippocampal neurons (311).
Minutes after stimulation with agonist, GABA,Rs are not internalized and do not
associate with arrestin family proteins indicating that GABAZRs have an atypical
G protein-coupled receptor desensitization mechanism that may allow a function-
ally stable pool of receptors in the presence of agonist. Chronic exposure
to baclofen (60 h, 100 uM) results in a 30% downregulation of cell surface
GABAGR expression indicating a greater stability compared with other G protein
coupled receptors. GABAgR turnover is believed to be initiated indirectly by an
agonist-mediated decrease of cCAMP levels and cAMP-dependent PKA activity
that results in the degradation and removal of GABA Rs from the cell surface.
Increased cAMP levels and PKA activity results in GABAZR2 phosphorylation
on serine 892 and greater GABARR stability at the cell surface (3/17). Although
tolerance has been reported in patients receiving baclofen, the fact that increasing
doses with time is not a limiting factor for long-term treatment may reflect
GABAGR cell-surface stability in response to agonist (3/2-315).

3.6. Regulated Gene Expression and Implications for Disease
3.6.1. Neuropathic Pain and the Antinociceptive Response to Antidepressants

GABAGR expression is altered as a consequence of nociception (290,316).
Whereas the levels of GABA RI mRNA are increased bilaterally in the dorsal
lumbar spinal cord, an enhancement is also observed in the ipsilateral lumbar
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dorsal root ganglion at 24 h following formalin injection into the right hindpaw
(316). Furthermore, antidepressants used for the treatment of neuropathic pain
selectively alter the expression of GABAZRI and GABAZR2 mRNAs in the
hippocampus (317). Fluoxetine, desipramine, tranylcypromine, and phenelzine
increase the levels of GABAgRIa but not GABA ;RIb mRNAs, whereas tranyl-
cypromine also produces an increase in GABAZR2. In the dorsal lumbar spinal
cord, the fluoxetine produces a selective upregulation of GABAgRla and
downregulation of GABAZR2 (318). Amitriptyline has nonselective effects on
GABAZR subunit mRNA levels, increasing both GABAgRIa and GABAZRIb,
whereas decreasing GABAR2. In contrast, desipramine upregulates GABA R la
and GABA gR2 with no change in GABA;R1b mRNA levels (319). These changes
in gene expression are accompanied by increased pain threshold and increased
GABABR function (318,319).

Together these findings suggest that, other than upregulation of GABA Rla
mRNAs, there is no consistent pattern of GABAR gene regulation in response to
antidepressants. However, when considered with the fact that GABARs are made
up of a heterodimer of GABA;R1 and GABAZR2 proteins, the selective increase
in GABAgR1a could modify the population of receptor subtypes in the spinal
cord to increase the ratio of GABA;R1a-GABAR2 heterodimers relative to
GABA;RI1b-GABAgR2 (318).

3.6.2. Epilepsy

GABAGgRs have also been implicated in the pathophysiology of epilepsy. In
animal models of epilepsy, complex alterations in GABAZR subunit gene
expression are observed in surviving neurons. Perforant pathway kindling in
rats transiently increases GABA ;R 1a, but not GABA R1b, mRNA in the dentate
gyrus (320). Kainic acid (KA)-induced seizures produce different changes in
expression. A rapid decrease in GABAZR1 and GABALR2 mRNA and protein
is observed in the CAl and CA3 subfields of the hippocampal formation
(321,322). Whereas expression levels in CA3 partially recover post-KA (321),
the decreases persist in CA1l presumably as a result of neurodegeneration
(321,322). Similarly, levels of GABAZRI and GABAZR2 mRNAs are downreg-
ulated in dentate gyrus within 4-6 h post-KA and gradually recover to baseline
after 24 h (321). In contrast, GABAZR1 and GABAZR2 protein gradually
increase in the dentate gyrus indicating a compensatory mechanism in surviv-
ing neurons (322).

Human temporal epilepsy is associated with significant increases in GABAZR
subunit mRNA and receptor binding per surviving neuron in hippocampal sub-
fields (321,323,324). When correcting for cell loss, GABA4RI b and GABAZR2
mRNAs are upregulated in CA1, GABA R2 mRNA is upregulated in CA3, and
GABAgRIa, GABAZRIb, and GABAZR2 mRNAs are unregulated in the dentate
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gyrus (324). These findings suggest that changes in GABAZR mechanisms may
play an important role as a compensatory change to maintain homeostasis.
Sustained stimulation of neurons associated with epilepsy may be associated
with the overactivation of nuclear Ca’*-regulated processes (325). Increased
expression of total CREB protein as well as phosphorylated CREB is found in
the human epileptic hippocampus (326). This, when considered with the obser-
vation that CREB mediates transcription from the GABA R1a and GABA,R1b
promoters that epileptic rats exhibit elevated levels of subunit mRNAs, and that
GABAgR antagonists inhibit CREB-DNA binding activity at doses that sup-
press seizure behavior, points to a novel feedback mechanism for GABARs in
the generation and/or propagation of absence seizures and suggests a role for
GABAGR antagonists as a pharmacotherapy to treat absence seizures.

3.6.3. Drug Addiction

Recent preclinical and clinical studies suggest that GABAZR agonists may
be useful to treat psychostimulant addiction (327,328). The selective GABAZR
agonist baclofen attenuates methamphetamine (329) and cocaine (330) self-
administration in rats without affecting food-reinforced responding. Moreover,
baclofen is considered a putative pharmacotherapy for opiate (33/,332) and
cocaine dependence (333,334) in humans. Whereas the acute behavioral effects
of drugs of abuse are owing to enhanced neurotransmitter release, the long-term
adaptive changes in the brain that lead to drug addiction are believed to involve
regulation of gene expression. The specific alterations in GABAZR gene
expression in response to repeated cocaine administration are controversial.
GABAgRIa, GABA RIb, and GABA,R2 mRNAs are upregulated in the hip-
pocampal formation, but not in the caudate putamen and nucleus accumbens, of
cocaine-kindled rats 1 and 10 d after withdrawal (335). Consistent with the
change in GABAg RIa mRNA, the levels of GABAgRla protein are also
increased. GABA 4R gene expression returns to baseline 30 d after the last injec-
tion of cocaine. In contrast, GABA 4R gene expression is not altered in the hip-
pocampus, caudate putamen, cortex, and thalamus of cocaine-sensitized rats
that are challenged with the same dose of cocaine, 1 or 20 d after withdrawal
(336). Yet, in a third animal model of repeated cocaine administration, levels of
GABA jRI mRNA are unregulated in the nucleus accumbens, hippocampal CA1
subfield, and thalamus 1 d after the final injection of cocaine (337).

The induction of immediate early gene expression in striatum consequent to
cocaine and amphetamine treatment (338—342) is dependent on the transcrip-
tion factor CREB (341,343). Repeated cocaine and amphetamine treatment
increases CREB phosphorylation and CRE-mediated transcription in the
ventral tegmental area (VTA), nucleus accumbens, and striatum (344-346).
Furthermore, viral-mediated overexpression of CREB within the nucleus
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accumbens decreases the reinforcing properties of cocaine (347), whereas over-
expression of dominant-negative CREB increases cocaine reward (348).
Similarly, CREB-deficient mice show an increased response to the rewarding
properties of cocaine (349). The observation that GABAZRs play a major role
in cocaine-induced neuroadaptations, that cocaine-dependant rats exhibit ele-
vated levels of phosphorylated CREB, and that repeated cocaine treatment
increases GABA ;RI mRNA (335,337) when taken together with an association
of CREB with the GABA 4RI alternative promoters points to a novel role of
GABAgRs in the initial genomic response to drugs of abuse.

4. Conclusion

The reconstruction of the molecular mechanisms that underline regulated
expression of GABA ,Rs and GABARs is a formidable challenge. This chal-
lenge arises, in part, from the diversity of genes but also from the generation of
additional gene products by alternative splicing and alternative promoters.
Whereas post-translational modifications can be rapid but short-lived effects to
alter receptor function, transcriptional changes reflect a delayed response of the
genome to mediate long-lasting changes in subunit expression that controls the
availability of subunits for receptor assembly. The molecular determinants that
underlie such transcriptional events have not been resolved. However, it is clear
that changes in the rates of transcription are dependent on intracellular signal-
ing pathways that modulate the activity of specific transcription factors, a
change in the expression of transcription factors themselves, and/or an alter-
ation in chromatin structure modulating the accessibility of DNA regulatory
elements for the transcriptional apparatus. Together with alterations in receptor
trafficking, subcellular localization, and receptor turnover, regulated expression of
GABA R and GABA 4R subunit genes may contribute to alterations in GABAergic
neurotransmission.

Endogenous GABA and clinically significant compounds including benzodi-
azepines (GABA ) and baclofen (GABA) may also play a role to modulate
gene expression. Recent studies have demonstrated that transcriptional
processes mediate activity dependent downregulation of specific GABA R
subunits (22,23,123,129). It is also well established that GABARs are nega-
tively coupled to G proteins to inhibit adenylyl cyclase activity and decrease the
levels of cAMP, an important regulator for the activation of transcription factors
such as CREB. The consequence of GABARR signaling to gene transcription is
not yet known. Given the regulation of GABAgR subunits by the CREB family
of transcription factors (6), future studies will be aimed at determining whether
GABAGR activity may initiate long-term effects on protein synthesis including
autologous regulation of GABAZR gene expression.
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In summary, considerable progress has been made in identification of the
mechanisms controlling GABA ,R and GABAR gene expression. However, this
progress is only the first step toward understanding how complex neuronal net-
works regulate gene expression in response to developmental and environmental
cues. The recent application of bioinformatic methods to study DNA sequence
content and regulatory networks should generate a dynamic picture of complex
processes including gene expression, promoter sequences, protein—-DNA binding,
and protein—protein interactions. An integrated approach of targeted animal
models and studies of primary neuronal cultures coupled together with new imag-
ing technologies will allow an analysis of signaling pathways and transcription in
individual neurons. Lastly, it will be essential to translate the molecular signa-
ture of regulatory events into a physiological context to determine whether
changes in gene expression underlie changes in GABA-R subtype composition
and receptor function. The authors hope that this molecular knowledge will
reveal new information concerning the basic mechanisms underlying regulated
gene expression in the brain and define novel targets for therapeutic intervention
in diseases that are associated with alterations in GABA ;R and GABA 4R expres-
sion, including epilepsy, neuropathic pain, Alzheimer’s disease, anxiety, depres-
sion, schizophrenia, and drug addiction.
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Chemistry of GABA; Modulators

Wolfgang Froestl, Nigel G. Cooke, and Stuart J. Mickel

1.

ered by replacing the carboxylic acid groups of GABA or y-amino-B-hydroxy-
butyric acid by phosphinic acid residues leading to the much investigated
compounds y-aminopropyl-phosphinic acid (APPA) (or CGP27492), CGP35024

Summary

Nearly 10 yr have passed since the authors review “Chemistry of GABA,
Modulators” appeared in the book “The GABA Receptors,” 2nd edition,
edited by S. J. Enna and N. G. Bowery, Humana Press, Totowa, 1997 (1).
In this update the authors wish to outline only new developments not
covered in the 1997 paper. Baclofen, synthesized for the first time in
September 1962, is still the only y-aminobutyric acid (GABAy)-receptor
agonist marketed for the treatment of spasticity and trigeminal neuralgia.
It is fascinating to learn how many highly competent chemists devised
manifold and elegant synthetic procedures for either racemic or (R)-(-)-
baclofen and the structurally closely related potent antidepressant (R)-(-)-
Rolipram, a selective phosphodiesterase-4 inhibitor. The new syntheses
published after 1996 are listed in alphabetical order (2-16). Very recently
a prodrug of (R)-(-)-baclofen (Fig. 1) was described which enhanced the
oral bioavailability in Cynomolgus monkeys to more than 80% (17). It is
planned to test this prodrug in clinical trials for the treatment of spasticity
and gastroesophageal reflux disease.

Key Words: GABA receptor agonists; positive modulators; antagonists;
radioactive and photoaffinity ligands.

GABA-Receptor Agonists

A new series of potent and selective GABA g-receptor agonists was discov-

From: The Receptors: The GABA Receptors, Third Edition
Edited by: S. J. Enna and H. Mohler © Humana Press Inc., Totowa, NJ
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(R)-(-)-Baclofen Prodrug of (R)-(-)-Baclofen

Fig. 1. Structures of (R)-(—)-baclofen and its prodrug.
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Fig. 2. Structures of novel GABA-receptor agonists.

(or SK&F97541), and CGP44532 (Fig. 2). CGPs 35024 and 44532 were exten-
sively evaluated in models of neuropathic pain (/8). In addition, CGP44532
was tested in several animal models of suppression of craving for diverse drugs
of abuse, such as alcohol (19), cocaine (20,21), and nicotine (22-24).

In 2005 a new heterocyclic class of GABA-receptor agonists, probably dis-
covered through high-throughput screening, was described in the patent literature
by chemists of Bayer Healthcare AG in Germany and Japan, i.e., 5-substituted-
2-phenylmethyl-thio-4-phenyl-4H-1,2,4-triazoles (Fig. 2) for the treatment of uri-
nary incontinence and pain (25). Other companies did not succeed to identify
novel GABAg-receptor agonists through high throughput screening, but
described the lessons learned in this process in a very instructive poster (26).
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Fig. 3. Structures of positive modulators of GABA, receptors.

2. Positive Modulators of GABA; Receptors

Allosteric modulators are molecules that bind to a site on a neurotransmitter
or hormone receptor which is topographically distinct from the orthosteric-bind-
ing pocket for agonists or competitive antagonists (27). Allosteric agents have
little or no intrinsic agonistic activity of their own, but induce conformational
changes in the receptor protein, which affects its interaction with allosteric lig-
ands. These compounds may present distinct advantages over full agonists (28).

In a high throughput screen using a GTPy[*S] assay in membranes from
Chinese hamster ovary K1 cells stably transfected with human GABA;,, and
rat GABA, complementary DNAs, two compounds CGP7930 and its oxida-
tion product the aldehyde CGP13501 (Fig. 3) were identified as positive mod-
ulators of GABA, receptor function (29). They potentiate GABA-stimulated
GTPy[*3S] binding at low micromolar concentrations and are inactive in the
absence of GABA. They increase both agonist potency and maximal efficacy:
the effective concentration to reach a 50% effect (EC,)) for CGP7930 in pres-
ence of 1 UM GABA in recombinant GABA-receptor heterodimer expressed
in CHO cells is 4.6 UM, in the presence of 20 uM GABA 1.87 uM. The maxi-
mal effect is dose dependent: GABA at 20 uM stimulates basal activity to
301%, in presence of 1 uM CGP7930 to 328%, in presence of 3 uM CGP7930
to 377%, in presence of 10 uM CGP7930 to 394% and in presence of 30 uM
CGP7930 to 427%. For the in vivo potentiating effects of CGP7930 of the
GABA-receptor agonist baclofen (see ref. 30). It was shown that CGP7930
interacts with the heptahelical domain of the GABA,-receptor subunit thus
being the first described agonist of GABAy, (31).

Later a more potent compound was identified in GS39783 increasing the
potency of GABA about eightfold: EC,, of GABA in absence of GS39783
was 3.59 UM and in presence of 30 uM GS39783: EC,, = 0.45 uM. The max-
imal intrinsic efficacy increased from 100 to 217% (32). For a full behavioral
characterization of GS39783 (see refs. 33,34). GS39783 also attenuates the
reward-facilitating effects of cocaine (35,36).
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Fig. 5. Combination of Schering and Novartis GABA;-receptor antagonists.

In 2005, novel structures, both based on the lead of GS39783 (Fig. 4), were
disclosed by chemists from Roche (37) and Novartis, the latter in collaboration
with National Institutes of Health, in particular National Institute of Drug Abuse
and National Institute of Mental Health (Grant U0O1 MH069062) to obtain com-
pounds for the treatment of craving after smoking cessation (38).

3. GABA-Receptor Antagonists

Potent GABA ;-receptor antagonists originating from Novartis and Schering
have been described in exhaustive detail in the review in the book “The GABA
Receptors,” 2nd edition, in 1997 (1). Since then hybrid structures between the
Schering and Novartis compounds, such as CGP76290 have been prepared and
extensively tested (Fig. 5). The synthesis of the (35, 6R) enantiomer CGP76290
is outlined in Scheme 1 using an intramolecular Michael reaction for the forma-
tion of the morpholine ring (39).

The IC,, of CGP76290 was determined to be 1.85 nM (inhibition of binding
of [PH]CGP27492 to membranes from rat cerebral cortex). The IC,, values
of the (3R, 65) enantiomer CGP76291 was measured as 69 nM, the racemic
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Scheme 1. Reagents and conditions: (i) NaCN, NH,Cl, NH,OH, MeOH, H,0, 1t, 24 h;
(i)) MeOH, HCl (g), —20°C, 2 d; (iii) (Boc),0, MeOH, Et;N, 60°C, 30 min; (iv) NaBH,,
EtOH, rt, 6 h; (v) TFA, CH,CI,, 0°C, 30 min, rt, 3 h; (vi) D-tartaric acid, recrystallize
from H,O; (vii) 10 mol% (Ph ,P),PdCl,, EtOH, CO (50 psi), EtOH, Et;N, 100°C;
(viii) 1, 3 dibromopropene, bis- (trlmethylsﬂyl) acetamide, (MeO),PO, CH, Cl rt, 18 h;
(ix) intermediate 1, DBU, toluene/THF 1:1, 80°C, 5 h; (x) NaH, toluene rt, 20 h;
(xi) TMSBr, CH,Cl,, t, 24 h.

compound CGP71982 as 8 nM (40). The benzoic acid derivative is by far the
best compound: unsubstituted phenyl-, p-nitro-, m, p-dichloro, p-iodo, or p-
cyano compounds showed inferior affinities (40). Substitution by m-carboxy-
benzyl instead of m-carboxyphenyl led to a loss of affinity: IC,, = 140 nm for
CGP81009. Methylation of the nitrogen of the morpholine leads to a massive
loss of affinity: IC, = 3.92 uM for CGP77322. The corresponding racemic
thiomorpholine derivative CGP79856 (S instead of O in the six-membered ring)
was marginally more active than CGP71982 with IC,, of 5 nM. The corresponding



244 Froestl et al.

0 0 0w YO
\\\\[ j/\Oi \\\\[ j OH
5 N R
H

HO O HO 0]

Iz

trans (2S, 5R) CGP83713 cis-(2R, 5R) CGP83721

Fig. 6. Trans- and cis-5-aryl-morpholino-2-acetic acids.

racemic piperazine derivative CGP77315 (NH instead of O in the six-membered
ring) displayed an IC,, of 18 nM, as did the racemic piperidine derivative
CGP77328 (CH, instead of O in the six-membered ring).

The corresponding morpholine acetic acids have been prepared (Fig. 6) (41).
However, their affinities to GABA receptors is about one order of magnitude
lower, i.e., racemic trans CGP79648 with IC,, of 51 nM, the more potent frans
(28, SR)-enantiomer CGP83713 (Fig. 6) with IC, of 23 nM, the less potent
trans (2§, 5S)-enantiomer CGP83719 with IC, of 2.95 uM. The syntheses pro-
ceed through a similar intramolecular Michael reaction using ethyl 4-bromocro-
tonate instead of ethyl 3-bromo-propenyl-cyclohexylmethyl-phosphinate.
However, contrary to the phosphinic acid derivatives the cyclization yielded cis-
and trans-derivatives of which the cis-compounds displayed inferior affinities
to GABA[ receptors: cis (2R, 5R)-enantiomer CGP83721 (Fig. 6) with IC,, of
527 nM, and cis (28, 55)-enantiomer CGP 83720 with IC,, of 2.33 uM. The
corresponding racemic trans-thiomorpholine derivative was again marginally
more active, i.e., CGP82066 with IC,, of 30 nM, and the more potent (25, 5R)
enantiomer, NVP-AAR108 with IC, of 17 nM. In this series the racemic piper-
azine derivative CGP81007 (NH instead of O in the six-membered ring)
showed an IC of only 262 nM.

Surprisingly, in the series of the oxazepines, i.e., homomorpholines, the
cis-compounds displayed higher affinities than the trans compounds and the
p-benzoic acids were more active than the meta-substituted compounds: racemic
m-benzoic acid, cis, CGP83727, IC,, = 180 nM, trans: CGP83724; IC,, =598 nM,
racemic p-benzoic acid, cis, CGP83728, IC,) = 79 nM, trans: CGP83726;
IC,, = 1.2 uM. (Fig. 7).

4. Radioactive GABA ;-Receptor Antagonist Ligands

Several radioactive antagonist ligands have proven to be very useful for in
vitro elucidations of different aspects of GABA[ receptor research. Well known
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Fig. 9. Ligands for GABA receptors with very high specific radioactivity.

are [PH]JCGP54626 (IC,, = 4 nM) (42) and [PH]CGP62349 (IC,, = 2 nM)
(43—45). [''C]CGP62349 containing the positron emitting isotope 'C was pre-
pared as a potential PET ligand (46,47). A second potential PET ligand, i.e.,
['CINVP-AAV516, was prepared by Dr. Catherine Aubert under Prof. Victor
W. Pike at the Hammersmith Hospital in London (Fig. 8).

For the expression cloning experiments the iodinated ligands ['>T]CGP64213
(IC4, = 1.6 nM, i.e., inhibition of binding of ['*I]CGP64213 to GABA receptors
on rat cerebral cortex membranes), and the photoaffinity ligand ['*I]CGP71872
(ICy, = 2.4 nM), both with high specific radioactivity of >2000 Ci/mmol were
developed, and used for the structure elucidation of the GABA,-receptor subunit
(Fig. 9) (48). The photoaffinity ligand [ IJCGP71872 allowed the determina-
tion of the molecular weight of two GABA, and GABA, receptor isoforms,
i.e., 130 and 100 kD, whereas ['2I|CGP64213 served as a means to identify the
clone with the GABAy receptor after transfection into COS cells finally
allowing the hitherto elusive structure elucidation of GABAj receptors. The
syntheses of both ligands are described with full experimental details in the
authors patent (49). The synthesis of [!2I]JCGP71872 has been described years
later also by chemists of Merck (50).

The ligand ['*IJCGP84963 (ICy, = 6 nM, i.., inhibition of binding of
[11]CGP64213 to GABA_ receptors on rat cerebral cortex membranes) (Fig. 9),
combines in one molecule a GABA, receptor-binding part, an azidosalicylic
acid as photoaffinity moiety separated by a spacer of three GABA molecules
from 2-iminobiotin, which binds to avidine in a reversible, pH-dependent fashion.
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This compound was prepared to facilitate isolation and purification of the
extracellular N-terminal GABA -receptor fragment for crystallization and
X-ray studies of the GABAy, receptor-binding site (57). The 31-step synthesis
of this compound is described in detail (52).
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The Unusual Functioning
of the GABA;-Receptor Heterodimer

An Old Receptor Teaching New Functional Tricks?

Andrés Couve, Stephen ]J. Moss, and Menelas N. Pangalos

Summary

Functional y-aminobutyric acid (GABA}) receptors are formed by the asso-
ciation of GABAZR1 and GABAZR2, two closely related subunits belonging
to the G protein coupled receptor superfamily. An increasing number of
reports have now uncovered that GABA receptors display unique func-
tional properties, including unusual activation and inactivation mecha-
nisms following binding of agonists. In this chapter the focus will be on
nonclassical aspects of GABA receptor phosphorylation, desensitization,
downregulation, signaling, and association with a variety of protein part-
ners. In addition, the extent to which the heterodimeric structure of the
receptor contributes to establish these unusual properties will be discussed.

Key Words: GABA; receptor signaling; phosphorylation; GPCR; hetero-
dimer; signalosome.

1. Introduction

v-Aminobutyric acid (GABA) receptors are the major inhibitory receptors in
the central nervous system (CNS). Whereas GABA ,- and GABA. ionotropic
receptors mediate fast synaptic inhibition, metabotropic GABA; receptors induce
slower, more prolonged effects through the activation of an array of down-
stream effector systems, such as inhibition of adenylyl-cyclase, inhibition of
presynaptic calcium channels, and activation of postsynaptic potassium chan-
nels. The far-reaching effects of GABA receptors coupled with their widespread
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distribution in the CNS have raised expectations that modulation of this recep-
tor class will be of clinical importance for pharmaceutical intervention in a
number of disease areas such as epilepsy, depression, anxiety, drug addiction,
and cognitive enhancement for patients affected with neurodegenerative condi-
tions such as Alzheimer’s disease (for review see refs. /,2). Since the original
discovery of the GABA-binding site over 20 yr back (3), much work has gone
into identifying the molecular components mediating GABA, receptor-
mediated function and physiology. In this chapter the most recent work investi-
gating the molecular underpinnings of GABAj receptor function will be
discussed and the unusual nature of this receptor complex will be highlighted.

2. GABA; Receptor Phosphorylation
2.1. GABA Receptors Exist as Phosphoproteins in the CNS

Phosphorylation of neurotransmitter receptors constitutes a widely used post-
translational modification that produces rapid changes in receptor activity. In this
regard, it is extensively used to promote long-term changes in the CNS, many of
which are associated with modulation of synaptic plasticity (4). Even before the
cloning of the individual GABA-receptor subunits GABAZR1 and GABA;R2
protein kinases (PK), such as PKC and cyclic AMP (cAMP)-dependent PKA,
were shown to modulate the activity of GABA receptors (5-7). Following the
molecular identification of the GABAy-receptor heterodimer it was confirmed
that, like many other G protein-coupled receptors (GPCRs), the two subunits of
the receptor are phosphorylated.

Both GABAZR1- and GABAR2-subunits are phosphorylated basally when
overexpressed in HEK-293 or COS cells (8,9). No reports on the details of
GABAgR1 phosphorylation have yet been published, but the GABAjR2-
subunit has been investigated in depth. Studies have conclusively shown that the
carboxyl terminal domain of GABAZR?2 is phosphorylated in recombinant sys-
tems, preparations of brain membranes, and in primary cultures of cortical and hip-
pocampal neurons (/0). The principal phosphorylated residue appears to be serine
892 (5892) and PKA is responsible for phosphorylation of this site both in vitro
and in vivo. Phosphorylation is increased by agents that stimulate cAMP produc-
tion, such as forskolin and P-adrenergic agonists, and is blocked by specific
inhibitors of PKA (10). Results suggest that additional phosphorylated residues are
also located on the carboxyl terminal domains of GABAZR1 and GABAR2. In
addition, recent evidence suggests that phosphorylation sites may be shared with
other kinases (Couve, A, Moss, SJ, Pangalos, MN, personal communication).

To date, however, GABAZR2-S892 remains the best characterized site for
GABA| receptor phosphorylation. GPCR phosphorylation is generally regarded
as an early requirement for receptor desensitization and internalization during
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the inactivation process (/). In the next section, the unusual desensitization
properties of GABAy receptors in relation to the functional consequences of
receptor phosphorylation will be examined.

3. Desensitization, Endocytosis, and Downregulation
of GABA; Receptors

3.1. The Inactivation of GPCRs is a Conserved Process

The majority of GPCRs respond to agonists in the same manner. The cycle of
activation was first characterized for the [-adrenergic receptor, but can now be
applied to GPCRs of all three families (A—C) (11). Briefly, agonist binding pro-
duces a conformational change in the receptor that promotes rapid phosphorylation
by second messenger kinases such as PKA, PKC, or specific G protein receptor
kinases (GRKSs). Phosphorylation occurs in either the carboxyl terminal domain or
the intracellular loops of the receptor and generally results in uncoupling of the recep-
tor from the heterotrimeric G protein. This relatively fast process is generally referred
to as desensitization and occurs in a matter of seconds. Receptors are then recruited
to clathrin-coated vesicles in a phosphorylation-dependent or -independent manner,
and internalized in the order of minutes in a phenomenon known as receptor endo-
cytosis (Fig. 1). Finally, receptors are sorted for recycling or degraded in a process
that may take hours or even days called receptor downregulation. Recently, the clas-
sical hypothesis of desensitization and endocytosis of GPCRs has been expanded to
accommodate a growing body of evidence that suggests a variety of alternative
inactivation responses, including phosphorylation independent mechanisms, prote-
olytic cleavage, and agonist specific desensitization (//—13).

3.2. The “Unusual” Desensitization of GABA, Receptors
3.2.1. GABA Receptors Acutely Desensitize After Agonist Exposure

To address whether GABA receptors follow the classical desensitization
response on agonist exposure, the coupling of the receptor to inwardly rectify-
ing K* channels (GIRKSs) has been studied during continuous exposure to the
GABAy agonist baclofen (14). As occurs with other GPCRs, the activity of the
receptor is attenuated in the order of seconds, thus providing strong evidence that
GABAy receptors desensitize normally. These findings are supported by the
desensitization of recombinant GABA receptors in transfected cells following
pretreatment with GABA (/5). Desensitization of native receptors has also been
observed in neurons. Several reports have suggested that pre- and postsynaptic
GABAj receptors display different desensitization properties. For example,
whereas postsynaptic GABA receptors that couple to GIRKs in hippocampal
neurons desensitize rapidly after agonist treatment, presynaptic receptors appear
more resistant and fail to desensitize even after 24 h of agonist pretreatment (/6).
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Fig. 1. The mechanism of GABA-receptor inactivation is highly unusual. (A) The
classical model of GPCR-inactivation: Agonist binding produces a conformational
change in the receptor that promotes rapid phosphorylation by PK. Phosphorylation
results in the uncoupling of the receptor from the heterotrimeric G protein. Receptors are
then recruited to clathrin-coated pits in a phosphorylation dependent or independent
manner and internalized through clathrin-coated vesicles. Finally, receptors are sorted
for recycling to the plasma membrane or degradation in lysosomes. (B) GABA ,-receptor
inactivation diverts from the classical model: Agonist binding produces rapid desen-
sitization of GABA, receptors but no detectable phosphorylation or internalization
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Similarly, slow (0-15 min) desensitization of GABA[ receptors in response to
continuous baclofen exposure has been observed in dopaminergic neurons of the
ventral tegmental area, but fast desensitization (<5 min) has been registered in
the soma of pyramidal cells of the neocortex (/7,18).

Further evidence supporting the existence of a variety of desensitization
responses, but conflicting with the results described earlier, comes from a study
suggesting the existence of acute presynaptic GABA, desensitization but a
complete lack of postsynaptic desensitization in neonatal rat hippocampus (19).
Moreover, this study reports presynaptic desensitization to be more pronounced
for autoreceptors compared with heteroreceptors. The desensitization kinetics
of the GABA; receptors coupled with GIRK channels has also been studied in
rat pyramidal neurons and appears to be made up of multiple phases (/7). The
mechanisms controlling each phase of desensitization appear related to the
cycle of G protein coupling, nucleotide exchange, or GTP hydrolysis, and not
to intrinsic GPCR, or GIRK channel properties. Nevertheless, additional stud-
ies will be needed to fully elucidate this phenomenon.

The existing evidence indicates that GABA, receptor desensitization depends
not only on the subcellular localization of the receptor subunits but also on the
effector systems being used. It also implies that a unique combination of acces-
sory molecules, associated with the receptor heterodimer is responsible for mod-
ulating receptor desensitization in specific cellular and subcellular domains.

3.2.2. Phosphorylation Does Not Contribute to Acute Desensitization

Given the clear existence of GABA, receptor desensitization, a number of
recent studies have addressed the functional consequences of receptor phospho-
rylation in this regard. Unexpectedly, two reports found that neither GABAZR1-
nor GABA;R2-subunits are phosphorylated in response to agonist (8,9). These
findings have been further explored by analyzing the effect of PK during desen-
sitization of GABA receptors after continuous exposure to baclofen (74). As
mentioned previously, coupling of GABAj receptors to GIRKs is rapidly
desensitized in transfected cell systems. However, the kinetics and degree of
GABA receptor desensitization were unchanged by PKA activation, the best-
characterized GABA receptor kinase (/4). These results provide preliminary
evidence that phosphorylation of GABA receptors is not a regulator of acute
receptor desensitization. However, the influence of other kinases on receptor

Fig. 1. (Continued) is observed. Desensitization may be mediated by GRK4 or RGS
proteins, which may interfere with the function of G proteins. Slow degradation of
plasma membrane receptors occurs in response to agonist but the total pool of receptors
remains constant, probably through constitutive synthesis and a large intracellular recep-
tor reserve pool. Contrary to other GPCRs, phosphorylation of GABA; receptors results
in potentiation of receptor function.
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desensitization need to be further investigated before the effects of receptor
phosphorylation in this particular phenomenon can be ruled out.

3.2.3. GRK4 Promotes Phosphorylation-Independent Desensitization

The lack of receptor phosphorylation in response to agonists has been reported
for recombinant GABAZR1 and GABAZR2 in COS and HEK-293 cells (9,20).
Taking advantage of the presence of GABA receptors in cerebellar granule cells,
arecent study demonstrated that GABA receptors also desensitize rapidly in this
cell type (20). By depleting GRK4, through small interfering RNA, the authors
have shown that the presence of GRK4 is necessary to promote agonist-depend-
ent desensitization (20). Similarly, they have presented a sufficiency argument by
demonstrating that in HEK-293 cells addition of exogenous GRK4 produces
desensitization properties that are remarkably similar to the ones observed in
cerebellar granule neurons (20). These findings provide a plausible desensitization
mechanism for GABA; receptors. However, two points must be carefully consid-
ered and further explored. First, GABA, receptors are widely expressed in the
CNS, whereas GRK4 has a limited distribution in the brain, potentially limiting
the physiological relevance of this interaction. Second, the effect of GRK4 does
not require its catalytic domain to promote the desensitization response (20). At
first glance this latter finding seems puzzling. However, GABAy receptors are
now placed in a continuously growing list of GPCRs that are modulated by
GRKSs in a phosphorylation-independent manner (/2). Although more evidence is
required to confirm these findings, the authors have identified the protein—protein
interaction as the key element for the GRK4-mediated receptor desensitization,
likely through blockade of the receptor and G protein interaction (72,20).

3.2.4. Regulators of G Protein Signaling Also Promotes
GABA -Receptor Desensitization

From the data reviewed earlier, it is clear that novel regulatory mechanisms are
responsible for controlling GABA receptor desensitization. One further report has
provided evidence of an alternative mechanism. Working on GABA,R1/
GABAjR2-transfected cells, Mutneja and coworkers have reported that acute
GABA; receptor desensitization depends on the G, protein used in the assays. A
G, -subunit with an altered regulators of G protein signaling (RGS)-binding motif
was able to modify the kinetics of receptor desensitization, suggesting that endoge-
nous RGS proteins may be able to modulate GABA; receptor desensitization (14).
Although intriguing, direct evidence for an interaction between RGS proteins
GABA, receptors remains to be demonstrated and warrants further investigation.

3.2.5. Receptor Phosphorylation Prevents Inactivation

The role of second messenger kinases has been explored relative to other
aspects of the attenuation response. First, the effect of PKA phosphorylation
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has been studied during GIRK activation after repetitive pulses of agonist. In
these studies, the coupling of GABA[, receptors to GIRKs decreases gradually
during the experimental time period (/0,17). After monitoring GIRK function
for 30 min in the absence or presence of cAMP, it was demonstrated that the
decrease in receptor activity was significantly inhibited by cAMP, in a manner
dependent on the S892 residue of GABAZR2. The same effect was obtained
when the experiment was performed in cultured hippocampal neurons or HEK
cells transfected with GABAZR1, GABAR2, and GIRKS (70). These findings
suggest that although receptor phosphorylation does not affect acute desensiti-
zation, the activity of GABA receptors is stimulated by PKA phosphorylation
during the later phase of receptor inactivation. Similar stimulatory rather than
inhibitory effects of PKA have been reported for metabotropic glutamate recep-
tors (21), suggesting this related family of GPCRs display a conserved mecha-
nism of potentiation following PKA phosphorylation.

Whereas cAMP potentiation during repetitive agonist application was observed
after 20 min (/0), no potentiation by cAMP was obtained during continuous
exposure to agonist (single pulse of 60 s) (/4). Although these observations
seem conflicting, they relate to very different phases of the response and sug-
gest that GABA[, receptors have early and late components of functional atten-
uation. Even though much progress has been made, these studies also highlight
the need for a systematic and extensive analysis of the effects of kinases and G
protein modulators on the desensitization of GABAj receptors. Analyses
should consider the cell types (cell lines, neuronal cultures, acute slices), expo-
sure times to drugs (s/min/h), and the mode of drug application (repetitive/
continuous). Data generated from such studies can be directly compared and
contrasted, and will allow us to better understand the mechanisms involved in
regulating GABA; receptor desensitization.

3.2.6. GABAy Receptors Do Not Internalize in Response to Agonist

In addition to the unusual findings that agonists fail to stimulate GABA,
receptor phosphorylation, it has recently been shown that GABA receptors fail
to undergo agonist-mediated endocytosis (Fig. 1). These results have been obtained
using antibody internalization and enzyme-linked immunosorbent assay-type
assays in cells expressing recombinant receptors (8,9,14). Similar results have
been obtained with endogenous receptors in cultured cortical and hippocampal
neurons employing antibody internalization and cell-surface biotinylation assays
(9). Results from these studies converge on the fact that although desensitiza-
tion of GABAy receptors occurs normally, receptor internalization does not
contribute to the attenuation of signaling. Whether endocytosis takes place in
cerebellar granule cells where GRK4-dependent desensitization is evident
remains to be determined. However, the lack of endocytosis in differentiated
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cortical and hippocampal neurons in culture, two cell types that express func-
tionally competent GABA receptors, make this seem unlikely.

Despite the apparent lack of receptor endocytosis following agonist stimula-
tion, decreased levels of cell surface receptors have been reported (70,15).
Measurements in these studies have used live cells before fixation and point a
note of caution to any general conclusions suggesting that GABA receptors
lack the ability to internalize.

3.2.7. GABAg-Receptor Downregulation

The process of downregulation is defined as the loss of total number of recep-
tors induced by agonist after hours or even days of exposure (/1). Interestingly,
long-term treatment of cortical neurons with baclofen resulted in a significant
decrease of cell surface receptors (9). Given the lack of agonist-induced phospho-
rylation and internalization, it is possible that GABA receptors may be directly
degraded at the plasma membrane. In contrast, long-term treatments with agonist
had little effect on the total number of receptors. The simplest explanation for
these observations is that the population of intracellular receptors is much more
abundant than the cell surface pool and, additionally, not directly sensitive to ago-
nist (Fig. 1). Thus, the results are consistent with agonist dependent removal and
degradation of surface receptors, but not with agonist-independent recycling of
the entire receptor population. Therefore, they suggest an independence of
GABA receptor activity and overall abundance. These findings are also compat-
ible with an accelerated rate of synthesis in the presence of agonist, but experi-
ments are needed to explore this possibility. Combined, these experiments indicate
that GABA; receptors are resilient to chronic downregulation (9).

The presence of an unusually stable population of GABA receptors is sup-
ported by clinical and experimental evidence that demonstrates the existence of
a functionally stable pool of GABA, receptors. For example, the response to
baclofen over long periods of time after intrathecal application is stable in
patients treated for spasticity and dystonia, and there is no continual escalation
in dose required to maintain the response (22—25). Furthermore, although rats
develop tolerance after repetitive injections of baclofen, the total messenger
RNA and protein levels for GABA receptors remain unchanged, suggesting
that tolerance is not produced by downregulation (26,27).

The experiments reported so far establish a new receptor model in which the
levels of GABA receptors are not correlated with receptor activity. Combined,
they rule out the role of phosphorylation in agonist-dependent receptor desen-
sitization and internalization, two trademarks of classical GPCR signaling. In
this respect, it remains to be established how receptors that fail to internalize,
are removed from the plasma membrane and replaced by de novo synthesized
or recycled receptors and are amenable to new rounds of activation.
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4. GABA-Associated Proteins and Their Influence
on Receptor Function

Intense efforts have been directed toward elucidating the role of associated
proteins in the biosynthesis and function of the GABA, receptor. Among the many
proteins described to date the concentration will be only on those molecular
interactions whose initial characterization have been further explored in terms of
receptor function (Fig. 2). For additional information on protein—protein associations
a series of recent reviews provide a comprehensive view on the subject (/,2,28-30).

4.1. Interaction Between GABAZR1 and GABAZR2 Regulates
the Subcellular Distribution of the Receptor

The interaction between the two subunits of the GABA heterodimer is
essential to constitute a fully functional receptor. In this regard, the molecular
interactions between the domains of the two subunits play a crucial role in cel-
lular signaling and receptor activation. A general model has been proposed in
which the GABAZRI1-subunit binds a single agonist molecule whereas the
GABAgR2-subunit mediates G protein coupling (37,32). Both intra- and inter-
molecular interactions among the subunits are necessary to mediate this highly
unusual mechanism of transactivation (28,32,33).

Apart from the direct implications in receptor activation, dimerization between
the two subunits seems to have profound consequences in the biosynthesis and
subcellular distribution of GABA receptors. It was noted early that knockout
mice lacking GABAZR1 show a substantial decrease in the levels of GABA;R2
protein, but retain normal levels of the GABAZR?2 transcript (34,35). Similarly,
two reports now show that GABALR2 mutant animals show a marked decrease
in the protein levels of GABAGR1 (36,37). Two interpretations of these findings
are possible. Either the synthesis of the two subunits is intrinsically bound, or
alternatively, the stability and degradation of the receptor subunits are strongly
dependent on the formation of the heterodimer. This latter alternative seems more
plausible in view of the tight control of misfolded proteins in the endoplasmic
reticulum (ER) and the extensive interactions between the subunits needed to con-
stitute a fully functional, and therefore a correctly folded, receptor heterodimer.

Together with the substantial changes in protein expression, one report sug-
gests that GABARR1 is incorrectly localized to the soma and proximal neurites in
the absence of the GABA;R2-subunit (37). However, given the dramatic decrease
in GABAgR1 protein, this conclusion seems somewhat premature. Nevertheless,
it opens the interesting possibility that targeting signals exist within the
GABAgR?2 sequence and implies that the correct placement of functional GABAy
receptors along with distal projections may depend on retention sequences in one
subunit and targeting sequences in the other.
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Nucleus

Fig. 2. GABA,; receptors are modulated by a variety of associated proteins. GABAR1
interacts with CREB2/ATF4, 14-3-3, Marlin-1, COPI and msec7 whereas GABALR2
interacts with CHOP and PKA. Many of these associations are displaced by the formation
of the GABA heterodimer. This indicates that many of the interactions probably occur in
the ER where receptors are found in monomeric form. It is possible that CREB2/ATF4 and
CHOP are released from individual subunits and shuttle to the nucleus to participate in the
modulation of the expression of GABA-subunit isoforms. COPI and 14-3-3 have been
implicated in the retention or retrieval of GABAgR1-subunits from ER. The interaction
between GABAZR1, Marlin-1, and later GABAZR2 may ensure the correct assembly and
stability of the heterodimer as it is transported through the secretory pathway. Finally,
msec7 modulates the forward transport of the receptor heterodimer and at the plasma mem-
brane the GABAR2-subunit associates with G, to constitute a signaling receptor.
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4.2, Interaction With G Proteins
4.2.1. GABAZR2 Mediates the Interaction to G Proteins

Several reports have demonstrated that the two subunits of the GABA; het-
erodimer are not functionally equivalent (31,38—40). Based on these studies a
general model of activation had been proposed in which the GABAZR1-subunit
was responsible for agonist binding, whereas the second and third intracellular
loops of GABA;R2 were directly responsible for G protein coupling (37,32). A
strong argument in support of this hypothesis has now been provided in using
receptor-G protein fusions. The recombinant tool of G proteins fused to their
corresponding receptors has been used widely to explore the signaling and cou-
pling properties of specific GPCR pathways (4/). Using this methodology it has
been demonstrated that G protein activation occurs only when it is directly
fused to the carboxyl terminus of the GABALR2-subunit (42). These results
were obtained with G ;, and chimeric GWli5 proteins, confirming the role of G,
in coupling with GABA[, receptors (43).

4.3. Interaction With Multiprotein Complexes

4.3.1. The Identification of Multiprotein Complexes Containing
GABAj Receptors Has Remained Elusive

Large multiprotein complexes have been shown to mediate signaling through
GPCRs (44). Unexpectedly, there is no evidence to date of large protein com-
plexes containing GABA, receptors. This lack of information raises questions
as to the existence of the macromolecular complex as an essential component
of GABA; receptor signaling. This is particularly surprising when one considers
that macromolecular complexes have been described for classic effector sys-
tems of GABA[ receptors such as the voltage-dependent Ca®* channel. In this
particular instance, Ca>* channels have been shown to function as adaptor pro-
teins for multiple molecules that bind the channel and signal to downstream
components following GABA-receptor activation (45).

Possible reasons for the difficulty in identifying macromolecular complexes
associated with GABA receptors may lie within the receptor heterodimer
itself. Most likely, the formation of a compact dimer between GABA R1 and
GABAZR2 results in the exposure of novel molecular surfaces for protein inter-
actions, probably absent in the individual subunits and, therefore, likely to be
missed in yeast two-hybrid screens (or similar screens) probing for interactions
with individual GABA-subunits. In addition, only a limited number of receptor
domains have been used to search for specific interacting proteins. Therefore,
the search for components of a macromolecular complex involved in the direct
modulation of GABA receptor signaling may require the use of new biochem-
ical approaches using native GABA ;-receptor heterodimers.
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4.3.2. GABAZRI Associates With a Variety of Transcription Factors
4.3.2.1. ATF4/CREB2

Although no macromolecular GABA; containing complex has yet been
described, a number of studies have identified proteins interacting specifically with
GABA-receptor subunits (Fig. 2). Of particular interest are the findings that at
least two transcription factors have been shown to interact with both GABA;RI
and GABARR?2. Several reports have shown that the GABA R 1-subunit associates
with the transcription factor ATF4/CREB2 (46—48). These studies have highlighted
a direct interaction between the GABA, receptor and the transcription factor, medi-
ated by the coiled-coil region of the receptor and the leucine-zipper domains pres-
ent in the carboxyl terminus of ATF4/CREB2. It remains unclear whether a
tripartite interaction between GABA R, GABA;R2, and ATF4/CREB2 is possible.
However, recent studies using immunoprecipitation from mouse brain extracts,
have demonstrated that ATF4/CREB?2 is able to associate with both GABAR1-
and GABALR2-subunits. These findings suggest that the heterodimeric receptor
interacts with the transcription factor, providing evidence for an interaction with a
physiologically functional GABA receptor (49).

The interaction between ATF4/CREB2 and the GABAZR does not affect
activity of the receptor, although reports do suggest that translocation of the
transcription factor to and from the nucleus can be regulated by GABAj ago-
nists (46,47). A recent study has shed further light onto the physiological impli-
cations of this protein—protein interaction. The two principal isoforms of
GABAgZRI (GABAgR1a and GABARZR1D) are transcribed from alternative pro-
moter regions (50), rather than by alternative splicing, as has been previously
suggested (51). The authors argue that expression of the two GABAZR splice
variants, from distinct transcriptional start sites is controlled by binding of
ATF4/CREB and upstream stimulatory factor to the specific GABAgR1a or
GABAgRIb promoter regions. Given that expression of specific transcription
factors varies between cell types, the authors propose that expression of
GABAgR1a and GABAZR1D in post- or presynaptic sites, may be controlled by
the interaction of cell-type specific transcription factors with the appropriate
GABARI subtype specific promoter (50). Under such circumstances it is con-
ceivable that functional GABA receptors are able to modulate their cell spe-
cific gene expression by interacting with specific transcription factors.

4.3.3. GABAZR2 Associates With a Variety of Transcription Factors:
CCAAT/Enhancer-Binding Protein Homologous Protein

Another transcription factor, namely CCAAT/enhancer-binding protein
(C/EBP) homologous protein (CHOP), has been found to associate with
GABAgR?2 (52). As with the GABA;R1-ATF4/CREB?2 interaction, GABA;R2
and CHOP interact through leucine-zipper domains located within the carboxyl
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termini of each protein. Immunoprecipitation experiments have also shown that
CHOP is capable of binding to the GABA R 1a-subunit, however, in contrast to
GABAZR2 this interaction does not require the leucine-zipper domain.
Surprisingly, although binding to CHOP occurs in a region conserved between
GABAjRIa and GABA R1b, GABA,RIb is unable to bind CHOP. The signif-
icance of the GABAgR interaction with CHOP is not fully understood.
Recombinant expression of GABAZR1, GABAZR2, and CHOP in culture sys-
tems results in a reduced expression of GABA, receptors at the cell surface.
However, further work is clearly required to delineate the role of this interac-
tion in neurons and other physiologically expressing GABA[ cells.

4.3.4. 14-3-3, COPI, and msec7 Regulate GABAy Receptor Trafficking

The first proteins identified as GABA; receptor interactors belong to the 14-
3-3 family of proteins (53). Recently, these associations have been explored fur-
ther and, in what is becoming a general trend for GABA; interacting proteins, it
appears that they do not affect the functional coupling of GABA receptors to
their G proteins (54). However, 14-3-3s do bind within the coiled-coil region of
GABARI and binding is abolished when a mutant subunit is used in which the
RXR-type retention sequence in the carboxyl terminal domain of GABAZR1 is
mutated (RSRR to ASAR). Interestingly, the same sequence in GABAZR1 binds
oCOP and BCOP, two protein components of the COPI complex involved in the
retrieval of molecules from the trans-Golgi network (TGN) to the ER. These
experiments suggest that by binding to the retention/retrieval sequence in
GABAgRI, 14-3-3, and COPI proteins may control the retention of GABAR1
in the ER or in the very early stages of the Golgi apparatus. It is important to note
that experimental data to date suggests that these proteins do not regulate the
kinetics of GABAj receptor “heterodimer” cell surface trafficking (54).

Further evidence for the carefully controlled trafficking of GABA receptors
has been obtained following the recent uncovering of an association between
GABAZRI and msec7. Msec7 is the mammalian ortholog of the yeast sec7, a
family of small GTPase implicated in vesicular membrane transport between
the ER, TGN, and endosomes (55). Msec7 contains a conserved coiled-coil
domain at the amino terminus and modulates the level of cell surface receptor
in a manner that is dependent on a dileucine motif found in the carboxyl termi-
nal domain of GABAgR1. These results suggest that, contrary to 14-3-3 and
COPI proteins, msec7 modulates the forward trafficking of GABA,R from the
ER to the TGN and on to the cell surface (56).

4.3.5. A GABAL/GABA , Interaction Regulates GABA Trafficking

Unexpectedly, a further protein interaction with a GABA ,-receptor subunit,
GABA, v,S, has been reported, which results in a 10-20-fold increase in the
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surface expression of GABAZR1. Not surprisingly, the GABA;/GABA , multimer
does not couple with known effectors of the GABA receptor and the presence
of the 7v,S-subunit does not affect the potency of GABA at GABAZRI1/
GABAZR?2 receptors (57). The trafficking of the GABALR1-subunit by unre-
lated proteins with no functional consequences had been reported previously
(58), however, there is an aspect of this GABAL/GABA , association that makes
this a potentially intriguing interaction. Although it is now generally believed
that GABA receptors fail to internalize in response to agonists, in the presence
of the GABA, 7v,S-subunit, there is a clear internalization of the GABAZR1-
subunit after 30 min of GABA; agonist exposure (57). In view of these findings
it is surprising that no internalization of GABA[ receptors is observed in more
physiological experimental systems such as cortical neurons, where the expres-
sion of the v,S-subunit is abundant. As such, the influence of ionotropic receptors
on the function of the corresponding metabotropic receptors remains far from
clear and will require further investigation and confirmation.

4.3.6. Marlin-1 and Receptor Assembly

Using a yeast two-hybrid screen the authors have recently identified Marlin-1,
a brain specific protein that associates specifically with the GABAZR1-subunit.
Marlin-1 belongs to a new protein family represented by three different genes,
highly conserved in vertebrates. It encodes a 626 amino acid protein with a pre-
dicted MW of about 75 kDa and displays a granular distribution in neurons,
with abundant expression in the soma and proximal dendrites. Marlin-1 binds
different RNA species in vitro, including the 3" untranslated region of the mes-
senger RNAs for GABAZR1 and GABAR2. It sediments with ribonuclear
markers in brain preparations and forms discrete granules that stain with RNA
dyes in the soma and dendrites of cultured primary neurons. Depletion of
Marlin-1 through small interfering RNA technology increases the abundance of
GABAZR2, providing evidence that a receptor-associated protein can modulate
GABA receptor biogenesis at the level of RNA metabolism (/,2). In addition
to its role in binding GABA receptors, a complementary study has shown that
recombinant Marlin-1 associates with Janus kinases and polymerized micro-
tubules when transfected into Jurkat cells (59). Combined, these results suggest
that Marlin-1 may associate with cytoskeletal elements and participate in the
transport of cargo vesicles or cargo particles affecting the abundance of proteins
at their target destination (59).

5. Conclusions

When compared with the majority of GPCRs, the GABAj receptor displays
unique properties of activation and inactivation. For example, the transactivation
of the receptor following agonist binding is a direct result of the heterodimeric



The Unusual Functioning of the GABAg-Receptor Heterodimer 267

structure of the receptor. Whether this structure also influences the lack of recep-
tor phosphorylation, the lack of receptor endocytosis, and the lack of receptor
downregulation remain to be established. However, it is clear that the unusual
sequence of events that occur during receptor activation is mirrored during recep-
tor inactivation, and can be described, not without some controversy, as unusual.

All screens to identify interacting proteins have thus far failed to isolate
proteins that directly modulate the activity of the receptor, and have instead
identified proteins involved in the regulation of receptor biosynthesis, traffick-
ing, and localization. The majority of interactions involving GABA receptors
occur through coiled-coil and leucine-zipper domains that appear to regulate
binding to the carboxyl terminal domains of the receptor. Nevertheless, it is still
necessary to elucidate if the proteins identified thus far bind simultaneously to
the receptor, whether there is a cellular or subcellular preference for specific
associations, or whether low affinity interactions can facilitate a sequential set
of interactions facilitating the progress of the receptor through the secretory
pathway on its way to the neuronal plasma membrane.

The existence of numerous protein interactions modulating GABAgR traf-
ficking, suggest an ER to membrane pathway with multiple and strict check-
points along the route, a finding not dissimilar to the protein—protein interactions
reported for the ionotropic glutamate receptors (60). Ultimately, the complex and
delicate control of cell surface expression of this multisubunit GABA; receptor,
by a variety of protein—protein interactions, is not surprising given the essential
role these receptors play in synaptic neurotransmission (6/,62).
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Characteristics of GABA; Receptor
Mutant Mice

Jim Yu-Hsiang Tiao and Bernhard Bettler

Summary

y-Aminobutyric acid B (GABAy) receptors are the G protein-coupled
receptors for the inhibitory neurotransmitter GABA. Cloning efforts
revealed that functional GABA; receptors can be assembled from the
products of the GABA;, and GABA, genes. However, cloned receptors do
not exhibit the reported functional and pharmacological diversity of native
receptors, which led to speculations about the existence of additional
GABA receptor genes. Several groups now have generated mice with abla-
tions in the GABA,;;, and GABA, genes, which allowed studying the contri-
butions of cloned gene products to pre- and postsynaptic GABA functions.
In this chapter, we review the phenotypes of GABA; knockout mice and
discuss how genetic experiments have contributed to our current under-
standing of the GABA receptor system.

Key Words: GABA; knockout; epilepsy; hyperalgesia; hyperlocomotor
activity; anxiety; y-hydroxy butyrate, GHB.

1. Introduction

Metabotropic y-aminobutyric acid (GABA}) receptors were first identified based
on the receptor’s distinct pharmacological profile compared with ionotropic
GABA,, . receptors (7). It was subsequently shown that GABA receptors are G
protein coupled receptors (GPCRs) that inhibit adenylyl cyclase through the G, -
subunits of the activated G protein (2). It is now well-established that GABAy
receptors also regulate Ca>*- and K*-channels at pre- and postsynaptic sites through
the GBY-subunits (3-5). Presynaptic GABA receptors are subdivided into auto- and
heteroreceptors that control the release of GABA and other neurotransmitters,
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respectively. Stimulation of presynaptic GABA, receptors suppresses neurotrans-
mitter release by inhibition of voltage-sensitive Ca>* channels or by a direct modu-
lation of synaptic vesicle priming (6,7). Postsynaptic GABA receptors induce a
late inhibitory postsynaptic current by activating Kir3-type K*-channels, which
hyperpolarizes the neurons and shunts excitatory neurotransmission (8). The phys-
iological consequences of inhibiting adenylyl cyclase activity through GABAL
receptors are still poorly understood, but include effects on transcription (9) and
phosphorylation (/0). Considerable evidence has accumulated over the years, using
a variety of preparations and techniques, to support the notion that pharmacologi-
cally distinct subtypes of GABA receptors exist (3,11-16).

Molecular identification of GABAj receptors did not occur until the high-
affinity antagonist ['2I]CGP64213 allowed expression cloning of the GABA, .-
subunit using a radioligand-binding assay (/7). Subsequently, GABAg,,,
a subunit variant with an alternative transcription initiation site was identified.
GABAy,, differs from GABAy,, by the absence of a tandem pair of sushi-
repeats at the extreme amino-terminus. Using the GABAj,, sequence, a third
subunit, GABA},, which derives from a separate gene was identified (18-21).
GABAG,-and GABA,-subunits need to heterodimerize in order to form a fully
functional receptor in heterologous cells. Dimerization of the two subunits
masks an endoplasmatic reticulum retention signal in the GABA -subunit,
which triggers surface trafficking of the assembled receptor complex (22,23).
Recombinant experiments support that interaction of GABA, with GABA, is
not only mandatory for cell surface expression but also for G protein coupling
(22-29). The demonstration that GABA receptors exist as heterodimers trig-
gered the identification of additional heterodimeric GPCRs (30). Although not
generally accepted yet, recent data on rhodopsin imply that all GPCRs need to
homo- or heterodimerize for function (31).

The search for GABA;-receptor subtypes did not lead to the expected identi-
fication of GABA genes other than GABA 5, and GABA ,. Therefore, GABA, ,,
GABAg,,, and GABA, remain the only abundant receptor subunits, with addi-
tional complementary DNA isoforms reported for GABA, but not GABA,
(4,32). Importantly, however, the existence of a stable GABA, protein product
has only been demonstrated for GABA,  and GABA,, but not for the other
reported GABAp, isoforms. Recombinant heteromeric GABAg,, and
GABAg,}, » receptors couple to all prominent effector systems of native GABAy
receptors—that is adenylyl cyclase, Kir3-type K*-channels, and P/Q and N-type
CaZ*-channels (21,33,34). However, no unique pharmacological or functional
properties could be assigned to GABAy,, or GABAy,,. The apparent lack of
molecular and pharmacological heterogeneity in the GABA system was a sur-
prise to many in the field who expected a variety of pharmacologically distinct
subunits, as predicted from work on native receptors (3,//-16). Given that
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cloning efforts did not substantiate the claim for receptor heterogeneity, it became
important to understand to which GABA; functions the cloned receptors can con-
tribute in vivo. This prompted several groups to generate GABA,- and GABA -
deficient mice, referred to as GABAy,”~ and GABAg,”~ mice. The diverse
biochemical, pharmacological, electrophysiological, and behavioral abnormali-
ties observed in GABA knockout mice are discussed later. Furthermore, we
cover pharmacological experiments with GABA, knockout mice that helped
clarify the relationship between GABA receptors and the putative receptors for
v-hydroxy butyrate (GHB), an emerging drug of abuse (35).

2. GABAg 7~ Mice

Several mouse strains with a loss of function mutation in the gene encoding
GABAG,-subunits have been reported (36—-38). These mouse strains differ both
in the genetic background and the introduced gene deletions (targeted exons:
7-10 [36], 2-6 [37], 1al-1a/b [38]). Only the mice generated in the Balb/c
genetic background are viable and show a normal life expectancy (36). GABAy, ™~
mice generated in the C57B1/6J or C57B16/129Sv genetic background do not sur-
vive past 4-8 wk after birth, presumably because of generalized epileptic seizures
(37,38). Consequently, behavioral data are only available for the mice generated in
the Balb/c genetic background.

Biochemical and pharmacological analysis of GABABl‘/‘ mice emphasizes the
importance of the GABA,-subunit in the formation of functional GABA; recep-
tors. GABA,, protein in GABA, 7~ mice is almost undetectable in immunoblots
of brain membrane extracts, suggesting that the GABAy, protein stabilizes
GABA,, protein and prevents its degradation. In agreement with previous bio-
chemical studies (39), this indicates that virtually all GABA, protein is associated
with GABA, protein. It is now well established that the GABAj,-subunit
contains the binding site for GABA (40). Consistent with this, competitive GABAy
radioligand antagonists (['*IJCGP71872, ['»I]CGP64213, [PH]CGP54626) and
agonists (("HJAPPA, [*H]baclofen) fail to detect binding sites in GABA, "~ tissue
samples (36). [?>S]GTPyS binding assesses the activation of G, type G proteins,
the main effectors of native GABA, receptors, and therefore provides a biochemi-
cal assay to determine functional receptor levels (41). GABABI‘/‘ brain membranes
show no [*>S]GTPYS binding, regardless of whether baclofen or the endogenous
agonist GABA is used for stimulation (36). This indicates that most if not all
GABA receptors in the brain incorporate a GABAG, -subunit.

Electrophysiological analysis of GABA,”~ mice revealed a loss of typical
baclofen-induced GABA responses in the hippocampus (36,37). At presynap-
tic sites, both GABA[ hetero- and autoreceptors are absent in GABABI‘/‘
mice. Specifically, baclofen no longer depresses excitatory postsynaptic cur-
rents or inhibitory postsynaptic currents in CA1 pyramidal neurons through
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the activation of presynaptic GABA} receptors (36). GABA,~~ mice are also
devoid of postsynaptic GABA} receptors in the CAl pyramidal neurons, as
baclofen no longer induces outward K*-currents mediated by Kir3-type chan-
nels (36,37). Electrophysiological GABA; responses in GABA,,”~ mice are
also absent in the dorsal raphe, the arcuate nucleus, and cerebellar granule cells
(37). The GABAG,-subunit is also critical for GABAj function in the enteric
and peripheral nervous system (42). Taken together, electrophysiological
analysis of GABA functions in GABA,”~ mice are consistent with the com-
plete lack of functional GABA receptors at both pre- and postsynaptic sites
in the nervous system.

The absence of a functional GABA receptor in GABABl‘/‘ mice is corrob-
orated by the lack of baclofen-induced physiological responses. Baclofen is a
clinically effective sedative and muscle-relaxant that is well known to induce
hypothermia (43). The muscle-relaxant and hypothermic effects of baclofen are
completely absent in GABABI*/* mice (38,44). Analysis of the basal body tem-
perature showed that GABA,,”~ mice are hypothermic by approx 1°C when
compared with wild-type mice (38,44). This is likely caused by the loss of
GABA, function in the hypothalamus, where GABA receptors are involved in
the control of body temperature (45). Consistent with a complete lack of
GABA; activity, injection of baclofen failed to induce the typical 6-wave pat-
tern in the electroencephalogram (EEG) of GABABI*/* mice (36).

GABA;,”~ mice exhibit overt and characteristic behavioral abnormalities;
one such phenotype being the presence of spontaneous epileptic seizures.
C57B1/6J GABA,”~ mice appear normal at birth with spontaneous epilepti-
form activity observed from postnatal day 12 (P12) onwards (37). The mice
develop generalized epilepsies that result in growth retardation and premature
death. To gain insight into the cellular mechanisms contributing to the gener-
ation and maintenance of this epileptic phenotype, Brown and colleagues (46)
studied hippocampal slices obtained from GABABI‘/‘ mice. They conclude
that the loss of postsynaptic GABAj receptor-mediated inhibition enhances
N-methyl-D-aspartate receptor triggered synaptic processes, which could be the
cause of the observed epileptiform activity. Adult Balb/c GABA,~~ mice exhibit
a variety of spontaneous epileptiform activities, including absence type seizures,
clonic, and tonic—clonic convulsions (36). Moreover, Balb/c GABABI"‘ mice are
very susceptible to audiogenic stimulation, which precipitates tonic—clonic con-
vulsions (36). Absence-type seizures in Balb/c GABAg, ™~ mice are “atypical” in
that seizures are characterized by rare and long-lasting EEG bursts.
Immunohistochemical analysis of seizure-sensitive calcium-binding proteins sug-
gests that the absence of functional GABAy receptors in Balb/c mice causes
epileptiform activity through a mechanism that crucially involves dentate gyrus
granule cells (47).
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Balb/c GABA, ™~ mice are hyperalgesic and have a reduced latency to
respond to the noxious stimulation in acute pain tests. GABA,”~ mice exhibit
pronounced hyperalgesia to noxious heat in the hot-plate and tail-flick tests, as
well as a reduced paw withdrawal threshold in response to mechanical pressure
(36). GABAB]‘/‘ animals are hyperalgesic in paradigms that involve distinct
motor responses and therefore the observed hyperalgesia is unlikely to be related
to the contextual hyperlocomotor activity that is also observed with these mice
(48). The acute pain data are consistent with a loss of intrinsic GABA;-related
inhibitory tone in the nociceptive system of GABABI*/* mice, which could be
exploited for pain management with allosteric modulators (49,50).

Pharmacological experiments indicate a strong GABA receptor influence on
locomotor activity (43,51-53). In line with this, GABABI‘/‘ mice exhibit a pro-
nounced hyperlocomotor activity when exposed to novel environments (36).
The hyperlocomotor activity is characterized by repeated rapid circling during a
1-2 h time period, followed by hypoactivity (54). A moderate hyperdopaminer-
gic state likely underlies this contextual hyperlocomotor activity of GABA,, ™~
mice (48). The extracellular dopamine levels in the striatum of GABABl‘/‘ mice
are increased twofold, whereas tyrosine hydroxylase activity, tissue dopamine
content, and dopamine metabolism are not measurably affected. The hyper-
dopaminergic state of GABA, ™~ mice is therefore not severe enough to inacti-
vate dopamine D2 receptors and disrupt D2-mediated feedback inhibition of
tyrosine hydroxylase, as observed in dopamine transporter mice that have five-
fold elevated extracellular dopamine levels (55,56). GABA, mice may therefore
serve as an animal model for a moderate hyperdopaminergic state.

Genetic and pharmacological evidence supports that GABA[ receptors mod-
ulate anxiety and antidepressant-like behaviors in mice (57). Treatment of wild-
type mice with a positive allosteric GABA, modulator, GS37983, reduces
anxiolytic behaviors in the light-box test (58). Consistent with these pharmaco-
logical experiments, GABABI‘/‘ mice display marked increases in anxiety-
related behaviors in several paradigms, including the light-dark box, staircase,
and elevated zero maze tests (54). Classical benzodiazepine anxiolytics fail to
reduce anxiety in GABA,”~ mice, questioning whether GABA,”~ mice are a
useful model to assess the anxiolytic potential of novel compounds (54).
Treatment of wild-type mice with the GABA;-receptor antagonist CGP56433A
produces an antidepressant-like phenotype (54). Corroborating with the phar-
macological data, GABABI‘/‘ mice display antidepressant-like behavior in the
forced swim test (54), a test that is widely used to assess depression and anti-
depressant-related phenotypes in genetically altered mice (59). Moreover,
GABAg, heterozygote animals showed enhanced prepulse inhibition responses
compared with littermate controls, suggesting that GABAG,-deficient mice
exhibit increased sensorimotor gating (37). These experiments highlight that
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GABA receptors regulate emotional behaviors and that they represent promis-
ing drug targets for the treatment of anxiety and depression (57).

A significant body of literature indicates that GABA receptor function influ-
ences cognitive performance (60). For example, it was reported that high doses of
baclofen induce amnesia (61). Conversely, memory-impairing effects of GABA,
antagonists (62,63), as well as memory-improving effects of baclofen (62,64)
have also been described. GABA, ™~ mice showed a markedly impaired memory
performance in the passive avoidance test (36). The mechanism underlying the
memory loss in GABABI‘/‘ mice is unclear. However, the observed deficiencies
in memory functions are in line with the observed memory-impairing effects of
GABAj, antagonists.

In summary, the absence of GABAj,-subunit expression is sufficient to
abolish all typical biochemical and pharmacological GABA receptor-mediated
responses analyzed. This supports that the GABA-subunit is obligatory for
the formation of functional GABA} receptors. This implies that GABA, is
not functional by itself or in combination with another protein. In agreement
with previous recombinant studies (40), GABABI‘/‘ mice also confirm that the
GABAG,-subunit but not the GABA,-subunit, binds GABA and competitive
GABAj ligands.

3. GABABZ‘/‘ Mice

The only published GABA,,” mouse was generated on a Balb/c genetic
background, whereby exons 8—11 encoding part of the N-terminal extracellular
and the first two transmembrane domains were ablated (65). As with Balb/c
GABABI"‘ mice, the GABABz‘/‘ mice are viable and amenable to behavioral
testing. The predominantly heterodimeric nature of native GABA; receptors is
emphasized by the substantial down-regulation of GABAg, protein in
GABA, ™ mice. This is analogous to reduced GABA , protein levels observed
in GABA,,” mice and indicates that the GABA,- and GABA,-subunits
cross-stabilize each other. Mice lacking GABA, display an unusual subcellular
distribution of GABA, protein in the brain. This is owing to a general redistri-
bution of GABA, protein from the neuropil to the soma. This redistribution
and the failure of GABAy, protein to reach distal neuronal sites in the absence
of GABAy, are again consistent with a predominantly heteromeric nature of
native GABA, receptors. However, despite the considerable reduction in
GABAy, protein levels in GABABZ‘/‘ mice, GABAy, protein is still detectable
in synaptic plasma membranes. Therefore, in contrast to the conventional posit,
some GABA, protein may be able to exit the endoplasmatic reticulum in the
absence of the GABA,-subunit in vivo. GABA; radioligand antagonists, such
as ['PIJCGP71872 and [PH]CGP62349, still detect GABA binding-sites in
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GABABZ‘/‘ mice, consistent with the proposal that GABA binding is exclu-
sively mediated by GABA,-subunits (40). The residual GABA, protein in
GABABZ"‘ mice therefore retains significant binding affinity, which is a prereq-
uisite for a putative functional role. [>>S]GTPYS binding assays indicate the
absence of GABA-induced G protein activation in cortical- or hippocampal
membrane preparations of GABAB{/* mice. This further emphasizes that the
predominant native GABA receptors form heteromeric assemblies. However,
as [*>S]GTPYS binding preferentially detects G,,,-type G proteins, it is not
excluded that the GABAy, protein in GABABz‘/‘ mice forms functional recep-
tors in association with other G proteins.

Electrophysiological analysis of hippocampal GABAy,™ neurons surpris-
ingly reveals that GABAg, can be functional in the absence of GABAy,.
Although GABA;,” mice lack functional GABA, hetero- and autoreceptors,
baclofen still induces a G protein-activated inward current in CA1 pyramidal
cells. The observed response is atypical, as baclofen normally induces a K* out-
ward current. The inward current in GABA, ™~ neurons can be blocked by the
GABA, antagonists CGP55845A and CGP62349, indicating that the response
is GABA -mediated. In agreement with this, the inward current is completely
absent in GABABI‘/‘ mice. It is conceivable that GABA, receptors couple to
G proteins other than G, and that inhibition instead of activation of Kir3-type
K*-channels underlies the atypical inward current observed in GABABZ‘/‘ mice.
Several studies suggest that various cellular populations in the nervous systems
display nonoverlapping expression patterns for GABA,, and GABA,,
(18,66-71). The electrophysiological experiments with GABAB{/* mice thus
support that GABA, could be functional in neurons devoid of GABA, pro-
tein. Interestingly, some scattered hippocampal interneurons in GABAg, ™~
mice exhibit a very prominent GABAy, immunostaining, suggesting that these
neurons express high levels of GABA, protein in the absence of GABA,.
Unfortunately, it is currently impossible to identify these neurons for electro-
physiological recordings. It therefore remains unclear whether the atypical
GABA, responses observed in GABABZ‘/‘ mice are of physiological relevance
or represent an artefact of the knockout situation.

Behavioral analysis of GABAB[" mice indicates similar phenotypes as in
the GABA, ™~ mice (65). GABAy,” mice exhibit hyperlocomotor activity,
hyperalgesia, impaired passive avoidance learning, and spontaneous epilepti-
form activity. GABAB{’* mice also display elevated anxiety-related behavior in
the light-dark box paradigm and exhibit an antidepressant-like behavior in force
swim test, analogous to GABAB]‘/‘ mice (72). Similarly, prototypic responses
to baclofen, including muscle relaxation, hypothermia, and EEG &-wave induc-
tion are missing in the GABA;,” mice (65). Taken together, biochemical,
pharmacological behavioral, and pharmacological analysis of GABABZ*/* and

/-
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GABABI"‘ mice corroborates with current GABA receptor models, where
inactivation of either subunit prevents receptor function. Small electrophysio-
logical GABA, receptor responses in GABABZ*/* mice hint at the possibility
that GABAG, could be functional in vivo in the absence of GABA,. However,
the residual GABA, responses in GABA,,”~ mice are unable to alter the
phenotypes observed in GABA, 7~ mice.

Transgenic mice expressing a GABA,-subunit lacking its C terminal tail
(the AGB2-Ct mouse) exhibit a complete loss of GABA receptor function and
produce an epileptic phenotype (73). Presumably, the GABA receptor com-
plex is retained intracellularly because the endoplasmatic reticulum retention
signal in the GABAG,-subunit is no longer masked on dimerization. Loss of
GABA; function in AGB2-Ct hippocampal slices promotes depolarizing
GABA, receptor-mediated events, which in turn, leads to the generation of
ictal-like events. This may contribute to the epilepsy phenotype observed with
these mice.

4. Physiological Effects of GHB at GABA; Receptors

GHB is a naturally occurring GABA metabolite that has been proposed as a
neurotransmitter/neuromodulator that acts through its own receptor (35). The
receptors for GHB are postulated to correspond to high-affinity [*H]JGHB-bind-
ing sites present in the brain, but a physiological significance for endogenous
GHB signaling has not been established. Patients suffering from GHB aciduria,
a congenital enzyme defect causing GHB accumulation, exhibit a wide variety
of symptoms, including psychomotor retardation, delayed or absent speech,
hypotonia, ataxia, hyporeflexia, seizures, and EEG abnormalities (74). This
shows that elevated levels of GHB influence physiological processes. GHB and
its prodrug, y-butyrolactone (GBL), received public attention as they emerged
as popular drugs of abuse. Exogenous administration of GHB elicits central
nervous system-dependent effects, such as memory impairment, increase in
sleep stages 3 and 4, seizures, and coma. The receptor interactions of exoge-
nously applied GHB are a matter of much debate. GHB clearly activates recom-
binant GABA receptors, albeit at millimolar concentrations (75). In line with
this, there is mounting evidence that GABA receptors mediate some of the
effects of exogenously applied GHB or GBL (35).

GABABI‘/‘ mice provide the opportunity to study the effects of GHB in the
absence of coincident GABA responses. Radioligand-binding studies reveal a
similar number and a similar spatial distribution of [*H]GHB-binding sites in the
brains of GABABI*/* and wild-type littermates, demonstrating that GHB- are
distinct from GABAg-binding sites (44,76). Moreover, analysis of GABABI‘/‘
mice demonstrates that GHB-induced [3SS]GTPyS responses are mediated by
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GABA; receptors and not the high-affinity [PH]GHB-binding sites (44).
Following GHB or GBL application, GABA, ™~ mice show neither the hypolo-
comotion, hypothermia, increase in striatal dopamine synthesis, nor EEG d-wave
induction seen in wild-type mice. GABA;~~ mice have therefore helped to
establish that the vast majority of exogenous GHB actions are mediated by
GABAj receptors. However, the molecular nature and the signaling properties
of the specific [*H]JGHB-binding sites in the brain remain elusive.

5. Outlook

The work with GABAB]‘/‘ and GABABZ‘/‘ mice support that molecular diver-
sity in the GABA[, system primarily arises from the GABA, - and GABAG,, -
subunit isoforms. So far, no unique pharmacological or functional properties
could be assigned to GABAG,, or GABA .. The expression levels for GABA
and GABA, vary during development and across individual cells, suggestive
of a functional specialization. Structurally, the isoforms differ in their amino-ter-
minal ectodomain by a pair of sushi-repeats that is present in GABAy,, but not
in GABAg,, (77). Sushi-repeats, also known as complement control protein
modules, or short consensus repeats, are found in other GPCRs as well (78) and
mediate protein interactions in a wide variety of adhesion proteins (79). The
presence of sushi-repeats in GABAy,, together with the absence of functional
or pharmacological differences in vitro, suggests the existence of auxiliary pro-
teins that modify receptor activity or pharmacology (11,21), precedence for
which is found with other GPCRs (80). The lack of selective reagents has not
allowed addressing the individual contributions of GABA,, and GABA,, to
native GABA; functions. It therefore remains a key question whether GABA,
isoforms exhibit pharmacological and/or functional differences in vivo. A possi-
bly distinct pre- and postsynaptic localization of GABAy, isoforms could help
to reconcile conflicting data from recombinant and native work, as pharmaco-
logical differences could be the result of differences in the local effector system
and/or the receptor reserve. Recently, the authors have taken a genetic approach
to dissociate the native functions of GABA,, and GABA,, and produced mice
that selectively express GABAy,, or GABA;,, under control of their endoge-
nous promoter. Using a combined physiological and morphological approach,
currently these mice are being used to address whether GABA, isoforms local-
ize to distinct subcellular compartments and convey separate functions.

The diverse phenotypes of GABAy,”~ and GABAR,”" mice indicate that
tonic- or phasic GABA activity is present in many diseases relevant to neuronal
systems. This could be exploited for therapy with allosteric GABA; modulators
that recently became available (49,50). A spatially and temporally restricted
loss of GABAj function will be necessary to dissociate the circuits underlying
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the diverse GABA,,”~ phenotypes. To that aim, the authors have generated a
conditional GABA , allele based on the Cre-loxP system (87). The conditional
allele makes it possible to inactivate the GABA, gene in defined cellular pop-
ulations and at defined points in time, making the genetic deletion spatially and
temporally restricted. With the genetic tools now available, it will be possible
to address the specific functions of GABA receptors in different cellular com-
partments and neuronal systems.

Note Added in Proof

Recently published genetic experiments indicate that GABA,, predomi-
nantly assembles heteroreceptors controlling glutamate release, whereas
GABAy,, mostly forms receptors coupled to postsynaptic effector channels
(82-84). A selective lack of GABAy,, and GABAy,, in knockout mice signifi-
cantly impairs synaptic plasticity and behavioral processes, showing that the
two GABAy, isoforms cannot fully compensate for each other.

References

1. Hill, D. R. and Bowery, N. G. (1981) 3H-baclofen and 3H-GABA bind to bicu-
culline-insensitive GABA B sites in rat brain. Nature 290, 149-152.

2. Hill, D. R. (1985) GABAB receptor modulation of adenylate cyclase activity in rat
brain slices. Br. J. Pharmacol. 84, 249-257.

3. Bowery, N. G., Bettler, B., Froestl, W., et al. (2002) International Union of
Pharmacology. XXXIII. Mammalian gamma-aminobutyric acid(B) receptors:
structure and function. Pharmacol. Rev. 54, 247-264.

4. Bettler, B., Kaupmann, K., Mosbacher, J., and Gassmann, M. (2004) Molecular struc-
ture and physiological functions of GABA(B) receptors. Physiol. Rev. 84, 835-867.

5. Calver, A. R., Davies, C. H., and Pangalos, M. N. (2002) GABA(B) receptors:
from monogamy to promiscuity. Neurosignals 11, 299-314.

6. Thompson, S. M., Capogna, M., and Scanziani, M. (1993) Presynaptic inhibition
in the hippocampus. Trends Neurosci. 16, 222-227.

7. Sakaba, T. and Neher, E. (2003) Direct modulation of synaptic vesicle priming by
GABA(B) receptor activation at a glutamatergic synapse. Nature 424, 775-778.

8. Liischer, C., Jan, L. Y., Stoffel, M., Malenka, R. C., and Nicoll, R. A. (1997) G pro-
tein-coupled inwardly rectifying K* channels (GIRKs) mediate postsynaptic but
not presynaptic transmitter actions in hippocampal neurons. Neuron 19, 687-695.

9. Steiger, J. L., Bandyopadhyay, S., Farb, D. H., and Russek, S. J. (2004) cAMP
response element-binding protein, activating transcription factor-4, and upstream
stimulatory factor differentially control hippocampal GABABRla and
GABABRI1b subunit gene expression through alternative promoters. J. Neurosci.
24, 6115-6126.

10. Couve, A., Thomas, P., Calver, A. R., et al. (2002) Cyclic AMP-dependent protein
kinase phosphorylation facilitates GABA(B) receptor-effector coupling. Nat.
Neurosci. 5, 415-424.



Characteristics of GABA, Receptor Mutant Mice 283

11

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

. Mohler, H. and Fritschy, J. M. (1999) GABAB receptors make it to the top—as
dimers. Trends Pharmacol. Sci. 20, 87-89.

Bonanno, G. and Raiteri, M. (1993) Multiple GABAB receptors. Trends
Pharmacol. Sci. 14, 259-261.

Gemignani, A., Paudice, P., Bonanno, G., and Raiteri, M. (1994) Pharmacological
discrimination between gamma-aminobutyric acid type B receptors regulating
cholecystokinin and somatostatin release from rat neocortex synaptosomes. Mol.
Pharmacol. 46, 558-562.

Cunningham, M. D. and Enna, S. J. (1996) Evidence for pharmacologically dis-
tinct GABAB receptors associated with cAMP production in rat brain. Brain Res.
720, 220-224.

Deisz, R. A., Billard, J. M., and Zieglgansberger, W. (1997) Presynaptic and post-
synaptic GABAB receptors of neocortical neurons of the rat in vitro: differences
in pharmacology and ionic mechanisms. Synapse 25, 62—72.

Yamada, K., Yu, B., and Gallagher, J. P. (1999) Different subtypes of GABAB recep-
tors are present at pre- and postsynaptic sites within the rat dorsolateral septal
nucleus. J. Neurophysiol. 81, 2875-2883.

Kaupmann, K., Huggel, K., Heid, J., et al. (1997) Expression cloning of GABA(B)
receptors uncovers similarity to metabotropic glutamate receptors. Nature 386,
239-246.

Kaupmann, K., Malitschek, B., Schuler, V., et al. (1998) GABA(B)-receptor sub-
types assemble into functional heteromeric complexes. Nature 396, 683—-687.
Jones, K. A., Borowsky, B., Tamm, J. A., et al. (1998) GABA(B) receptors func-
tion as a heteromeric assembly of the subunits GABA(B)R1 and GABA(B)R2.
Nature 396, 674—679.

White, J. H., Wise, A., Main, M. J., et al. (1998) Heterodimerization is required
for the formation of a functional GABA(B) receptor. Nature 396, 679-682.
Marshall, F. H., Jones, K. A., Kaupmann, K., and Bettler, B. (1999) GABAB
receptors - the first 7TM heterodimers. Trends Pharmacol. Sci. 20, 396-399.
Pagano, A., Rovelli, G., Mosbacher, J., et al. (2001) C-terminal interaction is
essential for surface trafficking but not for heteromeric assembly of GABA(b)
receptors. J. Neurosci. 21, 1189-1202.

Margeta-Mitrovic, M., Jan, Y. N., and Jan, L. Y. (2000) A trafficking checkpoint
controls GABA(B) receptor heterodimerization. Neuron 27, 97-106.

Calver, A. R., Robbins, M. J., Cosio, C., et al. (2001) The C-terminal domains of
the GABA(b) receptor subunits mediate intracellular trafficking but are not
required for receptor signaling. J. Neurosci. 21, 1203-1210.

Galvez, T., Duthey, B., Kniazeff, J., et al. (2001) Allosteric interactions between
GB1 and GB2 subunits are required for optimal GABA(B) receptor function.
EMBO J. 20, 2152-2159.

Robbins, M. J., Calver, A. R., Filippov, A. K., et al. (2001) GABA(B2) is essen-
tial for g-protein coupling of the GABA(B) receptor heterodimer. J. Neurosci. 21,
8043-8052.

Margeta-Mitrovic, M., Jan, Y. N., and Jan, L. Y. (2001) Function of GB1 and GB2
subunits in G protein coupling of GABA(B) receptors. Proc. Natl. Acad. Sci. USA
98, 14,649-14,654.



284

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Tiao and Bettler

Duthey, B., Caudron, S., Perroy, J., et al. (2002) A single subunit (GB2) is required
for G-protein activation by the heterodimeric GABA(B) receptor. J. Biol. Chem.
277, 3236-3241.

Havlickova, M., Prezeau, L., Duthey, B., Bettler, B., Pin, J. P., and Blahos, J.
(2002) The intracellular loops of the GB2 subunit are crucial for G-protein cou-
pling of the heteromeric gamma-aminobutyrate B receptor. Mol. Pharmacol. 62,
343-350.

Angers, S., Salahpour, A., and Bouvier, M. (2002) Dimerization: an emerging con-
cept for G protein-coupled receptor ontogeny and function. Annu. Rev.
Pharmacol. Toxicol. 42, 409-435.

Liang, Y., Fotiadis, D., Filipek, S., Saperstein, D. A., Palczewski, K., and Engel, A.
(2003) Organization of the G protein-coupled receptors rhodopsin and opsin in
native membranes. J. Biol. Chem. 278, 21,655-21,662.

Martin, S. C., Russek, S. J., and Farb, D. H. (2001) Human GABA(B)R genomic
structure: evidence for splice variants in GABA(B)R1 but not GABA(B)R2. Gene
278, 63-79.

Filippov, A. K., Couve, A., Pangalos, M. N., Walsh, F. S., Brown, D. A., and
Moss, S. J. (2000) Heteromeric assembly of GABA(B)R1 and GABA(B)R2
receptor subunits inhibits Ca(2*) current in sympathetic neurons. J. Neurosci. 20,
2867-2874.

Easter, A. and Spruce, A. E. (2002) Recombinant GABA(B) receptors formed
from GABA(B1) and GABA(B2) subunits selectively inhibit N-type Ca(2*) chan-
nels in NG108-15 cells. Eur. J. Pharmacol. 440, 17-25.

Crunelli, V., Emri, Z., and Leresche, N. (2006) Unravelling the brain targets of
gamma-hydroxybutyric acid. Curr. Opin. Pharmacol. 6, 44-52.

Schuler, V., Liischer, C., Blanchet, C., et al. (2001) Epilepsy, hyperalgesia,
impaired memory, and loss of pre- and postsynaptic GABA(B) responses in mice
lacking GABA(B(1)). Neuron 31, 47-58.

Prosser, H. M., Gill, C. H., Hirst, W. D., et al. (2001) Epileptogenesis and
enhanced prepulse inhibition in GABA(B1)-deficient mice. Mol. Cell. Neurosci.
17, 1059-1070.

Quéva, C., Bremner-Danielsen, M., Edlund, A., et al. (2003) Effects of GABA ago-
nists on body temperature regulation in GABA,,”" mice. Br. J. Pharmacol. 140,
315-322.

Benke, D., Honer, M., Michel, C., Bettler, B., and Mohler, H. (1999) gamma-
aminobutyric acid type B receptor splice variant proteins GBR1a and GBR1b are
both associated with GBR2 in situ and display differential regional and subcellu-
lar distribution. J. Biol. Chem. 274, 27,323-27,330.

Kniazeff, J., Galvez, T., Labesse, G., and Pin, J. P. (2002) No ligand binding in the
GB2 subunit of the GABA(B) receptor is required for activation and allosteric
interaction between the subunits. J. Neurosci. 22, 7352-7361.

Galvez, T., Urwyler, S., Prezeau, L., et al. (2000) Ca(2)) requirement for high-
affinity gamma-aminobutyric acid (GABA) binding at GABA(B) receptors: involve-
ment of serine 269 of the GABA(B)R1 subunit. Mol. Pharmacol. 57, 419-426.
Sanger, G. J., Munonyara, M. L., Dass, N., Prosser, H., Pangalos, M. N., and
Parsons, M. E. (2002) GABA(B) receptor function in the ileum and urinary bladder



Characteristics of GABA, Receptor Mutant Mice 285

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

of wildtype and GABA(B1) subunit null mice. Auton. Autacoid. Pharmacol. 22,
147-154.

Badran, S., Schmutz, M., and Olpe, H. R. (1997) Comparative in vivo and in vitro
studies with the potent GABAB receptor antagonist, CGP 56999A. Eur. J.
Pharmacol. 333, 135-142.

Kaupmann, K., Cryan, J. F., Wellendorph, P., et al. (2003) Specific gamma-
hydroxybutyrate-binding sites but loss of pharmacological effects of gamma-
hydroxybutyrate in GABA(B)(1)-deficient mice. Eur. J. Neurosci. 18,
2722-2730.

Pierau, F. K., Yakimova, K. S., Sann, H., and Schmid, H. A. (1997) Specific action
of GABAB ligands on the temperature sensitivity of hypothalamic neurons. Ann.
NY Acad. Sci. 813, 146-155.

Brown, J. T., Gill, C. H., Farmer, C. E., et al. (2003) Mechanisms contributing to
the exacerbated epileptiform activity in hippocampal slices of GABAB1 receptor
subunit knockout mice. Epilepsy Res. 57, 121-136.

Ruttimann, E., Vacher, C. M., Gassmann, M., Kaupmann, K., Van der Putten, H.,
and Bettler, B. (2004) Altered hippocampal expression of calbindin-D-28k and
calretinin in GABA(B(1))-deficient mice. Biochem. Pharmacol. 68, 1613-1620.
Vacher, C. M., Gassmann, M., Desrayaud, S., et al. (2006) Hyperdopaminergia and
altered locomotor activity in GABAB 1-deficient mice. J. Neurochem. 97, 979-991.
Urwyler, S., Pozza, M. F.,, Lingenhoehl, K., et al. (2003) N,N’-Dicyclopentyl-2-
methylsulfanyl-5-nitro-pyrimidine-4,6-diamine (GS39783) and structurally
related compounds: novel allosteric enhancers of gamma-aminobutyric acidB
receptor function. J. Pharmacol. Exp. Ther. 307, 322-330.

Urwyler, S., Mosbacher, J., Lingenhoehl, K., et al. (2001) Positive allosteric
modulation of native and recombinant gamma-aminobutyric acid(B) receptors by
2,6-Di-tert-butyl-4-(3-hydroxy-2,2-dimethyl-propyl)-phenol (CGP7930) and its
aldehyde analog CGP13501. Mol. Pharmacol. 60, 963-971.

Colombo, G., Melis, S., Brunetti, G., et al. (2001) GABA(B) receptor inhibition
causes locomotor stimulation in mice. Eur. J. Pharmacol. 433, 101-104.

Chester, J. A. and Cunningham, C. L. (1999) Baclofen alters ethanol-stimulated
activity but not conditioned place preference or taste aversion in mice. Pharmacol.
Biochem. Behav. 63, 325-331.

Phillis, B. D., Ong, J., White, J. M., and Bonnielle, C. (2001) Modification of
d-amphetamine-induced responses by baclofen in rats. Psychopharmacology 153,
277-284.

Mombereau, C., Kaupmann, K., Froestl, W., Sansig, G., van der Putten, H., and
Cryan, J. F. (2004) Genetic and pharmacological evidence of a role for GABA(B)
receptors in the modulation of anxiety- and antidepressant-like behavior.
Neuropsychopharmacology 29, 1050-1062.

Giros, B., Jaber, M., Jones, S. R., Wightman, R. M., and Caron, M. G. (1996)
Hyperlocomotion and indifference to cocaine and amphetamine in mice lacking
the dopamine transporter. Nature 379, 606-612.

Jones, S. R., Gainetdinov, R. R., Jaber, M., Giros, B., Wightman, R. M., and
Caron, M. G. (1998) Profound neuronal plasticity in response to inactivation of the
dopamine transporter. Proc. Natl. Acad. Sci. USA 95, 4029-4034.



286 Tiao and Bettler

57

58

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

. Cryan, J. F. and Kaupmann, K. (2005) Don’t worry ‘B’ happy!: a role for
GABA(B) receptors in anxiety and depression. Trends Pharmacol. Sci. 26, 36—43.

. Cryan, J. F, Kelly, P. H., Chaperon, F,, et al. (2004) Behavioral characterization of

the novel GABAB receptor-positive modulator GS39783 (N,N’-dicyclopentyl-2-

methylsulfanyl-5-nitro-pyrimidine-4,6-diamine): anxiolytic-like activity without

side effects associated with baclofen or benzodiazepines. J. Pharmacol. Exp. Ther.

310, 952-963.

Cryan, J. F. and Holmes, A. (2005) The ascent of mouse: advances in modelling

human depression and anxiety. Nat. Rev. Drug Discov. 4, 775-790.

Mondadori, C., Moebius, H. J., and Zingg, M. (1996) CGP 36,742, an orally active

GABAB receptor antagonist, facilitates memory in a social recognition test in rats.

Behav. Brain Res. 77, 227-229.

Sandyk, R. and Gillman, M. A. (1985) Baclofen-induced memory impairment.

Clin. Neuropharmacol. 8, 294-295.

Castellano, C., Cestari, V., Cabib, S., and Puglisi-Allegra, S. (1993) Strain-

dependent effects of post-training GABA receptor agonists and antagonists on

memory storage in mice. Psychopharmacology (Berl.) 111, 134-138.

Brucato, F. H., Levin, E. D., Mott, D. D., Lewis, D. V., Wilson, W. A., and

Swartzwelder, H. S. (1996) Hippocampal long-term potentiation and spatial

learning in the rat: effects of GABAB receptor blockade. Neuroscience 74,

331-339.

Saha, N., Chugh, Y., Sankaranaryanan, A., and Sharma, P. L. (1993) Effects of

post-training administration of (-)-baclofen and chlordiazepoxide on memory

retention in ICRC Swiss mice: interactions with GABAA and GABAB receptor

antagonists. Pharmacol. Toxicol. 72, 159-162.

Gassmann, M., Shaban, H., Vigot, R., et al. (2004) Redistribution of GABAB(1)

protein and atypical GABAB responses in GABAB(2)-deficient mice. J. Neurosci.

24, 6086-6097.

Kim, M. O., Li, S., Park, M. S., and Hornung, J. P. (2003) Early fetal expression

of GABA(B1) and GABA(B2) receptor mRNAs on the development of the rat

central nervous system. Dev. Brain Res. 143, 47-55.

Li, S. P, Park, M. S., Yoon, H., et al. (2003) Differential distribution of GABA(B1)

and GABA(B2) receptor mRNAs in the rat brain. Mol. Cells 16, 40-47.

Burman, K. J., Ige, A. O., White, J. H., et al. (2003) GABAB receptor subunits, R1

and R2, in brainstem catecholamine and serotonin neurons. Brain Res. 970, 35-46.

Ng, T. K. and Yung, K. K. (2001) Differential expression of GABA(B)R1 and

GABA(B)R2 receptor immunoreactivity in neurochemically identified neurons of

the rat neostriatum. J. Comp. Neurol. 433, 458-470.

Clark, J. A., Mezey, E., Lam, A. S., and Bonner, T. I. (2000) Distribution of the

GABA(B) receptor subunit gb2 in rat CNS. Brain Res. 860, 41-52.

Kulik, A., Vida, L., Lujan, R., et al. (2003) Subcellular localization of metabotropic

GABA(B) receptor subunits GABA(Bla/b) and GABA(B2) in the rat hippocam-

pus. J. Neurosci. 23, 11,026—-11,035.

Mombereau, C., Kaupmann, K., Gassmann, M., Bettler, B., van der Putten, H.,

and Cryan, J. F. (2005) Altered anxiety and depression-related behaviour in mice

lacking GABAB(2) receptor subunits. Neuroreport 16, 307-310.



Characteristics of GABA, Receptor Mutant Mice 287

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

Thuault, S. J., Brown, J. T., Calver, A. R., Collingridge, G. L., Randall, A., and
Davies, C. H. (2005) Mechanisms contributing to the exacerbated epileptiform
activity in hippocampal slices expressing a C-terminal truncated GABA(B2)
receptor subunit. Epilepsy Res. 65, 41-51.

Hogema, B. M., Gupta, M., Senephansiri, H., et al. (2001) Pharmacologic rescue
of lethal seizures in mice deficient in succinate semialdehyde dehydrogenase. Nat.
Genet. 29, 212-216.

Lingenhoehl, K., Brom, R., Heid, J., et al. (1999) Gamma-hydroxybutyrate is a weak
agonist at recombinant GABA(B) receptors. Neuropharmacology 38, 1667-1673.
Wu, Y., Ali, S., Ahmadian, G., et al. (2004) Gamma-hydroxybutyric acid (GHB)
and gamma-aminobutyric acidB receptor (GABABR) binding sites are distinctive
from one another: molecular evidence. Neuropharmacology 47, 1146—1156.
Blein, S., Ginham, R., Uhrin, D., et al. (2004) Structural analysis of the comple-
ment control protein (CCP) modules of GABA(B) receptor 1a: only one of the two
CCP modules is compactly folded. J. Biol. Chem. 279, 48,292-48,306.

Grace, C. R., Perrin, M. H., DiGruccio, M. R., et al. (2004) NMR structure and
peptide hormone binding site of the first extracellular domain of a type B1 G pro-
tein-coupled receptor. Proc. Natl. Acad. Sci. USA 101, 12,836-12,841.

Lehtinen, M. J., Meri, S., and Jokiranta, T. S. (2004) Interdomain contact regions
and angles between adjacent short consensus repeat domains. J. Mol. Biol. 344,
1385-1396.

McLatchie, L. M., Fraser, N. J., Main, M. J., et al. (1998) RAMPs regulate the
transport and ligand specificity of the calcitonin-receptor-like receptor. Nature
393, 333-339.

Haller, C., Casanova, E., Muller, M., et al. (2004) Floxed allele for conditional
inactivation of the GABAB(1) gene. Genesis 40, 125-130.

Perez-Garci, E., Gassmann, M., Bettler, B., and Larkum, M. E. (2006) The
GABA(B1b) Isoform mediates long-lasting inhibition of dendritic Ca(2+) spikes
in layer 5 somatosensory pyramidal neurons. Neuron 50, 603-616.

Shaban, H., Humeau, Y., Herry, C., et al. (2006) Generalization of amygdala LTP
and conditioned fear in the absence of presynaptic inhibition. Nat. Neurosci. 9,
1028-1035.

Vigot, R., Barbieri, S., Brauner-Osborne, H., et al. (2006) Differential compart-
mentalization and distinct functions of GABA(B) receptor variants. Neuron 50,
589-601.



12

GABA  Receptor as a Potential
Therapeutic Target

Norman G. Bowery

Summary

At present, the only therapeutic agent in current use that is known to exert
its effects through the GABA-B receptor is baclofen, the -chlorophenyl
analog of GABA. This compound is used extensively as a centrally active
muscle relaxant, but it has been shown clinically to exert additional effects,
including analgesia, suppression of drug addiction, and cessation of
chronic cough. Basic research indicates that there may be many other
applications not only for agonists, but also antagonists at the GABA-B
receptor, and this chapter seeks to examine the potential significance of
these and also of allosteric modulators for the receptor, which have been
recognized during the past 5 yr. GABA-B receptors have been implicated
in neuronal processing in many brain regions and there is considerable evi-
dence for their pathological involvement in various diseases of the central
nervous system, such as absence epilepsy, depression, and even in the eti-
ology of nicotine dependency in humans. Novel chemical entities will
surely be the key to exploiting this receptor. At present, the only agonist
(baclofen) in the clinic frequently produces unwanted side effects, and this
clearly limits its usage. There are no antagonists in clinical therapy,
although trials for cognition deficits are underway. Metabotropic recep-
tors, of which the GABA-B receptor is a member, provide most of the tar-
gets for our currently used therapeutic agents; thus, there seems to be
every reason to believe that the rewards for discovering clinically available
GABA-B receptor ligands could be high.

Key Words: GABA receptor; G protein; therapeutic target; nociception;
cognition; addiction; epilepsy; depression and anxiety.
From: The Receptors: The GABA Receptors, Third Edition
Edited by: S. J. Enna and H. Mdhler © Humana Press Inc., Totowa, NJ

289



290 Bowery

1. Introduction

In preceding chapters details of the heterodimeric structure of the receptor
have been presented and whereas each of the two subunits that make up the
receptor might contribute independently to the function of the receptor, the
dimer is the form on which the receptor pharmacology is based (8). The two
receptor subunits, y-aminobutyric acid (GABAyg,) and GABA, which provide
different functions are mutually dependent on each other. The former contains
the GABA-binding domain (9-12), whereas GABA, provides the G protein
coupling mechanism and also incorporates an allosteric modulatory site within
its heptahelical structure (/3—15). Whereas different functional isoforms of at
least GABAg, have been defined (16-22) there is, as yet, no unequivocal evi-
dence for distinct GABA-receptor subtypes (8).

The overall distribution of the receptor in the brain has been delineated using
autoradiographical techniques with neurochemical and electrophysiological
studies revealing both pre- and postsynaptic locations where they are coupled
to Ca”* and K* channels, respectively. When receptor activation occurs, not sur-
prisingly, a variety of effects can arise as a consequence of inhibition of trans-
mitter release and/or postsynaptic neuronal hyperpolarization. Having a
selective agonist for the receptor together with information derived from
“knockout” mice which exhibit hyperalgesia, seizures, hyperlocomotion,
impaired learning, loss of responses to baclofen, and lack of GABA-binding
sites throughout the brain (23—26), has provided the basis for much of the spec-
ulation about the potential therapeutic benefits of both agonists and antagonists
for the receptor. A list of some of the actions of baclofen (in vitro and in vivo)
is shown in table 1 and predominant among the in vivo effects are the muscle
relaxant, antinociceptive, and antidrug craving effects as well as the reduction
in cognitive behavior that have been reported.

2. Mechanisms Associated With the GABA;-Receptor Activation

Both biochemical and ion channel events have been linked to GABA;-receptor
activation (8). The common feature of these events is the coupling to G proteins
(27,28) but the channel events appear not to be dependent on modifications in
the generation of cyclic adenosine monophosphate, which occur as a conse-
quence of G protein coupling to adenylyl cyclase (29-32). Instead there would
seem to be a direct influence of the G protein on the ion channels. The events
that occur following agonist binding to the receptor domain, which is located
only in the GABA,-subunit, are mediated by the GABA,-subunit and it is in
this subunit within the heptahelical domain where an allosteric receptor modu-
latory site is also located.
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Table 1

291

Actions Produced by GABA-Receptor Activation In Vivo and In Vitro

and Their Potential Application

Effect Locus of action Potential application
Smooth muscle relaxation Lung, bladder, intestine Asthma

Smooth muscle contraction Uterus, oviduct, gall bladder

Antinociception Spinal cord, thalamus Pain

Neuronal hyperpolarization

LTP-modulation

Generation/exacerbation of
absence epilepsy

CNS numerous location
CNS, hippocampus

Thalamus/somatosensory cortex

Cognitive deficits
Absence epilepsy

Enhanced feeding Higher centers Food intake
modification
Fat intake reduction Higher centers Binge eating
Drug addiction suppression ~ CNS-mesolimbic system Drug abuse
Vasopressor action Nucleus tractus solitarius
Muscle relaxation Spinal cord Spasticity
Antitussive action Cough center in medulla Coughing
Respiratory depression Brain stem
Insulin/glucagon release Pancreas Diabetes
Suppression of CRH/MSH Pituitary
release
Gastrin/gastric acid secretion Vagal center
altered
Suppression of panic
behavior Dorsal periqueductal Gray Anxiety/panic
disorder
Neutrophil chemotaxis Leucocytes Inflammation

enhanced

Inhibition of neurotransmitter

release
Inhibition of cognitive
function

CNS and peripheral nerve
terminus
Higher centers

Cognitive deficits

CRH, corticotropin-releasing hormone; MSH, melanocyte-stimulating hormone.

Two major ionic events can occur following GABA ;-receptor activation, an

increase in neuronal membrane K* conductance or a decrease in Ca®* conduc-
tance. More than one type of K* channel appears to be linked to GABA recep-
tors (33) and they are not the same as that opened by SHT-receptor activation
(34) even though both receptor systems have been reported to be inactivated by
pertussis toxin (35). Modulation of K* conductance seems to be primarily, but
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not exclusively, associated with postsynaptic GABA sites, which manifests as
a membrane hyperpolarization of long duration. However, presynaptic coupling
of GABAj; to a potassium “A” current controlling transmitter outflow has been
suggested by Saint et al. (36) even though there is overwhelming evidence in
favor of a link to Ca®" in presynaptic terminals. Inhibition of terminal Ca?* con-
ductance, first described by Dunlap (37) and Desarmenien et al. (38), appears
to be the major mechanism by which GABA_ receptors exert their inhibitory
control of transmitter outflow. These presynaptic receptors are connected
through G proteins to N and P but not L calcium channels. In addition low-
threshold T-currents may also be involved indirectly in the response to GABA-
receptor activation (39,40) possibly as a consequence of their deinactivation
produced by the long-lasting membrane hyperpolarization.

Examination of the list of actions, shown in table 1, not only illustrates the wide
distribution of GABA; receptors, both inside and outside the brain, but also pro-
vides the basis for potential therapeutic targeting. Evidence for both pre- and post-
synaptic localization of GABA; sites has been obtained and much data derived
from electrophysiological experimentation. Perhaps the most well-documented
evidence comes from the generation of the late postsynaptic hyperpolarization in
many brain regions (4/—43) and the involvement of presynaptic GABA, autore-
ceptors in paired-pulse inhibition (44). Both of these events are synaptically medi-
ated and appear to be responsible for modulating postsynaptic excitatory
processing. Presynaptic GABA receptors are not confined to GABAergic nerve
terminals as there is good evidence for heteroreceptors on glutamate terminals and
these are probably activated by GABA acting in a paracrine-like manner after
release from a GABAergic fibre located in close proximity (45). Inhibitory control
of transmitter release from a variety of different fibre types has been reported using
biochemical techniques, suggesting that synaptically released GABA might well
influence numerous transmitter systems. The estimated concentration of GABA
within synapses is believed to be in the millimolar range, whereas the affinity of
the presynaptic receptor is probably in the nanomolar range. Thus, a millionfold
dilution could occur in the extracellular space and there would still be sufficient
GABA to activate the receptors on adjacent nerve terminals.

3. Potential Therapeutic Significance of GABA,
Receptor Ligands

The muscle relaxant properties of baclofen that are centrally-mediated, have
been well established in the clinic for more than 20 yr. In fact, it is the drug of
choice in spasticity associated with cerebral palsy, multiple sclerosis, stiff-man
syndrome, and tetanus (46—70). However, the side-effects produced by this
drug, which include seizures, nausea, drowsiness, dizziness, hypotension, muscle
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weakness, hallucinations, and mental confusion, are often poorly tolerated by
patients. This is, in part, because of the need for high doses to be administered
because of poor brain penetration. This problem has been successfully addressed
by the introduction of intrathecal administration using an indwelling pump.
There have been numerous clinical reports in which intrathecal application from
a pump inserted in the abdomen has proven to be successful over a long period
(years) without side-effects or desensitization of the response to the agonist
(46—48,70). Presumably, administration in this way, directly to the site of action
within the spinal cord, requires only local concentrations that are too low to
appear in the systemic circulation, thus avoiding the production of adverse
effects. In addition, the reduced extracellular level of the agonist decreases the
possibility of receptor desensitization. The response to systemic administration
of baclofen is reduced after chronic treatment but this seems not to be the case
with intrathecal infusion. The decrease has been attributed to a desensitization of
the receptor but the exact mechanism underlying this phenomenon is unclear, but
whatever is the cause it may well explain why baclofen has only limited uses, for
example, an analgesic.

4. Nociception

The antinociceptive/analgesic action of baclofen administered systemically
was first described in laboratory animals more than three decades ago (7). This
was subsequently confirmed by different groups. Baclofen has nociceptive
activity in acute pain models, such as the tail flick and hot plate tests in rodents
at doses below the threshold for muscle relaxation (72—-88). Thus, an impair-
ment of locomotor activity can be excluded as a confounding reason for the
effect. The antinociceptive action of baclofen in acute pain stems, in part, from
a reduction in the release of nociceptive transmitter from primary afferent fibres
within the dorsal horn of the spinal cord (89—94). In addition, contribution from
an action within higher centers, in particular the thalamus, also occurs (95,96).
GABAg-receptor activation in spinal cord slices inhibits the release of sub-
stance P, glutamate, and CGRP evoked by electrical stimulation of the dorsal
roots (97-99). Each of these substances has been associated with transmission
of nociceptive impulses in the spinal cord. In slices from control rats, the appli-
cation of GABA-receptor antagonists produces little or no increase in the
evoked release of transmitter.

However, in slices obtained from rats with chronic inflammation, produced by
complete Freund’s adjuvant (monoarthritis), which produces an increase in the
concentration of GABA within dorsal horn neurones (up to 25% [100]), the
evoked release of substance P is dramatically increased by GABA j-receptor
antagonism (/01). If the antagonist is administered in vivo to monoarthritic rats
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a significant hyperalgesia occurs. This contrasts markedly with the lack of effect
in control rats. These results suggest that an increase in GABA innervation to
primary afferent terminals occurs during chronic inflammation and this acts as a
pathological antinociceptive process to decrease the enhanced sensory input.

Despite the large volume of preclinical data that is now available, the use of
baclofen as an analgesic in man has been very limited presumably owing, in
part, to rapid tolerance and adverse effects following systemic administration.
Possibly the only type of pain for which baclofen has been used systemically is
trigeminal neuralgia (102—105). However, when administered intrathecally in
the same manner as for the treatment of spasticity, baclofen is able to produce
central analgesia such as that as a result of a stroke (/06,107). Under these con-
ditions tolerance to the effects of baclofen was not reported.

GABAj receptors in the spinal cord have also been implicated in the
antinoceptive action of spinally administered muscarinic agonists (/08) and
cannabinoid CB1 agonists (/09). But as mentioned earlier, the spinal cord is not
the only site where a GABA, agonist exerts its antinociceptive effect. Focal
injections into the thalamus can suppress nociceptive processing in chronic
inflammation (96). In this study the authors observed that the site at which
baclofen acted to reduce the nociceptive response to ankle bending in rats, 14 d
after inducing a monoarthritis, was localized within the ventrobasal complex.
Injections into adjacent nuclei that unlike the ventrobasal complex are not asso-
ciated with nociceptive processing, failed to produce an “analgesic” response.
Interestingly, it had previously been observed by Ipponi et al. (//0) that the
antinociceptive effect of the GABA uptake inhibitor, tiagabine, in rodents which
the authors attributed to the GABA;-receptor activation, was associated with an
increase in the extracellular concentration of GABA within the thalamus.

In contrast to models of inflammatory pain the induction of neuropathic pain
in rodents does not produce an increase in GABA levels within the spinal cord.
However, baclofen produces an antinociceptive effect in models of chronic neu-
ropathy (81,111-114). Moreover, it has been reported that gabapentin, a drug
frequently used for the clinical treatment of neuropathic pain, is reputed to be a
GABAG-receptor agonist (115). However, this agonist action of GABApentin
has not been confirmed by other groups making the potential connection
between GABA-receptor activation and neuropathic therapy rather tenuous.
Nevertheless, recent studies by McCarson et al. (//6) in a rat model of neuro-
pathic pain, suggest that amitriptyline, an antidepressant drug often used clini-
cally in the treatment of neuropathic pain, increases GABA[ receptor function
in spinal cord. The implication is that maintenance of GABA receptor activity
may be crucial in the treatment of neuropathic pain.

Support for a role for GABA receptors in pain mechanisms also comes from
a series of developmental “knockout” studies performed in mice by Schuler et al.
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(24), Prosser et al. (23), and Gassmann et al. (26). In these mice functional
GABAj are not formed, as the mice are deficient in either of the individual
GABAG,- or GABA,-subunits. In both forms of null mutant mice hyperalgesia
was exhibited in acute nociceptive tests, suggesting that functional heteromeric
GABA receptors are required to maintain pain thresholds.

5. Cognition

Baclofen suppresses cognitive behavior in animals (//7-120). In general the
cognitive suppression produced by baclofen is similar to that produced by the mus-
carinic antagonist, scopolamine, but whereas GABA; mediated cognitive impair-
ment is selectively reversed by GABAy antagonists but not that produced by
scopolamine. The effect of baclofen is, of course, of little consequence to clinical
medicine but there is the possibility that GABA antagonists might provide a novel
opportunity to treat cognitive impairment in man. An enhancement in learning and
memory retention in a variety of animal models has been established (/2/-128)
and this has led to the first clinical trial of a GABA antagonist, SGS742, for mild
cognitive impairment (/29). The compound is currently in phase II and the indica-
tions are that it is progessing satisfactorily. Thus far, SGS742 (600 mg t.i.d for 8 wk)
has been administered double-blind to 75 patients and continued assessments of
working memory, psychomotor speed, and attention performed. On comparing
with a placebo-treated group, significant improvements in all of these parameters
were observed with no serious adverse effects emerging.

In order for a competitive antagonist to exert an effect without the addition
of the agonist baclofen, the presence of endogenous agonist, presumably,
GABA is necessary, i.e., GABAergic “tone” exists. Evidence suggests that the
site of action of GABA antagonists in relation to cognition may be the hip-
pocampus where an increase in long-term potentiation (LTP) has been impli-
cated (130,131), but the nature of this modification appears to depend on the
frequency of stimulation engaged to produce LTP. Presynaptic GABAergic tone
within this brain region is reduced leading to enhanced-glutamatergic transmis-
sion, which might be responsible for facilitating LTP. If such tone exists else-
where in the brain then one might expect the production of unwanted effects. In
the GABA; system there would appear to be very little tone under normal con-
ditions. So although one might expect, for example, hyperalgesia to occur as an
unwanted effect this does not arise in control animals, as pointed out earlier.
Therefore, it would seem unlikely to arise in man.

6. Drug Addiction

Drug addiction is a steadily increasing global problem such that adequate
therapeutic treatment of dependence on drugs of abuse is still a major clinical
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target. Even treatment of dependence on tobacco-related products requires atten-
tion. A number of sites have been suggested, including dopamine and glutamate
receptors, as potential drug targets to suppress craving and relapse. In addition,
GABA -receptor activation may provide a suitable approach. Baclofen was first
shown in 1997, by Roberts and Andrews (132), to reduce the reinforcing effects
of cocaine in rats at doses that do not affect locomotion. It soon became clear
that other drugs of addiction including nicotine, morphine-related agents, and
ethanol were also sensitive to GABA[ agonists, whereas food reinforcement was
unaffected (/33-136). In fact, centrally or peripherally administered baclofen
can even increase food intake in nondeprived rats (/37). However, when rats are
given access to fatty food they elicit spells of binge eating. Under these condi-
tions baclofen can significantly inhibit the intake of food (138).

The reduction in nicotine self-administration in rats produced by baclofen
and other GABA ;-receptor agonists, for example, CGP44532, may eventually
provide a therapy for smoking cessation (/39). However, it has been noted that
exposure to cigarette smoke for 10-60 min greatly enhances the expression of
GABA -receptor subunit RNAs in rat prefrontal cortex (/40), suggesting that
more detailed studies are required to understand the significance of this inter-
action before the pursuit of therapy. Beuten et al. (/47) have reported a highly
significant association of variants of the human GABA,, gene with nicotine
dependence in a cohort of 1276 smoking and nonsmoking individuals, suggest-
ing that the gene plays an important role in the etiology of nicotine addiction.

The finding that baclofen reduces craving for a host of unrelated addictive
substances, including heroin, alcohol, and nicotine suggests that there may well
be an underlying common mechanism for the GABA agonist in all cases. The
reward center within the mesolimbic system, possibly the ventral tegmental
area, would provide the focus for this action where control of the release/action
of dopamine is implicated. Baclofen acts as a mimetic of the natural transmit-
ter GABA, so that if the level of endogenous GABA is raised within this brain
region, it would have the same effect. If vigabatrin, an inhibitor of GABA
metabolism or the GABA uptake inhibitor, NO-711, is administered centrally
in rats they both attenuate heroin and cocaine self-administration and prevent
cocaine-induced increases in dopamine in this brain region (142, /43). Interestingly,
gabapentin, the disputed GABA agonist, which might also increase GABA
release from stores, has been reported to reduce the craving for cocaine in
man (144).

Clinical data indicate that the observations obtained with baclofen on self-
administration of cocaine and alcohol in rats, are predictive of man. For exam-
ple, Ling et al. (/45) and Haney et al. (146) have shown that craving for cocaine
can be reduced in man by baclofen and similarly, it can reduce the intake of alco-
hol, promote abstinence from alcohol, and reduce craving in alcohol-dependent
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subjects (147,148). Thus, GABA-receptor activation appears to be an effective
and novel approach to the clinical treatment of drug addiction. However, as was
alluded to earlier, the administration of baclofen is not without its problems.
Apart from the adverse effects produced in some patients when trying to obtain
adequate muscle relaxation, the added component of muscle relaxation possibly
occurring when treating the drug dependency may detract from any potential
benefits. Thus, the systemic use of baclofen might well be limited by the same
adverse effects as experienced in the treatment of spasticity. Clearly, focal injec-
tion of the agonist, as administered intrathecally in spasticity, is not an option for
treating drug addiction, so what might provide an alternate approach? The pres-
ence of a positive allosteric modulatory site on the GABA,-subunit may pro-
vide the answer.

Allosteric modulation of GABA[ receptors was first described in 2001 by
Urwyler and colleagues (/49). Subsequent studies then showed that the location
of the modulatory site appears to be in the heptahelical domain of the GABA;,-
subunit (/4). Although the GABA,-subunit has the agonist-binding domain it
does not have an allosteric site whereas the converse appears to be true for
GABAG,. Two compounds were originally reported by Urwyler and colleagues
as positive modulators, CGP7930 and GS39783 (149,150), and whereas neither
of them has any direct agonist activity both accentuate the effects of GABA and
baclofen. These compounds have been examined in rat models of addiction and
both modulators reduced the self-administration of cocaine and suppressed the
acquisition of drinking behavior in alcohol-preferring rats without the need to
administer a directly-acting receptor agonist (/5/—153). These data would sug-
gest that positive allosteric modulation might provide an effective therapy for
treating drug dependency, whereas avoiding the possible adverse effects of an
agonist, like baclofen.

7. Absence Epilepsy

Absence seizures are primarily associated with juveniles but they frequently
disappear during the late teens, although they may be retained in the later years.
The seizures do not produce convulsive behavior but have a characteristic elec-
troencephalogram waveform of a 3 Hz spike and wave, which stem from dis-
charges in the thalamic nuclei. It has been believed for many years that the
thalamus is the site from which these discharges originate and although an
intact thalamocortical network is necessary for generating spike and wave dis-
charges the origin of these discharges appears to lie outside the thalamus.
Studies by Meeren et al. (154) have shown 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. This spreads rapidly across the cortex and initiates
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a corticothalamic cascade. Injection of a GABA agonist into the ventrobasal
thalamus or reticular nucleus of a rat, with another genetically based sponta-
neous form of absence seizures (GAERS), exacerbates the activity (/55). By
contrast, injection of a GABA[, antagonist into the same regions suppresses the
spike and wave discharges (156). Similar result is produced if the GABAy
antagonist is administered systemically. This might indicate that interference
with the GABAergic innervation from the reticular nucleus disrupts the thala-
mocortical loop, which generates the spike and wave activity. However,
microinjection of the same selective antagonists into the somatosensory cortex
can also suppress the seizure activity indicating the involvement of
GABA ergic mechanisms at this level too (156).

The potential benefits from GABAj antagonists in the therapy of absence
epilepsy seem clear however, their possible introduction into clinical medicine
may never occur as absence seizures occur primarily in juveniles. It may
depend on previous clinical studies performed in adults for another indication.
Preclinical studies with GABA-receptor agonists suggest that activation of
GABA, receptors in susceptible rodents increases seizure activity. So, in
patients with existing absence seizures, GABA-receptor agonists would be
likely to enhance seizure activity and any increase in GABA concentration in
the vicinity of the thalamus would be expected to enhance seizure activity.
Thus, for example, vigabatrin and tiagabine would be, and are, contraindicated
in such individuals.

The mechanism(s) underlying the seizure exacerbation by GABA agonists
is unclear but an involvement of transient Ca?* T-currents seems possible (40).
Synaptic GABA, mediated late hyperpolarizations might give rise to Ca*"
spikes, presumably caused by deinactivation of Ca** T-currents. Prevention of
the hyperpolarization with a GABA antagonist would then indirectly prevent
the Ca®* spiking and presumably the thalamocortically evoked discharges. No
evidence for an increase in the number of GABA; receptors could be obtained
in GAERS (157) and WAG/Rj (158) rats, although data from another rodent
model of absence epilepsy, the Lethargic mouse, indicated that an increase in
receptors could contribute to the increase in seizure activity (/59). An alterna-
tive explanation might be a modest but significant increase in the endogenous
extracellular concentration of GABA, which could produce an enhanced
hyperpolarization (/60). This might then provide an explanation for the action
of y-hydroxybutyric acid (GHB), which produces absence-like seizures in
rodents (/61). It has been suggested that GHB is a weak GABAy-receptor
agonist (162—-167). If GHB mimics the effect of the endogenous agonist,
GABA, at GABAy receptors then GABAg-receptor antagonists would be
expected to block the spike and wave discharges produced by GHB, which
they do (168,169).
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8. Depression and Anxiety

A possible link between GABA, receptors and functional depression was
first proposed more than 20 yr ago by Lloyd and colleagues (170,171). These
authors demonstrated that an upregulation in GABA binding sites occurs in rat
frontal cortex after chronic administration of a variety of antidepressant drugs
as well as after electroconvulsive therapy. Even though these findings were dis-
puted (172,173) there now seems little doubt that GABA, mechanisms can be
associated with depression. Antagonism of GABA; receptors produces a rever-
sal of depressant-like behavior in recognized animal models (/74). For exam-
ple, after four weeks treatment with the GABA antagonist, CGP51176, a clear
reversal of depression-like behavior was observed in a mild stress model (175).
Similar reversals have been noted in the rodent forced swim test and learned
helplessness models of depression. Mombereau et al. (176) have observed that
mice lacking GABAG,- or GABA,-receptor subunits exhibit anti-depressant
like behavior but they appear to be more anxious. It has been proposed that
GABA-receptor activation produces anxiolytic activity whereas a loss or
blockade of GABA receptor function produces antidepressant-like effects.

GABAG-receptor activation in the dorsal periaqueductal gray of rats impairs
one-way escape in the elevated T-maze test, which is consistent with an anxi-
olytic or panicolytic effect (/77). Baclofen has also been reported to reduce the
incidence of panic attacks in patients following systemic administration (/78).
However, until clinical studies are performed there is no real way of knowing
whether antidepressant activity will emerge from GABAj receptor blockade.
Studies by Heese et al. (179) have shown that GABAy-receptor antagonists
administered to rats produce a rapid and significant rise in nerve growth factor
and brain-derived neurotrophic factor levels, which is also a characteristic of
chronic antidepressant drug administration.

9. Other Actions

As indicated in table 1 GABAg-receptor activation produces a variety of
effects which do or may have clinical significance. For example, baclofen has
antitussive effects that derive, in part, from an action in the brain stem control-
ling the cough reflex (/80). Baclofen is also effective in the treatment of
intractable hiccup (181-186). GABA, agonists also exert an antibronchiocon-
strictor (antiasthma) action by activating presynaptic receptors on parasympa-
thetic nerve terminals to suppress the release of acetylcholine (187,188). In
addition, within the lung, a reduction in nonadrenergic, noncholinergic bron-
choconstriction occurs (189). GABA, agonists also inhibit transient lower
oesophageal sphincter relaxations in the dog, which has potential clinical appli-
cation (190). An interesting effect of GABA-receptor activation has recently
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been reported in neutrophils where it appears to act as a chemoattractant recep-
tor and may have a significant role in the inflammatory response (191).

10. Conclusion

The significance of GABA ligands as therapeutic agents has yet to be fully
realized even though the receptor was discovered nearly three decades ago.
However, the potential clinical applications are dependent on the availability of
appropriate chemical entities. As the GABA[, receptor system is of predomi-
nant, but not exclusive importance within the central nervous system (CNS), it
is essential that receptor ligands can gain access to the brain. In addition the
lack of demonstrable functional subtyping of the receptor has limited exploit-
ment of any pharmacological specificity. The only receptor agonist in current
clinical use is baclofen, which has many limitations, not least of which is its
poor ability to penetrate the brain. As a consequence high doses might be
needed to achieve a required response. This provoked the idea of local admin-
istration as alluled to earlier in the treatment of spasticity. Clearly, this form of
application has limited use and so chemical modification would be required to
overcome this. As yet little has emerged which is an improvement over
baclofen. However, the discovery of allosteric modulators of the GABA sys-
tem may provide the possibility of producing compounds that will readily gain
access to the CNS whereas facilitating receptor function. Functional effects
have already been demonstrated but further studies are still required.

Perhaps surprisingly, there are no receptor antagonists in therapeutic use and
only one antagonist is undergoing clinical trials. CGP 36742 (SGS 742) (129)
is being tested as a treatment for mild cognitive impairment. This compound
has only a low receptor affinity (in the micromolar range) but there are others
with subnanomolar affinity, so it will be interesting to follow the progression of
SGS742 through the clinical phases as this could open the “flood gates” to the
use of more potent antagonists. Clearly, there is still much to do if the full
potential of GABA[ receptor ligands as therapeutic agents is to be realized.
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Isoflurane, 97
GABA, receptors, 33

J

Juvenile myoclonic epilepsy (JME)
oy, 123, 1231, 124, 124f, 1251, 126
GABAgR1 chromosomal location, 194



322

K

Kainic acid (KA)
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Plic-2, 53
Polydrugs
elderly, 150
Postsynaptic cytoskeleton
GABA |, receptors, 47t
GABAergic synapses
proteins, 46—47
proteins, 47t
Postsynaptic GABA 4 receptors, 274
cytoskeleton proteins, 47t

receptor-associated proteins, 41-57

schematic representations, 43f
structures, 4243
targeting and clustering, 44-45
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receptor currents, 116f
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