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Preface


Studies on g-aminobutyric acid (GABA) receptor systems have yielded an 
abundance of fundamental information on chemical neurotransmission. For 
example, characterization of the structure and function of the GABAA 

receptor provided much of the evidence that ligand-gated ion channels are 
composed of multiple, interacting subunits. The discovery that the benzo
diazepines, one of the most widely used drug classes, enhance GABAA 

responsiveness by increasing the sensitivity of this site for endogenous 
GABA provided conclusive proof that allosteric agents can be safe and 
effective medications. Moreover, the revelation that the stoichiometry and 
subunit composition of GABAA receptors differ throughout the brain, and 
that the affinity of these sites for orthosteric and allosteric compounds is a 
function of these properties, points the way for the development of more 
selective ligand-gated channel receptor agonists and antagonists. 

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

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

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

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

June 1st, 2010 
S. J. Enna, Ph.D. 

Thomas P. Blackburn, Ph.D. 



N. G. Bowery 
University of Birmingham Medical School, Edgbaston, Birmingham, UK 

Historical Perspective and 
Emergence of the GABAB 

Receptor 

Abstract 

This chapter forms an introduction to the subsequent chapters in this 
volume which highlight the significance and potential therapeutic applica
tion of GABAB receptors. It is now 30 years since the GABAB site was first 
described in mammalian tissue. Since then much has emerged about its 
physiological role in the mammalian nervous system and its relationship to 
other neurotransmitter receptors. It appears to function at pre- and post
synaptic locations as both an auto- and a hetero-receptor where its activa
tion modulates the membrane conductance of Ca2+ and K+. The receptor is 

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

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

I. Introduction 

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

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

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

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

The first problem that arose was how to examine any depolarization in 
sympathetic terminals. A direct approach was not possible so we took an 
indirect approach examining the effect of GABA on the evoked release of the 
sympathetic transmitter, noradrenaline. After all, it was the inhibition of 
transmitter release that we were attempting to model. At that time much 
interest had focused on the uptake and release of noradrenaline from heart 
tissue so we employed the isolated atrium, in which radiolabeled noradrena
line had been allowed to accumulate, and then examined the effect of GABA 
on its release evoked by transmural stimulation. As predicted GABA 
decreased the release without affecting basal release and the effect became 
more evident in the presence of yohimbine, the presynaptic a-adrenoceptor 
antagonist (Bowery et al., 1981). This inhibitory effect was subsequently 
observed in cerebrocortical slices of the rat (Bowery et al., 1980). It was only 
when we examined the pharmacology of this effect that we realized that a 
GABA receptor different from the classical type might be involved. The 
primary criteria which differentiated this novel site were that it was unaf
fected by the competitive GABA antagonist, bicuculline; it was activated by 
b-chlorophenyl GABA (baclofen) which is inactive at classical sites for 
GABA; and it was not mimicked by isoguvacine or muscimol which are 
both active at ionotropic receptors for GABA. Moreover, the action of 
GABA at this novel site was shown to be associated with a decrease in 
neuronal membrane Ca2+ conductance and not chloride ion related (Barral 
et al., 2000; Chen & Van der Pol, 1998). Of course, all of this work 
preceded any knowledge about receptor structure. It was only in the late 
1980s that the structure of the ionotropic GABA receptor was discovered 
(Levitan et al., 1988; Schofield et al., 1987) and more than 10 years later 
that the structure of the novel GABA site was first described (Jones et al., 
1998; Kaupmann et al., 1998; Kuner et al., 1999; White et al., 1998). 

A popular method for characterizing receptors before the advent of the 
molecular biology approach was the use of high-affinity radiolabeled bind
ing probes. This technique was developed during the 1960s and 1970s when 
suitable probes became available. The characterization of GABA receptor 
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binding to neuronal membranes was first described by Zukin and colleagues in 
1974 but further analysis of this binding failed to indicate the presence of any 
additional binding sites for the amino acid (Enna & Snyder, 1975, 1977). The 
only binding site that could be demonstrated was sensitive to bicuculline and 
isoguvacine but if there was a novel site for GABA this must surely be present 
as well. In 1980 I felt sure that radiolabeled baclofen must have been prepared 
in the laboratories of Ciba–Geigy and so I contacted them in Switzerland with 
a request for a sample for our studies. Eventually after some 9 months or more 
I was kindly sent a sample together with a much-appreciated letter from Dr 
Helmut Bittiger. This informed us that they were aware of our studies and this 
had led them to attempt to obtain a binding assay for 3H-baclofen. Their 
attempts had failed and all the indications were that a binding site does not 
exist. They also kindly sent us a resume of the approaches they had employed 
in trying to obtain displaceable binding. A variety of buffer systems had been 
tried and this meant that we could immediately look elsewhere. It occurred to 
us that all the buffer solutions that had been tested were, as usual, nonphysio
logical so, as we knew we could measure the functional site in Kreb’s 
physiological solution, perhaps we could do the same with the binding site. 
Even in our first study using neuronal membranes under these conditions, a 
displaceable binding component could be detected although this was less than 
20% of total binding (Bowery et al., 1983; Hill & Bowery, 1981). This  
enabled us to show the presence of a site that had the same pharmacological 
characteristics as the functional site in isolated atria and brain slices (Bowery 
et al., 1980, 1981). It was at this point in 1981 that we designated the term 
“GABAB ” to distinguish this novel site from the classical GABA receptor which 
we classified as “GABAA ” (Hill & Bowery, 1981) and this nomenclature has 
been retained as the International Union of Basic and Clinical Pharmacology 
(IUPHAR) terminology (Bowery et al., 2000). 

The primary factor, which enabled GABAB binding to be detected, was 
dependence on divalent cations such as Ca2+ and Mg2+ and this was sup
ported by data indicating that functional GABAB responses were dependent 
on Ca2+ with no dependence on chloride ions, unlike GABAA-mediated 
responses. The detection of a novel binding site enabled us not only to 
characterize the receptor but also to demonstrate its distribution within 
the brain and spinal cord (Price et al., 1984; Wilkin et al., 1981) and to 
make comparisons with that described for GABAA sites. 

Many electrophysiological studies indicated that GABAB sites were 
located presynaptically to control the release of endogenous transmitter as 
well as on postsynaptic membranes to influence neuronal function directly 
(Colmers & Pittman, 1989; Dutar & Nicoll, 1988a, 1988b; Mott & Lewis, 
1994; Newberry & Nicoll, 1984). The activation of GABAB receptors 
decreases membrane Ca2+ conductance (Doze et al., 1995; Isaacson, 1998; 
Wu & Saggau, 1995) but also increases K+ conductance. These effects tend, 
though not exclusively, to be site directed such that the decrease in Ca2+ is 



5 A History of GABAB 

more associated with presynaptic receptors (Dunlap, 1981) while K+ effects 
are predominantly postsynaptic (Luscher et al., 1997; see Deisz, 1997; 
Premkumar & Gage, 1994). As a consequence of these effects receptor 
activation can produce neuronal hyperpolarization (K+ mediated) (Gage, 
1992) or a decrease in evoked neurotransmitter release (Ca2+ effect). 

Both of these events are mediated by G-proteins that are members of the 
pertussis toxin-sensitive family Gia/Goa (Odagaki & Koyama, 2001; Oda
gaki et al., 2000). However, presynaptically mediated events, which are 
generally associated with reduced Ca2+ conductance, appear to be insensitive 
to pertussis toxin (Harrison et al., 1990). The predominant calcium channel 
linked to GABAB sites appears to be the “N” type, although “P”- and “Q”
type channels have also been implicated (Barral et al., 2000; Lambert & 
Wilson, 1996; Santos et al., 1995). Multiple types of K+ channels seem to be 
associated with postsynaptic GABAB receptors (Wagner & Deakin, 1993). A 
third signaling system associated with GABAB sites is adenylyl cyclase which 
is normally inhibited by receptor activation (Xu & Woczik, 1986). However, 
if the enzyme has been activated by Gs-coupled receptor agonists such 
as isoprenaline, the b-adrenoceptor ligand, GABAB receptor activation 
enhances the formation of cyclic adenosine monophosphate (cAMP) above 
the level achieved with isoprenaline alone (Hill, 1985; Karbon et al., 1984). 
This observation prompted a search for receptor subtypes by comparing the 
abilities of different GABAB receptor agonists to inhibit or enhance cAMP 
production. However, no absolute separation has been established (Cun
ningham & Enna, 1997; Knight & Bowery, 1996). 

In 1998amajor advancewasmadewith the discoveryof the structure of the 
GABAB receptor by three independent groups (Jones et al., 1998; Kaupmann 
et al., 1998; White et al., 1998) some 10 years after the GABAA receptor 
structure was first defined. Naturally there are major differences between the 
metabotropic (GABAB) and ionotropic (GABAA) receptors andnot least of these  
is that the metabotropic receptor exists as a heterodimer with seven membrane-
spanning regions in each of the two components. This contrasts with the five-
subunit structure of the GABAA receptor which forms a pentamer to act as an 
ion channel selectively allowing the passage of chloride ions. 

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

II. GABAB Receptor Ligands 

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

The first selective GABAB antagonists to be described were phaclofen, 
saclofen, and 2-hydroxy saclofen (Kerr & Ong, 1995; Kerr et al., 1987). 
While these have only low affinity for the receptor, with pKi values in the 
micromolar range, they were useful for obtaining the first clear evidence of a 
physiological role of GABAB receptors in synaptic transmission within the 
rat hippocampus (Dutar & Nicoll, 1988a). Subsequent compounds were 
introduced that were able to enter the brain: CGP 35348, CGP 36742, and 
SCH50911. However, these too have low receptor affinities. A crucial 
breakthrough came with the attachment of 3,4-dichlorobenzyl or 3-carbox
ybenzyl substituents to the existing molecules to produce a variety of com
pounds with affinities in the low nanometer range such as CGP 55845 and 
many others, all of which contain a phosphinic acid moiety. These antago
nists, when radiolabeled with 125I, provided photoaffinity ligands suitable 
for the elucidation of the structure of the GABAB receptor. The group 
responsible for producing these important tools was also headed by Wolf
gang Froestl. 

III. Receptor Distribution 

GABAB receptors are distributed throughout the mammalian system 
and are not confined to nervous tissue (see Erdo & Bowery, 1986). But, 
of course, while the receptors might be present, their significance only 
emerges when the agonist is also present. Their presence on autonomic 
nerve terminals provides an example of this. When activated by GABA, 
a decrease in the evoked release of transmitter from the terminal occurs. 
In the enteric nervous system, where GABA-releasing neurons are 
present and impinge on autonomic cholinergic nerve fibers, GABAB 

receptors probably contribute to the control of intestinal movement 
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and sphincters (e.g., Kleinrok & Kilbinger, 1983; Ong & Kerr, 1983, 
1990). 

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

The distribution of the individual components of the receptor hetero
dimer, GABAB1 and GABAB2, when detected by immunocytochemistry 
generally match each other (Charles et al., 2001; Durkin et al., 1999; 
Margeta-Metrovic et al., 1999). However, in the caudate–putamen, 
GABAB2 is not detectable even though GABAB1 and the native receptor 
are present (Durkin et al., 1999). GABAB1 and GABAB2 subunits have 
been detected in peripheral tissue (Calver et al., 2000), but their distribution 
does not always appear to be coincident, for example, in the uterus and 
spleen (Calver et al., 2000). In general, there appears to be a paucity of 
GABAB2, suggesting that another protein may form a dimer with GABAB1 

to facilitate its function. 
Perhaps, not surprisingly, GABAB sites have been demonstrated in 

lower species as illustrated in the contribution by Manev and Dzitoyeva, 
indicating that from an evolutionary perspective it is an “old” receptor. 

IV. Allosteric Modulation 

Allosteric modulation of GABAB receptors was first described by Urwy
ler et al. (2001). The location of the modulatory site within the receptor is 
the heptahelical domain of GABAB2. A number of compounds have been 
reported to be positive modulators. Included are CGP7930 and GS39783 
(Urwyler et al., 2003) and BHF177 (Maccioni et al., 2009). While none of 
these has any direct agonist activity at GABAB sites, they all accentuate the 
responses to GABA and baclofen. This effect was firstly demonstrated 
in vitro and was subsequently shown in in vivo models of addiction (e.g., 
Smith et al., 2004 and see present contributions by Vlachou and Markou 
and Nutt and colleagues) where, for example, both modulators reduce the 
self-administration of cocaine without the need to administer a receptor 
agonist. This suggests that positive allosteric modulation may provide an 
effective therapy avoiding the possible adverse effects of an agonist like 
baclofen as well as the possible desensitization that frequently accompanies 
the use of direct acting receptor agonists. 
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V. Receptor Function 

The predominant cellular location of GABAB receptors appears to be 
presynaptic where they function as autoreceptors and heteroreceptors to 
limit the release of a variety of neurotransmitters. Receptor activation 
produces a reduction in presynaptic membrane Ca2+ conductance, which 
inhibits transmitter release. While the physiological significance of autore
ceptors (Davies et al., 1990; Nicoll, 2004) appears obvious because of the 
local availability of neurotransmitter, the role of heteroreceptors (Nicoll, 
2004) on non-GABAergic terminals is not apparent as evidence for 
axo-axonic contacts at nerve terminals is lacking. Primary afferent terminals 
in the spinal cord, where GABA interneurons innervate the terminal regions 
of the primary afferent fibers, are the exception (see Price et al., 1987). 
Despite the apparent lack of innervation elsewhere, there is evidence for 
GABA acting in a paracrine manner to activate GABAB heteroreceptors. 
GABA released from GABAergic terminals appears to access adjacent term
inals where GABAB sites are present (Isaacson et al., 1993). As the estimated 
concentration of GABA in the synaptic cleft, following its release, is in the 
millimolar range, and the affinity of GABA for heteroreceptors is in the 
nanomolar range, there is sufficient GABA to interact with any sites in close 
proximity. 

VI. Potential Therapeutic Significance 

A. Analgesia 

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

receptors in higher centers. 
The significance of GABAB receptors in pain mechanisms is supported 

by studies with “knock-out” mice. In these animals, functional GABAB 

receptors are not formed, as the mice fail to produce either GABAB1 or 
GABAB2 subunits (Schuler et al., 2001). In both forms of mutant mice, 
hyperalgesia was exhibited in acute nociceptive tests suggesting that func
tional heteromeric GABAB receptors are required to increase or maintain 
pain thresholds. 

B. Skeletal Muscle Relaxation 

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

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

C. Affective Disorders 

An upregulation in GABAB-binding sites, which occurs in rat frontal 
cortex after chronic administration of a variety of antidepressants, was first 
observed more than 20 years ago (Lloyd et al., 1985; see Enna & Bowery, 
2004). While these findings were disputed at the time, there is now solid 
evidence suggesting that GABAB mechanisms are associated with depres
sion. Antagonism of GABAB receptors produces a reversal of depressant-like 
behavior in animal models of this condition, such as the rodent forced swim 
test and learned helplessness models (Cryan & Kaupmann, 2005; 
Nakagawa et al., 1999). Moreover, mice lacking GABAB1 or GABAB2 

receptor subunits exhibit antidepressant-like behavior and anxiety. So 
GABAB receptor activation appears to produce anxiolytic activity while a 
loss or blockade of GABAB receptor function produces antidepressant-like 
effects (Mombereau et al., 2004). 
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D. Drug Addiction 

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

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

E. Memory 

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

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

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

Whether or not GABAB antagonists prove to be of therapeutic benefit in 
absence epilepsy, these data clearly indicate that activation of GABAB 

receptors in such patients, such as by the administration of baclofen, should 
be avoided otherwise it may worsen the condition. Likewise, inhibitors of 
GABA metabolism or transport, such as vigabatrin and tiagabine, should be 
contraindicated in absence patients as well. 

A major problem when attempting to use baclofen for the treatment of 
CNS-mediated disorders is its poor penetration into the brain and the need 
to administer high doses, resulting in intolerable side effects. While for 
patients being treated for spasticity where the drug target is in the spinal 
cord, the use of an intrathecal indwelling catheter for the administration of 
small doses has been a successful strategy (see above), this mode of 



TABLE 1 Potential Therapeutic Application of GABAB Receptor Ligands 

Agonist/positive allosteric Locus of action? Therapeutic potential 
effects 

Smooth muscle relaxation Lung (bladder, intestine) Antiasthma 
Antinociception Spinal cord, thalamus Analgesia 
Food intake modification Higher centers Enhanced feeding 
Fat intake reduction Higher centers Binge eating 
Drug addiction suppression CNS–mesolimbic system Drug abuse 
Muscle relaxation Spinal cord Spasticity 
Antitussive action Cough center in medulla Cough suppressant 
Insulin/glucagon release Pancreas Diabetes 
Suppression of panic behavior Dorsal periaqueductal Antianxiety/panic disorder 

gray 
Neutrophil chemotaxis Leucocytes Inflammation 
enhanced 

Oesophageal sphincter Intestine Gastroesophageal reflux 
relaxation disease 

Adenylyl cyclase inhibition Pancreas Antiadenocarcinoma 

Antagonist effects 
Cognitive enhancement Higher centers Cognitive deficits 
Antiabsenceseizures Thalamocortical region Absence epilepsy 
Antidepressant Higher centers Affective disorders 
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administration is impractical for other indications. Thus, new approaches 
are needed for minimizing tolerance to agonists and their side effects. The 
recent introduction of an agonist prodrug is one possible approach. In this 
regard, arbaclofen placarbil is a an R-baclofen prodrug which has better 
absorption, distribution, metabolism, and elimination properties than the 
parent drug and, because of this, may prove to be more generally useful 
(Lal et al., 2009). 

G. Applications Outside the Brain 

Of course, the use of GABAB agonists for actions outside the brain would 
not necessarily have such constraints and, indeed, any reduction in brain 
penetration would be an advantage. One potential use of a peripherally selec
tive GABAB agonist is as inhibitor of the gastroesophageal reflux (Lehmann 
et al., 1999).Thispossibilityhas led to the evaluationof lesogaberan, aGABAB 

receptor agonist, in the treatment of this condition (Bredenoord, 2009). 
Another possible use for peripherally acting GABAB receptor agonists is 

in the treatment of pancreatic cancer. It has been shown that the growth of 
pancreatic ductal adenocarcinoma and pancreatic duct epithelial cells is 
regulated by b-adrenoreceptors. The activity of b-adrenoreceptors in these 
cells is counteracted by GABAB receptor-mediated inhibition of adenylyl 
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cyclase resulting in a reduction in abnormal cell growth (Schuller et al., 
2008). This effect appears to be contrary to that observed in CNS membrane 
systems in which GABAB receptor activation enhances b-adrenoreceptor 
activation of adenylyl cyclase even though basal activity is inhibited (Karbon 
& Enna, 1985; Xu & Wojcik, 1986). 

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

VII. Conclusion 

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

This chapter presents new clinical applications of the prototypic GABAB 

receptor agonist baclofen for the treatment of addiction by drugs of abuse, 
such as alcohol, cocaine, nicotine, morphine, and heroin, a novel baclofen 
prodrug Arbaclofen placarbil, the GABAB receptor agonist AZD3355 
(Lesogabaran) currently in Phase 2 clinical trials for the treatment of gastro
esophageal reflux disease, and four positive allosteric modulators of GABAB 

receptors (CGP7930, GS39783, NVP-BHF177, and BHFF), which have less 
propensity for the development of tolerance due to receptor desensitization 
than classical GABAB receptor agonists. All four compounds showed 
anxiolytic affects. In the presence of positive allosteric modulators the 
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“classical” GABAB receptor antagonists CGP35348 and 2-hydroxy-saclofen 
showed properties of partial GABAB receptor agonists. Seven micromolar 
affinity GABAB receptor antagonists, phaclofen; 2-hydroxy-saclofen; CGP’s 
35348, 36742, 46381, 51176; and SCH50911, are discussed. CGP36742 
(SGS742) showed statistically significant improvements of working memory 
and attention in a Phase 2 clinical trial in mild, but not in moderate 
Alzheimer patients. Eight nanomolar affinity GABAB receptor antagonists 
are presented (CGP’s 52432, 54626, 55845, 56433, 56999, 61334, 62349, 
and 63360) that were used by pharmacologists for numerous in vitro and 
in vivo investigations. CGP’s 36742, 51176, 55845, and 56433 showed 
antidepressant effects. Several compounds are also available as radioligands, 
such as [3H]CGP27492, [3H]CGP54626, [3H]CGP5699, and [3H] 
CGP62349. Three novel fluorescent and three GABAB receptor antagonists 
with very high specific radioactivity (>2,000 Ci/mmol) are presented. [125I] 
CGP64213 and the photoaffinity ligand [125I]CGP71872 allowed the iden
tification of GABAB1a and GABAB1b receptors in the expression cloning 
work. 

I. Introduction 

Three years have passed since the author’s review “Chemistry of GABAB 

Modulators” appeared in the book The GABA Receptors, 3rd edition, 
edited by S. J. Enna and H. Möhler (Froestl et al., 2007). In this chapter I 
wish to outline new findings not covered in the 2007 paper and will add 
information which has not been covered in the 1997 and 2007 overviews 
(Froestl & Mickel, 1997). 

Norman G. Bowery discovered a novel GABA receptor in January 
1980, when he found that GABA at a concentration of 4 mM decreased 
the release of [3H]-noradrenaline from rat atria and of [3H]-acetylcholine 
from preganglionic terminals in the rat superior cervical ganglion in vitro 
(Bowery et al., 1980). These effects could not be antagonized by the estab
lished GABA antagonist bicuculline. Bowery showed that the GABA analo
gue baclofen was as active as GABA in reducing evoked transmitter output 
and that the effect was stereoselective with the (R)-(�)-enantiomer being 
>100-fold more active than the (S)-(+)-enantiomer. The term GABAB recep
tor was designated in March 1981 (Hill & Bowery, 1981; see also the 
review: Bowery, 1982). 

II. GABAB Receptor Agonists 

Baclofen, Ba-34647, was synthesized in September 1962 by Heinrich 
Keberle of Ciba, Basel, Switzerland, based on the idea to enhance the 
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FIGURE 1 Structures of (R)-(�)-baclofen, its prodrug, (R)-(�)-Phenibut, and Gabapentin. 

lipophilicity of GABA (calculated log P = �2.13; Cates, 1985) in order to 
achieve penetration of the blood–brain barrier (BBB; Keberle, Faigle, & 
Wilhelm, 1968). The lipophilicity of baclofen with a logD of �0.96 (Leisen 
et al., 2003) is still insufficient to bring the compound into the brain by 
passive diffusion. However, baclofen is transported into the brain by inter
action with the large neutral amino acid transporter (Audus & Borchardt, 
1986; van Bree et al., 1988, 1991). Conversely, the restricted distribution of 
baclofen in the brain interstitial fluid is due to an efficient efflux from the 
brain through the BBB regulated by a probenecid-sensitive organic anion 
transporter (Deguchi et al., 1995). 

In 1975 William Bencze resolved baclofen into the two enantiomers, 
(R)-(�)-baclofen (CGP11973A; Fig. 1) and  (S)-(+)-baclofen (CGP11974A). 
Racemic and (R)-(�)-baclofen depressed the patellar, flexor, linguo
mandibular, and the H-reflex in cats in a dose-dependent fashion (Olpe 
et al., 1978). Binding studies confirmed these findings: the IC50 values for 
(R)-(�)-baclofen, (S)-(+)-baclofen, and racemic baclofen for the inhibition of 
binding of [3H]-baclofen to GABAB receptors of cat cerebellum are 15 nM, 
1,770 nM, and 35 nM, respectively (Froestl et al., 1995a). The crystal struc
ture of (R)-(�)-baclofen hydrochloride was published by Chang et al. (1982). 

A. Clinical Use of Baclofen 

Baclofen was marketed as Lioresal in 1972 and since then has been 
shown to exert beneficial clinical effects in many diverse indications: 

1. As muscle relaxant in spasticity for patients with hemi- and tetraplegia 
(Brogden et al., 1974) including spasticity in multiple sclerosis (Brar 
et al., 1991; Giesser, 1985; Smith et al., 1991), after stroke (O’Brien 
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et al., 1996), associated with Lewy body dementia (Moutoussis & 
Orrell, 1996), and in cerebral palsy in children (Buonaguro et al., 
2005; Scheinberg et al., 2006) and adults (Krach, 2009). 

2. A very important breakthrough was achieved by administration of 
baclofen directly into the CSF via an implanted mini-pump, that is, 
intrathecal baclofen. Penn and coworkers achieved spectacular 
improvements of patients, some of whom were bedridden for up 
to 19 years, who regained their ability to walk (Kroin, 1992; Penn 
& Kroin, 1984, 1985, 1987). Many eminent neurologists took up 
this new method of treatment immediately (Becker et al., 1997; 
Becker et al., 1995; Dralle et al., 1985; Gianino et al., 1998; 
Ochs, 1993; Ochs et al., 1989; Rawlins, 1998). Quantitative 
measurements by Leisen et al. (2003) showed that intrathecal 
administration of doses up to 600 mg resulted in local plasma 
levels of 5–20 ng/g. In comparison, oral racemic baclofen at the 
very high dose of 100 mg gave concentrations of <3 ng/g in CSF. 
An additional benefit was a major reduction in the unwanted side 
effects with high doses required for systemic administration. 

3. A	 welcome side effect of baclofen treatment is the marked 
improvement of bladder function in patients with spinal cord lesions 
(Frost et al., 1989; Nanninga et al., 1989; Rapidi et al., 2007; Taylor 
& Bates, 1979). Baclofen significantly reduced the K+-evoked 
calcitonin gene-related peptide-like immunoreactivity (CGRP-LI) in 
guinea pig urinary bladder (Santicioli et al., 1991). 

4. Oral and intrathecal baclofen is also the treatment of choice in stiff-
man syndrome (Silbert et al., 1995; Stayer et al., 1997; Whelan, 
1980). A patient bedridden for 3 years was able to walk on the 13th 
dayof treatmentwith90mgbaclofen daily (Miller&Korsvik, 1981). 

5. And in tetanus (Boots et al., 2000; Demaziére et al., 1991; Engrand 
& Benhamou, 2001; Engrand et al., 1999; Müller et al., 1987; 
Santos et al., 2004). 

6. Baclofen is an efficient medication in several manifestations of pain, 
such as in trigeminal neuralgia. Pioneered by Fromm et al., baclofen 
either alone or in combination with carbamazepine or phenytoin 
achieved substantial pain relief (Baker et al., 1985; Fromm, 1994; 
Fromm et al., 1980, 1984). Interestingly, Fromm observed that (R)
(�)-baclofen was 5 times more potent than racemic baclofen 
(Fromm & Terrence, 1987; Terrence et al., 1983). This may relate 
to papers by Sawynok and Dickson (1984, 1985) showing that 
(S)-(+)-= d-baclofen may act as an antagonist at baclofen 
receptors. This question has never been resolved. 

7. Baclofen was effective in the treatment of cluster headache (Hering-
Hanit & Gadoth, 2000, 2001) and in the prevention of migraine 
(Hering-Hanit, 1999). A very recent paper reveals functional 
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redundancy of GABAB receptors in peripheral nociceptors in vivo, 
which led to the conclusion that GABAB receptors in the peripheral 
nervous system play a less important role than those in the CNS in 
the regulation of pain (Gangadharan et al., 2009). Generally it is 
believed that baclofen exerts the analgesic properties by reduction 
of the release of L-glutamate, substance P, and calcitonin gene-
related peptide (CGRP) from primary afferent terminals (Enna & 
McCarson, 2006; Kaupmann et al., 2001). 

8. Baclofen is effective in reducing the craving for alcohol. Extensive 
clinical trials look promising even in patients suffering from 
delirium tremens (Addolorato et al., 2000, 2002a, 2002b, 2003, 
2005, 2006a, 2006b, 2007, 2009; Evans & Bisaga, 2009; Flannery 
et al., 2004; Leggio, 2009). 

Many preclinical studies in experimental animals preceded the 
clinical trials (Colombo et al., 2002, 2004, 2006; Federici et al., 
2009; Holstein et al., 2009; Knapp et al., 2007; Maccioni et al., 
2005, 2008a, 2008b). 

9. Baclofen effectively reduces the craving for cocaine. Clinical studies 
were started as early as 1998 (Haney et al., 2006; Kaplan et al., 
2004; Lile et al., 2004; Ling et al., 1998; Shoptaw et al., 2003). 
Further studies are planned to evaluate baclofen’s potential as a 
relapse prevention agent (Kahn et al., 2009). A drug combination of 
30 mg t.i.d. baclofen with 100 mg t.i.d. amantadine has been 
evaluated by Rotheram-Fuller et al. (2007). The self-rated desire 
for cocaine in the drug-treated patients was significantly lower 
during cocaine administrations than in the placebo group. 

Many preclinical studies in experimental animals preceded 
these clinical trials (Cousins et al., 2002; Fadda et al., 2003; Filip 
& Frankowska, 2007, 2008; Hotsenpiller & Wolf, 2003; Weerts 
et al., 2005a; Weerts et al., 2007). 

10. The results of the first clinical trial of baclofen to reduce craving for 
nicotine have been published in 2009 demonstrating a reduction of 
the number of cigarettes smoked per day and a significant lowering 
of craving (Franklin et al., 2009). 

Many preclinical studies in experimental animals preceded the 
clinical trial (Fattore et al., 2009; Le Foll et al., 2008; Levin et al., 
2004; Markou, 2008; Markou et al., 2004; Paterson et al., 2004). 
The mechanism of action may be due to a reduction of release of 
dopamine by baclofen (Amantea & Bowery, 2004). 

11. One clinical trial showed promising results that baclofen may be 
a novel therapeutic agent for opiate withdrawal syndrome 
(Akhondzadeh et al., 2000). Preclinical information is available for 
the attenuation of morphine withdrawal signs (Bartoletti et al., 2007; 
Bexis et al., 2001; Heinrichs et al., 2010; Leite-Morris et al., 2004; 
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Riahi et al., 2009; Sahraei et al., 2009; Zarrindast et al., 2008) and  
for the prevention of heroin-seeking behavior (Spano et al., 2007; Xi 
& Stein, 1999). Also  symptoms of  benzodiazepine withdrawal can be 
improved by baclofen (File et al., 1991). 

12. Baclofen therapy for chronic	 posttraumatic stress disorder was 
effective in treating both the PTSD symptoms and the 
accompanying depression and anxiety (Drake et al., 2003). The 
number of panic attacks was significantly reduced by baclofen 
treatment (Breslow et al., 1989). 

13. PeripheralGABABreceptorsare involved in theactionsofbaclofenon 
gastroesophageal reflux disease (GERD). Preclinical findings in dogs 
(Lehmann, 2008, 2009; Lehmann et al., 2000; Lehmann et al., 1999) 
and ferrets (Blackshaw et al., 1999) paved theway for the first clinical 
trials (Cange et al., 2002; Koek et al., 2003; Lidums et al., 2000; 
Omari et al., 2006; van Herwaarden et al., 2002; Zhang et al., 
2002). Currently AstraZeneca scientists are evaluating the novel 
GABAB receptor agonist AZD3355 (Fig. 2) for this indication in 
Phase 2 clinical trials (vide infra, Chapter II. E). 

14. Baclofen has been used for the treatment of chronic hiccup. In 37  
patients with chronic hiccup (average duration 4.6 years) baclofen 
produced a long-term complete resolution in 18 cases and a 
considerable decrease in an additional 10 cases. Idiopathic chronic 
hiccup may result from gastroesophageal abnormalities (Guelaud 
et al., 1995; Turkyilmaz & Eroglu, 2008; Twycross, 2003). 

15. Baclofen inhibits vagally induced bronchoconstriction (Chapman 
et al., 1993; Grimm et al., 1997; Prakash, 2009). 

16. Baclofen has been used for the treatment of cough (Dicpinigaitis & 
Dobkin,1997;Dicpinigaitis et al., 2000;Dicpinigaitis&Rauf,1998). 

17. First	 preclinical studies indicate that baclofen may inhibit 
audiogenic seizures in a mouse model of fragile X syndrome 
(Pacey et al., 2009; see also Zupan & Toth, 2008). 

FIGURE 2 Structures of GABAB receptor agonists. 
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B. Prodrugs of Baclofen 

Scientists of XenoPort reported that the carbamate derivative of 
(R)-(�)-baclofen Arbaclofen placarbil (XP19986; Fig. 1) demonstrated 
enhanced colonic absorption, that is, 5-fold higher (R)-(�)-baclofen expo
sure in rats and 12-fold higher in monkeys compared with intracolonic 
administration of (R)-(�)-baclofen. Sustained release formulations of 
arbaclofen placarbil demonstrated sustained (R)-(�)-baclofen exposure in 
dogs with a bioavailability of up to 68% (Lal et al., 2009). 

The methylester of baclofen readily penetrates into the brain, but its 
cleavage in vivo was smaller than expected (Leisen et al., 2003). 

C. Phenibut 

Phenibut, the des-chloro analogue of baclofen, was introduced as “a 
neuropsychotropic drug into clinical practice in Russia in the 1960s” under 
the trade name Citrocard (Lapin, 2001). Although it is structurally very 
close to baclofen, it has a significantly different spectrum of biological 
activities. It shows anxiolytic and nootropic properties and is used as a 
mood elevator and tranquilizer. Johnston and coworkers in Sydney evalu
ated the in vitro activities of (R)-(�) and (S)-(+)-b-phenyl-GABA. The IC50 

values are 4.1 mM for the biologically active (R)-(�)-enantiomer (Fig. 1) and 
699 mM for the (S)-(+)-enantiomer. Racemic baclofen showed an IC50 value 
of 0.06 mM (inhibition of binding of [3H]-baclofen from rat cerebellar 
membranes; Allan et al., 1990). More recently Dambrova et al. (2008) 
disclosed Ki values for racemic baclofen, racemic phenibut, and (R)-(�)
phenibut as 6 mM, 177 mM, and 92 mM, respectively (inhibition of binding 
of [3H]-CGP54626 on rat brain membranes). (R)-(�)-phenibut is a full 
agonist at GABAB receptors in brain slices (Ong et al., 1993). A dose of 
100 mg/kg of (R)-phenibut significantly reduced immobility time in the 
forced swimming test, an effect which could be blocked by the GABAB 

receptor antagonist CGP35348. (R)-phenibut also showed analgesic activity 
in the tail-flick test and locomotor-depressing activity in the open field test 
(Dambrova et al., 2008). 

D. Gabapentin 

The results of Lacaille and coworkers in extensive electrophysiological 
experiments that the anticonvulsant and analgesic drug Gabapentin (Neu
rontin; Fig. 1) selectively interacts with the Sushi domain of the GABAB1a/ 
GABAB2 heterodimer raised hopes to, finally, find subtype-selective GABAB 

receptor ligands (Bertrand et al., 2003a; Bertrand et al., 2001, 2003b; Ng 
et al., 2001). Similar results were published by Parker et al. (2004). These 
findings were already in conflict with the data by Stringer and Lorenzo 
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(1999), who state that the reduction of paired-pulse inhibition in the rat 
hippocampus by gabapentin is independent of GABAB receptor activation. 
Subsequent experiments by Lanneau et al. (2001), Jensen et al. (2002), 
Cheng et al. (2004), and Shimizu et al. (2004) led to the conclusion that 
gabapentin is not an agonist at GABAB receptors. 

E.	 g -Aminopropyl-phosphinic Acids as Novel GABAB Receptor 
Agonists 

Starting from 1980 chemists of the Central Research Laboratories of 
Ciba–Geigy in Manchester prepared systematically phosphonous acid ana
logues of all natural a-, b-, and g-amino acids and had these compounds 
tested in diverse pharmacological assays in Basel (Baylis et al., 1984; Ding
wall et al., 1987). In fall 1984 it was discovered that the phosphonous acid 
analogue of GABA, that is, CGP27492 (Fig. 2), showed an extraordinarily 
high affinity toward GABAB receptors (IC50 = 2 nM; inhibition of binding of 
[3H]baclofen to GABAB receptors of cat cerebellum; Bittiger et al., 1988; 
Froestl et al., 1995a). Due to its 15 times higher potency, high specific 
binding, and the possibility to carry out filtration assays, [3H]CGP27492 
has replaced [3H]baclofen as a radioligand for GABAB receptor-binding 
assays (Hall et al., 1995). CGP27492, however, was inactive in various 
in vivo tests for potentially useful CNS effects. 

The methyl-phosphinic acid derivative CGP35024 (identical with 
SK&F97541; Fig. 2) was 7 times more potent against neuropathic hyper
algesia than (R)-(�)baclofen. It induced nociceptive responses at doses well 
below those that cause sedation (Patel et al., 2001). 

Interestingly, CGP27492 and CGP35024 act as antagonists to GABAC 

receptors (IC50 = 2.47 mM for CGP27492 at human �1 GABAC receptors; 
IC50 = 0.75 mM at human �1 GABAC receptors; and IC50 = 3.5 mM at  
human �2 GABAC receptors for CGP35024, respectively) (Chebib et al., 
1997, 1998). 

CGP44532 showed muscle relaxant activity in the rotarod test in rats 
with ED50 ’s of 0.4 mg/kg s.c. and 6.5 mg/kg p.o. and had a duration of 
action 3 times longer than that of baclofen. It showed a gastrointestinal 
and CNS side effect profile significantly superior to baclofen in Rhesus 
monkeys. 

Repeated administration of CGP44532 at doses of 0.3 mg/kg s.c. for 5 
days and of 3 mg/kg p.o. for 10 days produced significant antihyperalgesic 
effects in neuropathic rats with no evidence for tolerance (Enna et al., 1998). 
CGP44532 is not metabolized in liver S9 fractions of rat, dog, and man and 
has a bioavailability of 72% after oral administration to rats. A sophisti
cated method for this highly polar molecule (log P = �2.76) (n-octanol/ 
water) was worked out by Blum et al. (2000). 
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CGP44532 was active in animal models of psychosis. It blocked the 
MK-801- and amphetamine-induced hyperactivity in a dose-dependent 
manner (Wieronska et al., 2010). For a review on GABAB receptors, schizo
phrenia and sleep dysfunction, see Kantrowitz et al. (2009). 

CGP44532 was also tested in several animal models of suppression of 
craving for diverse drugs of abuse, such as alcohol (Colombo et al., 2002), 
cocaine in rats (Brebner et al., 1999; Dobrovitsky et al., 2002) and baboons 
(Weerts et al., 2005a, 2007), and nicotine (Paterson et al., 2004, 2005a, 
2005b, 2008). 

(S)-(�)-CGP44532 and its (R)-(+)-enantiomer CGP44533 act as antago
nists to GABAC receptors (IC50 = 17 mM for CGP44532 and IC50 = 5 mM 
for CGP44533 at human �1 GABAC receptors) (Hinton et al., 2008). A 
comparison of the actions of baclofen and the two enantiomers was pub
lished by Ong et al. (2001a) showing that CGP44532 was a far more potent 
agonist at GABAB autoreceptors. 

The phosphonous acid derivative AZD3355 (Fig. 2) exerts a highly 
valued peripheral mode of action by inhibiting transient lower esophageal 
sphincter relaxation (Alstermark et al., 2008; Lehmann et al., 2009). It is 
currently in Phase 2 clinical evaluation for the treatment of gastroesophageal 
reflux disease (GERD) under the generic name Lesogaberan (Bredenoord, 
2009). At present Lesogaberan is the only drug interacting with GABAB 

receptors in clinical trials. 

III. GABAB Receptor Partial Agonists 

A. CGP47656 

There is a rapid transition from g-aminopropyl-methyl-phosphinic acids 
(CGP35024 or SF&F97541; Fig. 3) acting as a GABAB receptor agonist to 
the homologue g-aminopropyl-ethyl-phosphinic acid CGP36216 (Fig. 3) 
acting as a GABAB receptor antagonist (Froestl et al., 1995a, 1995b; Ong 

O O 

FIGURE 3 Structures of two GABAB receptor partial agonists. 
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et al., 2001b). The compound with a substituent in size between a methyl 
and an ethyl group, that is, the difluoromethyl derivative CGP47656 (Fig. 3) 
with high affinity to GABAB receptors, is a partial GABAB receptor agonist 
(IC50 = 89 nM; inhibition of binding of [3H]CGP27492 to GABAB receptors 
of rat cortex). It inhibited [3H]GABA release in rat cortical slices, when the 
slices were stimulated at a frequency of 0.125 Hz (IC50 = 10.6 mM), whereas 
upon stimulation at a frequency of 2 Hz it increased the release of [3H] 
GABA (EC50 = 62 mM; Froestl et al., 1995a). Raiteri and coworkers showed 
that CGP47656 acted as an antagonist on presynaptic GABAB autorecep
tors in rat neocortex synaptosomes increasing the release of GABA but acted 
as a full agonist at presynaptic GABAB heteroreceptors inhibiting the release 
of somatostatin (Gemignani et al., 1994). 

Urwyler and colleagues (2005) showed that CGP47656 displaced the 
GABAB receptor antagonist radioligand [3H]CGP62349 (vide infra, Chap
ter V. B., Fig. 7) with a high- and a low-affinity component with Ki values of 
71 nM and 1.07 mM, respectively. The affinities were increased by the addi
tion of 30 mM of the positive allosteric modulator CGP7630 (to Ki values of 
41 nM and 0.98 mM, respectively) and of 30 mM GS39783 (to Ki values of 
35 nM and 0.87 mM, respectively). CGP47656 stimulated GTP(g)[35S] bind
ing to recombinant GABAB receptors to maximally 25% of the maximal 
effect of GABA (EC50 = 1.11 mM). In the presence of the positive allosteric 
modulators CGP7930 or GS39783 (30 mM each), the maximal stimulation 
obtained with CGP47656 was increased by about fourfold. The potency of 
CGP47656 in this assay was increased by two- to threefold by the two 
modulators: 30 mM CGP7930: EC50 = 0.39 mM, maximal effect: 105% 
and 30 mM GS39783: EC50 = 0.5 mM, maximal effect: 109%. 

B. g -Hydroxy-Butyric Acid 

g-Hydroxy-butyric acid (GHB; Fig. 3) is a minor metabolite of GABA 
synthesized by GABA transaminase and succinic semialdehyde reductase. 
GHB is also a registered drug (Xyrem) for the treatment of excessive daytime 
sleepiness and cataplexy in patients with narcolepsy (Bernasconi et al., 1999). 
More recently GHB became infamous as a “date-rape drug” inducing 
euphoria, hallucinations, sedation, and relaxation (Wong et al., 2004). Sev
eral studies came to the conclusion that GHB acts as a weak GABAB receptor 
partial agonist (Ki = 79–126 mM; Mathivet et al., 1997; in recombinant 
GABAB R1/R2 receptors coexpressed with Kir3 channels in Xenopus 
oocytes: EC50 = 5 mM with a maximal stimulation of 69% when compared 
to (R)-(�)-baclofen; Lingenhoehl et al., 1999). Experiments in GABAB1 

receptor-deficient mice clearly showed that many of the in vivo effects of 
GHB were lost, such as hypolocomotion, hypothermia, and increase in 
striatal dopamine synthesis (Kaupmann et al., 2003), suggesting that the 
majority of exogenous GHB actions are mediated by GABAB receptors 
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(Crunelli et al., 2006).However, brains fromGABAB1 receptor-deficientmice 
still exhibit [3H]GHB binding demonstrating that there are specific high-
affinity GHB receptor-binding sites. Selective high-affinity GHB ligands 
with Ki ’s of up to 22 nM have been reported recently (Hog et al., 2008; 
Wellendorph et al., 2005). Interestingly, the widely used anti-inflammatory 
drug diclofenac binds to GHB receptors in rat brain (Wellendorph et al., 
2009). Sustained efforts to clone the so far elusive GHB receptor(s) are 
currently ongoing (P. Wellendorph, personal communication). The paper 
by Andriamampandry et al. (2007) on the cloning of the putative human 
GHB receptor was rejected by many molecular biology experts. 

IV. Positive Modulators of GABAB Receptors 

Allosteric modulators are molecules that bind to a site on a neurotrans
mitter or hormone receptor which is topographically distinct from the orthos
teric-binding pocket for agonists or competitive antagonists (Urwyler et al., 
2005; Urwyler, 2006). Allosteric agents have little or no intrinsic agonistic 
activity of their own but induce conformational changes in the receptor pro
tein, which affect its interaction with the endogenous neurotransmitter. These 
compounds have more pronounced in vivo responses and fewer side effects 
than full agonists (Marshall, 2005; Pin & Prézeau, 2007). A very important 
aspect is that positive allosteric modulators have less propensity for the devel
opment of tolerance due to receptor desensitization than classical GABAB 

receptor agonists (Gjoni & Urwyler, 2008, 2009). 
In a high-throughput screen using a GTP(g)[35S] assay in membranes 

from CHO-K1 cells stably transfected with human GABAB1b and rat 
GABAB2 cDNAs CGP7930 (Fig. 4) was identified as positive modulator of 
GABAB receptor function (Urwyler et al., 2001). It potentiated GABA-
stimulated GTP(g)[35S] binding at low micromolar concentrations and was 
inactive in the absence of GABA. It increased both agonist potency and 
maximal efficacy: EC50 for CGP7930 in presence of 1 mM GABA in recom
binant GABAB receptor heterodimer expressed in CHO cells was 4.6 mM, 
which increased to 1.87 mM in the presence of 20 mM GABA. The maximal 
effect was dose dependent: GABA at 20 mM stimulated basal activity to 
301%, in presence of 1 mM CGP7930 to 328%, in presence of 3 mM 
CGP7930 to 377%, in presence of 10 mM CGP7930 to 394%, and in 
presence of 30 mM CGP7930 to 427%. CGP7930 enhanced efficacy and 
potency of GTP(g)[35S] binding to Gao (Mannoury la Cour et al., 2008). 
CGP7930 potentiated baclofen-induced depression of dopamine neuron 
activity (Chen et al., 2005) and selectively enhanced the baclofen-induced 
modulation of synaptic inhibition in the rat hippocampal CA1 area 
(Chen et al., 2006). CGP7930 potentiated the stimulatory effects of 
(R)-(�)-baclofen and of GABA on basal and on corticotrophin-releasing 
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FIGURE 4 Structures of positive allosteric modulators of GABAB receptors. 

hormone-stimulated adenylyl cyclase activities (Onali et al., 2003) and 
potentiated GTP(g)[35S] binding and inhibition of forskolin-stimulated ade
nylyl cyclase activity in post mortem human frontal cortex (Olianas et al., 
2005). Activation of the GABAB receptor by GABA, baclofen, or by 
CGP7930 induced phosphorylation of the extracellular signal-regulated 
protein kinases (1/2) (ERK(1/2)) in cultured cerebellar granular cells, 
which in turn mediated cAMP(cyclic adenosine monophosphate)-responsive 
element binding protein (CREB) phosphorylation (Tu et al., 2007) and 
significantly reduced the number of apoptotic cerebellar granular cells in a 
cellular model of apoptosis (Tu et al., 2010). 

CGP7930 efficiently potentiated the sedative/hypnotic effect of baclofen 
and g-hydroxybutyric acid (Carai et al., 2004a). CGP7930 showed antide
pressant-like effects in the modified forced swimming test significantly 
decreasing immobility time and anxiolytic properties in the elevated zero 
maze test significantly increasing time spent in the open area of the maze 
(Frankowska et al., 2007) and in the stress-induced hypothermia test (Jacob
son & Cryan, 2008). AstraZeneca scientists found that baclofen and 
CGP7930 inhibit mechanically induced visceral pain (Brusberg et al., 2009). 

CGP7930 reduced alcohol intake in alcohol-preferring rats (Liang et al., 
2006; Orru et al., 2005). CGP7930 counteracted the cocaine-discontinuation
induced enhancement of immobility time in the forced swimming test (Filip 
et al., 2007; Frankowska et al., 2010). 

CGP7930 interacts with the heptahelical domain of the GABAB2 recep
tor subunit thus being the first-described ligand of the GABAB2 receptor 
(Binet et al., 2004; Pin et al., 2004). 

For an excellent review on the properties of CGP7930, see Adams and 
Lawrence (2007). 
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A close analogue of CGP7930 selectively potentiates the action of 
baclofen at GABAB autoreceptors, but not GABAB heteroreceptors (Parker 
et al., 2008). 

A more potent compound was identified in GS39783 (Fig. 4) increasing 
the potency of GABA about eightfold: EC50 of GABA in absence of GS39783 
was 3.59 mM and in presence of 30 mM GS39783: EC50 = 0.45 mM. The 
maximal intrinsic efficacy increased from 100% to 217% (Urwyler et al., 
2003, 2005). GS39783 enhances GABAB receptor-mediated inhibition of 
cAMP formation in the rat (Gjoni et al., 2006). GS39783 showed anxioly
tic-like effects in the elevated plus maze in rats and the elevated zero maze in 
mice and rats (Cryan et al., 2004) and decreased anxiety in the light–dark box 
but did not show any effects in the forced swim test (Mombereau et al., 2004). 
GS39783 blocked the MK-801- and amphetamine-induced hyperactivity in a 
dose-dependent manner (Wieronska et al., 2010). 

GS39783 reduced alcohol self-administration in alcohol-preferring rats 
(Maccioni et al., 2007, 2008a; Orru et al., 2005). GS39783 also attenuates 
the reward-facilitating effects of cocaine in rats (Lhuillier et al., 2007; Slattery 
et al., 2005a; Smith et al., 2004) and nicotine in rats (Mombereau et al., 2007; 
Paterson et al., 2008). The GABAB receptor-positive modulation-induced 
blockade of the rewarding properties of nicotine is associatedwith a reduction 
in nucleus accumbens delta fosB accumulation (Mombereau et al., 2007). 

By the point mutations G706T and A708P Novartis molecular biolo
gists were able to locate precisely the binding site of GS39783 in the sixth 
transmembrane domain of the GABAB2 receptor (Dupuis et al., 2006). 

Novartis chemists optimized the genotoxic lead structure GS39783, in 
collaboration with NIH, in particular NIDA and NIMH (Grant U01 
MH069062) to obtain nontoxic positive modulators of GABAB receptors, 
such as NVP-BHF177 (Fig. 4; Guery et al., 2007). The primary goal of the 
NIH collaboration was to find novel drugs for the treatment of craving after 
smoking cessation (Paterson et al., 2008), but NVP-BHF177 also reduced 
alcohol intake (Maccioni et al., 2009). 

Roche scientists optimized both lead structures GS39783 and 
CGP7930. A 2005 patent disclosed structures based on GS39783 (Fig. 5; 
Malherbe et al., 2005). CGP7930 was further developed to the benzofur
anon derivative (+)-BHFF (Fig. 5; Alker et al., 2008; Malherbe et al., 2008). 
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FIGURE 5 Structures of positive allosteric modulators of GABAB receptors of Roche. 
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In the GTP(g)[35S] binding assay in CHO cells stably expressing Ga16
GABAB(1a,2a) receptors the EC50 for GABA increased by a factor of 15.3
fold in presence of 0.3 mM of racemic BHFF reaching an Emax of 149%, for 
(+)-BHFF the EC50 for GABA increased by a factor of 87.3-fold in presence 
of 0.3 mM of (+)-BHFF reaching an Emax of 181%. Racemic BHFF reversed 
stress-induced hypothermia at doses of 3, 10, 30, and 100 mg/kg in mice. 
The mean absolute p.o. bioavailability was 100% (Malherbe et al., 2008). 

V. GABAB Receptor Antagonists 

A. First Generation GABAB Receptor Antagonists 

In a simple classification we define first generation GABAB receptor 
antagonists as compounds displaying IC50 values of >1 mM. 

Kerr et al. (1987) disclosed information on the first GABAB receptor 
antagonist phaclofen (IC50 = 130 mM; Fig. 6) in March 1987. Phaclofen 
blocked the slow inhibitory postsynaptic potential revealing an important 
physiological role for GABAB receptors (Dutar & Nicoll, 1988; see also the 
review by Nicoll, 2004). The active enantiomer is (R)-(�)-phaclofen (IC50 

76 mM), whereas (S)-(+)-phaclofen showed an IC50 > 1 mM (inhibition of 

FIGURE 6 Structures of first generation GABAB receptor antagonists. 
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binding of [3H]-(R)-(�)-baclofen from GABAB receptors of rat cerebellar 
membranes; Frydenvang et al., 1994). 

The second GABAB receptor antagonist 2-hydroxy-saclofen was pub
lished by Kerr et al. (1988; IC50 = 11 mM; Fig. 6). The active enantiomer is 
(S)-(+)-2-hydroxy-saclofen (for the pharmacology, see Kerr et al., 1995; for 
the synthesis, see Prager et al., 1995). 

The first GABAB receptor antagonists capable of penetrating the BBB 
were CGP35348 (Olpe et al., 1990; IC50 = 27 mM, active after i.p. adminis
tration only), CGP36742, CGP46381, CGP51176 (IC50 ’s = 38 mM, 4 mM, 
and 6 mM, respectively; Froestl et al., 1995b), and SCH50911, a pure 
(S)-(+)-enantiomer (IC50 = 1.1 mM; Bolser et al., 1995; Frydenvang, Enna, 
& Krogsgaard-Larsen, 1997; Fig. 6). The last four GABAB receptor antago
nists are all active after p.o. administration. 

Saegis Pharmaceuticals, Half Moon Bay near San Francisco, undertook 
a double-blind, placebo-controlled Phase 2 clinical trial in 110 mild cogni
tive impairment patients treated for 8 weeks with 600 mg t.i.d. of 
CGP36742 (SGS742) in 2002. The result showed significant improvement 
in working memory, psychomotor speed, and attention with SGS742 as 
compared with placebo (Froestl et al., 2004; Tomlinson et al., 2004). 

A second double-blind, placebo-controlled Phase 2 trial was undertaken 
in 2005 in 271 mild to moderate Alzheimer disease patients (MMSE 16–26). 
Patients were treated for 12 weeks with either oral SGS742 600 mg t.i.d. 
(n = 137) or placebo (n = 134). Evaluation of the cognitive performances 
was carried out using the ADAS-Cog, CGIC, and cognitive tests from the 
CANTAB test battery. After 12 weeks treatment there was no statistically 
significant improvement of the ADAS-Cog score of patients treated with 
SGS742 versus placebo. Detailed analyses showed that the mild Alzheimer 
disease subpopulation in the patient group did improve, whereas the mod
erate Alzheimer disease patients did not. 

Many preclinical studies were carried out recently with CGP36742 
(SGS742): Helm et al. (2005) showed that SGS742 improves spatial memory 
and reduces protein binding to the cAMP response element (CRE) in hippo
campus of rats. SGS742 may act by relieving CREB2-mediated suppression of 
transcription pathways for long-term memory storage. It is possible that by 
suppression of CREB2 the balance between CREB1 and CREB2 is restored. 
Gallagher and colleagues showed that in rats with age-impaired memory 
CREB1 is significantly reduced, while CREB2 is not (Brightwell et al., 2004). 
Sunyer et al. (2008a) investigated specific hippocampal protein expression of 
11 signaling, chaperone and metabolic enzyme proteins causing cognitive 
enhancement by SGS742. Sunyer et al. (2009) found elevated hippocampal 
levels of phosphorylated protein kinase A. Also synapsin Ia levels were 
enhanced after treatment with SGS742 (John et al., 2009). SGS742 did not 
involve major known signaling cascades in mice (Sunyer et al., 2008b). These 
data complement earlier reports about enhanced release of somatostatin by 
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SGS742 (Bonanno et al., 1999; Nyitrai et al., 2003; Pittaluga et al., 2001; 
Raiteri, 2008) and of nerve growth factor (NGF) and brain-derived neuro
trophic factor (BDNF) (Heese et al., 2000). The memory-enhancing effects of 
SGS742 depend on the mouse strains (Sunyer et al., 2007). 

Electrophysiological studies using i.c.v. administration of CGP35348 
revealed that the GABAB receptor antagonist enhances theta and gamma 
rhythms in the hippocampus of rats (Leung & Shen, 2007). 

A recent report by Pilc and coworkers describes the antidepressant 
actions of CGP36742 and CGP51176 (Nowak et al., 2006) confirming 
earlier reports by Nakagawa and Takashima (1997) and by Nakagawa 
et al. (1999). The hypothesis of Pilc and Lloyd (1984), presented more 
than 25 years ago, that antidepressant effects are due to an upregulation 
of GABAB receptors is valid (see also Pilc & Novak, 2005). Pratt and 
Bowery (1993) could show that chronic administration of 100 mg/kg i.p. 
of CGP36742 for 21 days caused an upregulation of GABAB receptors in rat 
frontal cortex by 50% above control levels. In addition, the enhanced 
release of BDNF may also contribute to the antidepressant effects of 
CGP36742 (Heese et al., 2000). Also anxiolytic activity of CGP36742 was 
shown recently (Partyka et al., 2007). For the differential upregulation of 
GABAB1a, GABAB1b, and GABAB2 receptor subtypes in spinal cord in 
response to treatment with antidepressants, such as amitriptyline and fluox
etine, see Enna and Bowery (2004), Sands et al. (2004), McCarson et al. 
(2005), and McCarson et al. (2006). 

Marescaux and coworkers showed that CGP36742 is a valuable drug to 
treat absence (petit-mal) epilepsy in GAERS rats (= genetic absence epilepsy 
rats of Strasbourg; Vergnes et al., 1997; see also Getova et al., 1997; in PTZ-
kindled rats: Genkova-Papazova et al., 2000; and in WAG/Rij rats: Kaminski 
et al., 2001). Proconvulsive effects of CGP36742 were observed only at very 
high doses of 800–2,400 mg/kg (Vergnes et al., 1997). The pharmacology of 
absence epilepsy has been recently updated by Bowery (2006) andby Manning 
et al. (2003). The role of GABAB receptor antagonists in arresting cortical 
seizures has been reviewed by Mares and Kubova (2008). CGP35348 sup
pressed rhythmicmetrazol activity (amodel for humanabsences) but increased 
the incidence of clonic seizures (Mares & Slamberova, 2006). 

The orally active drug CGP36742 may be the drug of choice for the 
treatment of patients suffering from a deficiency of succinate semialdehyde 
dehydrogenase. Experiments in the laboratories of Michael Gibson with the 
i.p. active compound CGP35348 showed that mice deficient in succinate 
semialdehyde dehydrogenase can be rescued from lethal seizures (Gupta 
et al., 2002; Hogema et al., 2001). 

g-Hydroxybutyrate (GHB) dose dependently reduced the number of 
food pellets earned and impaired a motor task in baboons. Pretreatment 
with CGP36742 antagonized GHB-induced suppression of food-maintained 
behavior and performance on a fine-motor task. Signs of abdominal 
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discomfort, ataxia, and muscle relaxation produced by GHB were also 
reduced (Goodwin et al., 2005, 2006; Weerts et al., 2005b). 

Pretreatment with the GABAB receptor antagonists CGP35348 and 
SCH 50911 completely prevented g-butyrolactone (a prodrug of GHB)
induced hypothermia, motor-incoordination, and sedation/hypnosis in 
DBA mice (Carai et al., 2008). These experiments confirm in vitro experi
ments of Waldmeier (1991), who showed that CGP35348 antagonized the 
effects of baclofen, g-butyrolactone, and HA 966, a GHB agonist. 

CGP36742 also blocks GABAC receptors (IC50 = 62 mM; inhibition of 
1 mM of GABA at �1 GABAC receptors expressed in Xenopus oocytes; 
Chebib et al., 1997). Whether the effects on slow wave sleep are due to 
GABAB or GABAC receptor actions can only be decided when the now-
available selective GABAC receptor antagonists (Chebib et al., 2009) are 
tested in the same paradigm (Deschaux et al., 2006). 

The BBB penetration of CGP36742 in rat brain could be measured with 
highprecision inamicrodialysis/mass spectrometryassay (Andrénetal., 1998). 

CGP46381 proved to be superior to CGP35348 in suppressing general
ized absence seizures in lethargic, stargazer, and g-hydroxybutyrate-treated 
model mice (Aizawa et al., 1997). 

SCH50911 (Fig. 6) showed pronounced antiabsence effects in the 
lethargic mouse model (Hosford et al., 1995). It produced a marked protec
tion against g-hydroxybutyric acid mortality in mice (Carai et al., 2004b, 
2005). Carai et al. (2002) observed proconvulsive effects in rats undergoing 
ethanol withdrawal, which Richards and Bowery (1996) did not observe in 
GAERS rats. Chronic administration of SCH50911 led to an upregulation 
of GABAB receptors (Pibiri et al., 2005). 30 mg/kg i.p. of either SCH50911, 
CGP46381 (both Fig. 6) or CGP52432 (Fig. 7) resulted in a significant 
stimulation of locomotor activity in rats, which could be blocked by halo
peridol suggesting an enhanced release of dopamine by the GABAB receptor 
antagonists (Colombo et al., 2001). These findings corroborate previous 
electrophysiological studies by Erhardt et al. (1999). 

1.	 Two GABAB Receptor Antagonists Act as Partial Agonists in the 
Presence of Positive Modulators 

In the presence of either CGP7930 or GS39783 (30 mM; vide supra in 
Chapter IV) two (“classical”) GABAB receptor antagonists (vide supra in 
Chapter V. A), CGP35348 (Olpe et al., 1990; Fig. 6) and 2-hydroxy-saclo
fen (Kerr et al., 1988; Fig. 6), stimulated GTP(g)[35S] binding to recombi
nant GABAB receptors to maximally 30–40% of the full GABA effect, that 
is, they act as partial agonists at the GABAB receptor: for CGP35348: in 
presence of 30 mM CGP7930: EC50 = 2.1 mM, maximal effect: 36% and in 
presence of 30 mM GS39783: EC50 = 3.0 mM, maximal effect: 37%; for 
2-hydroxy-saclofen: in presence of 30 mM CGP7930: EC50 = 7.76 mM, 
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FIGURE 7 Structures of second generation GABAB receptor antagonists. 

maximal effect: 31% and in presence of 30 mM GS39783: EC50 = 11 mM, 
maximal effect: 35% (Urwyler et al., 2005). 

B. Second Generation GABAB Receptor Antagonists 

In a simple classification we define second generation GABAB receptor 
antagonists as compounds displaying IC50 values in the nanomolar range. 

The big breakthrough to nanomolar affinity GABAB receptor antago
nists was achieved by Stuart J. Mickel in November 1990 by substituting the 
amino-group of g-aminopropyl-phosphinic acids with selected benzyl sub
stituents. CGP52432 displays an IC50 of 55 nM, CGP54626A of 4 nM, 
CGP55845A of 6 nM, CGP56433A of 80 nM, CGP56999A of 2 nM, 
CGP61334 of 36 nM, CGP62349 of 2 nM (Froestl et al., 1996) and  
CGP63360A of 39 nM (all inhibition of binding of [3H]CGP27492 from 
rat cerebral cortex membranes; Fig. 7). 

In particular, CGP55845A and CGP56433A have been extensively 
tested in diverse in vivo paradigms. Interestingly, both drugs show about 
equal potencies at inhibitory synapses in the CA1 region of the rat hippo
campus (Pozza et al., 1999). 

CGP55845A completely reversed age-related learning impairment in 
aged Fisher 344 rats (Lasarge et al., 2009). It improved learning in rats in 
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an active avoidance test (Getova & Bowery, 1998) and in rats with 
g-hydroxy-butyrolactone-induced absence syndrome in active and passive 
avoidance tests (Getova & Bowery, 2001). CGP55845A allowed studying 
the impaired function of GABAB receptors in tissues from pharmacoresis
tant epilepsy patients (Teichgräber et al., 2009). Suppression of epileptiform 
activity by CGP55845A was investigated in vitro by Yanovsky and Misgeld 
(2003). Paired-pulse depression in rat cortex was fully antagonized by 
CGP55845A, but not by CGP35348 (Deisz, 1999). 

CGP56433A improved learning and memory retention in a rat model of 
absence epilepsy (Getova et al., 1997). 

CGP55845A and CGP56433A selectively increased swimming time in a 
modified rat forced swimming model of depression (Cryan & Kaupmann, 
2005;Mombereauet al., 2004; Slattery&Cryan,2006; Slattery et al., 2005b). 

CGP56433A attenuated the effect of baclofen on cocaine but not heroin 
self-administration in the rat (Brebner et al., 2002). It significantly elevated 
brain stimulation reward thresholds at a dose of 10 mg/kg s.c. Even more 
pronounced effects were obtained with a combination of 7.5 mg/kg s.c. of 
CGP56433A plus 0.5 mg/kg s.c. of the GABAB receptor agonist CGP44532 
(Macey et al., 2001). 

CGP55845A proved to be beneficial in an animal model of Down’s 
syndrome after administration of 0.5 mg/kg i.p. once a day during 3 weeks 
(A. Kleschevnikov & W. C. Mobley, personal communication). 

CGP52432A was used recently for the elucidation of glycine release in 
mouse spinal cord and hippocampus (Romei et al., 2009) and for the 
functional mapping of GABAB receptor subtypes in the thalamus of mice 
(Ulrich et al., 2007). CGP52432 caused a significant stimulation of loco
motor activity in rats via increased dopamine release (Colombo et al., 2001). 

Administration of CGP55845A (25, 50, or 100 mg/kg) into the ventral 
tegmental area of rats elicited a concentration-dependent increase in dopamine 
levels but did not alter glutamate levels (Giorgetti et al., 2002). CGP55845 
entirely abolished the reduction of the mean amplitude of eIPSC’s by SNAP
5114, a specific GABA transporter 3 (GAT-3) blocker (Kirmse et al., 2009). 

CGP56999A is probably the most potent GABAB receptor antagonist 
synthesized to date (Ki = 0.25 nM; Urwyler et al., 2005). Daily treatmentwith 
1 mg/kg i.p. significantly attenuated the 6-hydroxydopamine-induced decline 
in nigrostriatal dopamine and increased the expression of BDNF in the 
ipsilateral striatum indicating an application for the treatment of Parkinson’s 
disease (Enna et al., 2006, see also Heese et al., 2000 for enhanced NGF and 
BDNF release). CGP56999A at 3–6 mg/kg i.p. caused delayed clonic convul
sions (Vergnes et al., 1997). The mechanism of the proconvulsive effect has 
been studied by Qu et al. (2010). Early-life seizures result in a long-lasting 
reduction in GABAB receptor-mediated transmission in dentate gyrus. 

Because of its extraordinary potency CGP56999A is the preferred tool 
for electrophysiologists studying paired-pulse depression (Leung et al., 
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2008) or spike backpropagation (Leung & Peloquin, 2006). g-Hydroxybu
tyrate caused a rapid increase in the phosphorylation level of the CREB and 
of MAP (mitogen-activated protein) kinases in mouse hippocampus. These 
effects were blocked with CGP56999A (Ren & Mody, 2003, 2006). 

CGP62349A has been used to study the physiological role of GABAB 

receptors in the peripheral nervous system, in particular on the synthesis of 
specific myelin proteins by Schwann cells (Magnaghi et al., 2004, 2008). It 
caused an increased release of acetylcholine in the small intestine of dogs 
(Kawakami et al., 2004). 

CGP63360A (IC50 = 39 nM inhibition of the GABAB receptor agonist 
ligand [3H]CGP27492 and IC50 = 9 nM inhibition of the GABAB receptor 
antagonist ligand [125I]CGP64213, both from membranes of rat cortex) 
showed striking learning and memory-improving effects in active and pas
sive avoidance tests in rats and mice at daily doses as low as 0.1 mg/kg p.o. It 
increased the number of avoidances on the third, fourth, and fifth day of the 
learning sessions and in the memory retention test on the twelfth day 
(Getova & Dimitrova, 2007). It suppressed seizures in a genetic model of 
absence epilepsy with ED50 ’s of 2 mg/kg i.p. and 40 mg/kg p.o. without 
causing proconvulsive effects up to 300 mg/kg p.o. (W. Froestl, A. Boehrer, 
R. Bernasconi, & C. Marescaux, unpublished results). 

Several GABAB receptor antagonists are also available as radioligands, 
such as [3H]CGP54626 (Bittiger et al., 1992), [3H]CGP5699, and [3H] 
CGP62349 (Bittiger et al., 1996). In particular [3H]CGP62349 with a 
specific radioactivity of 85 Ci/mmol proved to be of great value for in 
depth investigations in rat, monkey, and human brain structures (Ambarde
kar et al., 1999; Keir et al., 1999; Princivalle et al., 2002, 2003; Sloviter 
et al., 1999). Saturation binding experiments with [3H]CGP62349 in the 
presence of 30 mM of the positive allosteric modulators CGP7690 and 
GS39783 decreased the Ki values from 0.55 to 0.85 nM (with CGP7930) 
and 1.02 nM (with GS39783). Similar effects were measured for 
CGP52432, CGP54626, CGP56999, and SCH50911 indicating that these 
compounds act as silent competitive GABAB receptor antagonists (Urwyler 
et al., 2005). However, all five compounds behaved as inverse GABAB 

receptor agonists in the desensitized GABAB stable cell line potentiating 
7b-forskolin-stimulated cAMP production. CGP62349 achieved a maximal 
increase of cAMP production of 279% over 7b-forskolin control with an 
EC50 of 3.9 nM (Gjoni & Urwyler, 2009). 

As yet it has not been possible to produce a positron emission tomo
graphy ligand for GABAB receptors based on these compounds, because 
[11C]CGP62349 did not reach sufficiently high levels in monkey brain 
(Todde et al., 1997, 2000). 

Recently a specific photoaffinity and fluorescent GABAB receptor 
antagonist ligand has been published by Li et al. (2008; Probe 1 in Fig. 8). 
It significantly inhibited GABAB receptor activation by GABA with an IC50 
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of 1.03 mM. Novartis chemists prepared two fluorescent GABAB receptor 
antagonist ligands, that is, NVP-AAJ415 (IC50 = 22 nM) and NVP-AAK515 
(IC50 = 8 nM, both inhibition of binding of [3H]CGP27492 on rat cerebral 
cortex membranes; Fig. 8; W. Froestl and H. Bittiger, unpublished results). 

C. Third Generation GABAB Receptor Antagonists 

The third generation GABAB receptor antagonists display IC50 values in 
the nanomolar range and are substituted with radioisotopes of very high 
specific radioactivity exceeding 2,000 Ci/mmol such as 125I. This high spe
cific radioactivity caused a rapid decomposition of our compounds, when 
we attempted to place the 125I substituent on the benzylamino-group of 
g-aminopropyl-phosphinic acids. Probably the strong radiation by 125I caused  
a radical scission of the labile tertiary C–H bond at the branched benzyl 
position, which, however, is indispensable for high affinity. When we intro
duced the 125I substituent in a second aromatic ring placed far away from the 
labile tertiary benzylic hydrogen, we finally obtained stable molecules. [125I] 
CGP64213 (IC50 = 1.2 nM, i.e., inhibition of binding of [125I]CGP64213 to 
GABAB receptors on rat cerebral cortex membranes; Fig. 9) served as a means 
of identifying the clones of GABAB1a and GABAB1b receptor isoforms after 
transfection into COS cells (Kaupmann et al., 1997a). The photoaffinity 
ligand [125I]CGP71872 (IC50= 1nM;  Fig. 9) allowed, for the first time, 
determination of the high molecular weights of GABAB1a and GABAB1b 

receptors of 130 and 100 kD. These two bands are conserved in brain 
membranes of human, rat, mouse, chicken, frog, and zebrafish but are not 
found in drosophila and nematodes (Bettler et al., 2004). The syntheses of 
both ligands are described with full experimental details in our patent (Kaup
mann et al., 1997b). The synthesis of [125I]CGP71872 has been described 2 
years later also by chemists at Merck (Belley et al., 1999). 

[125I]CGP84963 (IC50 = 6 nM, i.e., inhibition of binding of [125I] 
CGP64213 to GABAB receptors on rat cerebral cortex membranes; Fig. 9) 
combines, in one molecule, a GABAB receptor binding part, an azidosalicylic 
acid as photoaffinity moiety separated by a spacer of three GABA molecules 
from 2-iminobiotin, which binds to avidin in a reversible, pH-dependent 
fashion. This compound was specifically prepared to achieve isolation and 
purification of the extracellular N-terminal GABAB1 receptor fragment for 
crystallization and X-ray studies of the GABAB1 receptor-binding site (Froestl 
et al., 1999). The 31 step synthesis of this compound is described in detail in 
Froestl et al. (2003). A collaboration with a protein crystallographer yielded 
first interesting results. Deriu et al. (2005) succeeded to identify the minimal 
functional domain of the GABAB1b receptor, which still binds the competitive 
radioligand [125I]CGP71872 and leads to a functional, GABA-responding 
receptor when coexpressed with GABAB2. Mutant GABAB1b receptors, in 
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which all potential N-glycosylation sites were removed, retained their recep
tor function. The work was terminated at this stage. 

Therefore, the only X-ray structure of a class 3 G-protein-coupled 
receptor remains the extracellular ligand-binding region of the metabotropic 
glutamate receptor subtype 1 published by Kunishima et al. (2000) and 
reviewed by Jingami et al. (2003). 

VI. Conclusion 

Throughout the research efforts in the field of GABAB receptors a 
particularly close interaction between medicinal chemists and pharmacolo
gists was key to success. With the synthesis of baclofen in 1962 Heinrich 
Keberle (Keberle et al., 1968) provided the ligand, which Norman Bowery, a 
coworker of the Research Division of Ciba Laboratories Ltd. in Horsham, 
Sussex, UK, for 7 years (Bowery, 1982) used to identify the baclofen
sensitive, bicuculline-insensitive GABAB receptor in 1980, 18 years after 
the synthesis of baclofen. Rolf Prager and his chemists synthesized phaclofen 
and 2-hydroxy-saclofen, which were extensively characterized pharmacolo
gically and electrophysiologically by David Kerr, Jennifer Ong, David Cur
tis, and Graham Johnston (Kerr et al., 1987, 1988). In the late 1980 and 
early 1990s many of the CNS neurotransmitter receptors were cloned, 
mostly by expressing cDNAs in Xenopus oocytes and subsequent character
ization by electrophysiological measurements. This procedure worked fine 
for the muscarinic acetylcholine receptor (Kubo et al., 1986), for the GABAA 

receptor (Schofield et al., 1987) and for the 5-HT1C receptor measuring 
chloride currents (Lübbert et al., 1987), for the AMPA receptor measuring 
sodium currents (Hollmann et al., 1989), and for the NMDA receptor 
(Moriyoshi et al., 1991) and for the metabotropic glutamate receptor mea
suring calcium currents (Masu et al., 1991), but not for the GABAB recep
tors, because the postsynaptic outward potassium currents are too small 
(Sekiguchi et al., 1990; Taniyama et al., 1991; Woodward & Miledi, 1992). 
Four chemists and four technicians at Ciba–Geigy, Basel, and additional 
chemists at the Ciba–Geigy Central Research Laboratories in Manchester 
Trafford Park and in Macclesfield (Froestl et al., 2003) worked on phos
phinic acid derivatives from 1985 to 1995 until they finally obtained high 
affinity and high specific radioactivity GABAB receptor antagonists, such as 
[125I]CGP71872, which allowed the determination of the molecular weights 
of GABAB1a and GABAB1b receptors and [125I]CGP64213, which was used 
for the identification of cDNA clones after transfection into COS cells after 
(unsuccessfully) screening of 720,000 clones of a commercial cDNA library 
(lacking the large clones of 4.4 kb) followed by the successful screening 
of 620,000 clones of a freshly prepared cDNA library, 17 years after 
Bowery’s characterization of GABAB receptors by pharmacological means 
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(Kaupmann et al., 1997a). The GABAB receptor was the only receptor that 
was cloned using high affinity and high specific radioactivity ligands. 

More and more data from sophisticated in vivo experiments are com
piled on the potential use of GABAB receptor ligands in CNS diseases, such 
as depression, cognition deficits, and Down syndrome (GABAB receptor 
antagonists), anxiety and treatment of drug abuse (GABAB receptor positive 
modulators), and schizophrenia (GABAB receptor agonists). In terms of 
drug development, the most advanced GABAB receptor agonist Lesogaberan 
is currently in Phase 2 clinical trials for the treatment of gastroesophageal 
reflux disease. 
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Heterodimerization of the 
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for GPCR Signaling and Drug 
Discovery 

Abstract 

The identification of the molecular nature of the GABAB receptor 
and the demonstration of its heterodimeric structure has led to extensive 
studies investigating the mechanism of activation and signaling. Phyloge
netic studies suggest that the formation of the heterodimer is a relatively 
recent event arising in conjunction with the evolution of the central 

Advances in Pharmacology, Volume 58 1054-3589/10 $35.00 
© 2010 Elsevier Inc. All rights reserved. 10.1016/S1054-3589(10)58003-7 



64 Marshall and Foord 

nervous system. Heterodimerization has now been demonstrated for 
many other G-protein-coupled receptors (GPCRs) and plays a role in 
signaling and trafficking. This presents both challenges and opportunities 
for GPCR drug discovery. In the case of the GABAB receptor the best 
hope for the development of new drugs directed at this receptor is from 
allosteric modulators. This chapter summarizes our current understand
ing of the molecular function of the GABAB receptor and recent devel
opments in the identification of allosteric modulators. The broader 
implication of heterodimerization on GPCR function and drug discovery 
is also discussed. 

I. Introduction 

The metabotropic GABAB receptor is a member of the superfamily of 
G-protein-coupled receptors (GPCRs). The GPCR superfamily consists of 
800 receptors (Foord et al., 2005; Fredriksson et al., 2003) which  share  
the common feature of having seven membrane-spanning helices which 
are located within the plasma membrane and an extracellular N-terminus 
which varies significantly in size and may contain a number of protein 
subdomains involved in ligand binding (Lagerstrom & Schioth, 2008). 
Within the superfamily there are three distinct subfamilies, related by 
sequence homology, known as Family A (rhodopsin family), B (secretin 
family), and C (metabotropic family). GPCRs are widely regarded as the 
most important class of receptors for drug discovery since currently 
around 30% of the marketed prescription drugs act at this class of 
receptors (Jacoby et al., 2006). Within this large family of conserved 
receptors GABAB receptors stand out as having the unique property of 
being an obligate heterodimer. This unusual aspect of GPCR structure 
resulted in a significant delay in the molecular identification of the 
receptor. Its discovery in 1998 by three different groups of researchers 
(Marshall et al., 1999) has had a dramatic impact on our understanding 
of the biology of the entire GPCR superfamily. The discovery led to the 
recognition that homodimerization or the formation of higher order 
oligomers is most likely the normal state for the majority of GPCRs 
(Milligan, 2007). Furthermore the ability of GPCRs to form heterodi
mers with related as well as distinct receptors in different tissues has 
been shown to have an impact on their trafficking, signaling, and phar
macology (Milligan, 2006). In this chapter we review the discovery of 
the GABAB receptor heterodimer and the evolution of this receptor 
across different species. We discuss the structure and function of this 
unusual GPCR, the heterodimerization of GPCRs, and the impact of this 
on GPCR drug discovery. 
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II. Identification of the GABAB Receptors 

A. Expression Cloning of the GABAB1 Receptor 

The late 1980s and 1990s and the sequencing of the human genome 
heralded a rich age in GPCR molecular pharmacology. Many receptors 
which had previously been described pharmacologically were cloned using 
techniques such as partial sequencing of purified proteins isolated from 
native tissue (e.g., hamster b-adrenergic receptor (Lefkowitz, 2004)) or by 
expression cloning based on ligand binding (Kieffer et al., 1992), or function 
(Segre & Goldring, 1993). This led to the identification of many other well-
described receptors based on sequence homology (Libert et al., 1989) as well 
as the identification of new subtypes not identified by pharmacology such as 
the histamine H4 receptor (Nakamura et al., 2000). New families with 
completely novel pharmacology were discovered such as the receptors for 
orexins, sphingolipids, and carboxylic acids as well as the many so-called 
orphan receptors whose native ligands and functions remain undiscovered 
(Civelli, 2005). Despite all this frenetic activity for many years the GABAB 

receptor remained one of the few GPCRs that was well described pharma
cologically but could not be cloned. 

Many groups across the world attempted a variety of strategies to clone 
this important receptor. Two teams attempted protein purification from 
bovine (Nakayasu et al., 1993) and pig (Facklam & Bowery, 1993) brain. 
Purification was attempted using a baclofen affinity column as well as a 
monoclonal antibody. Several attempts were made at expression cloning in 
Xenopus oocytes including Barnard, who had previously cloned the GABAA 

receptor (Schofield et al., 1987), and Tanaka and Sekiguchi in Japan (Seki
guchi et al., 1990; Taniyama et al., 1991; Woodward & Miledi, 1992) 
These all proved unsuccessful. 

The breakthrough in expression cloning in the end came from chemistry 
rather than molecular biology. Wolfgang Froestl team at Novartis (then 
Ciba–Geigy (Froestl et al., 2003)) designed the photo-affinity radioligand 
[125I]-CGP71872 which upon irradiation bound irreversibly to native 
GABAB receptors in rat brain membranes. This indicated that there were 
two proteins with molecular weight 130 and 100 kD (unlike the 80 kD 
protein previously purified). Since commercial cDNA libraries were unlikely 
to contain clones of this size, a new cDNA library was prepared from rat 
brain membranes. Screening of this library by Kaupmann and Bettler 
resulted in the identification of the first GABAB receptors. Two splice 
variants were identified: GABAB1A which had 960 amino acids and 
GABAB1B which differed only in the N-terminal extracellular domain and 
had 844 amino acids. The 1A subunit includes a tandem pair of consensus 
sequences for the complement protein (CP) module (also known as Sushi 
domains) that are missing in 1B. 
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Although this work was published in Nature in March 1997 (Kaup
mann et al., 1997) it was clear that this receptor did not fulfill all the 
characteristics of the native GABAB receptor. Firstly although the affinity 
of antagonists in competition studies was close to that of native receptor in 
rat brain membranes, agonist affinity was significantly lower at the newly 
cloned receptor. Of more concern was the fact that expression of the 
receptor in heterologous systems failed to couple to any known effectors 
of the receptor. Subsequently it was shown that in most systems GABAB1 is 
not expressed at the cell surface (Couve et al., 1998). 

B.	 Heterodimerization with GABAB2 Subunit 

Searches of sequence databases with the GABAB1 sequences revealed the 
existence of a second closely related receptor which is now referred to as 
GABAB2. This receptor was 35% homologous to GABAB1; however, unlike 
GABAB1, it was expressed at the cell surface when expressed alone but 
nevertheless failed to respond to GABA or other similar amino acids (Mar
shall, 2000). Further studies demonstrated that these receptors showed a 
remarkable overlap in expression throughout the brain. Furthermore in a 
yeast two-hybrid study designed to identify a molecular chaperone for 
GABAB1 the strongest hit was the second receptor GABAB2. It was soon 
clear that fully functional GABAB receptors consist of a heterodimer of both 
subunits GABAB1 and GABAB2 (Jones et al., 1998; Kaupmann et al., 1998; 
White et al., 1998). Following coexpression GABAB2 traffics GABAB1 to 
the cell surface generating a receptor capable of high agonist affinity bind
ing, G-protein coupling, and effector activation (Bettler et al., 2004). 

III.	 The Phylogeny of GABAB Receptors GABAB Receptors in 
Different Species 

A.	 GABAB Receptors in Different Species 

Both subunits of the GABAB receptor along with the metabotropic 
glutamate receptors (mGluRs), calcium sensing receptor (CaSR), taste receptors 
(T1R), pheromone receptors (V2R), and certain odor receptors have the 
same basic architecture. Each protein is made up of two distinct protein 
domains: the “Venus fly trap domain” or VFTD and the seven transmem
brane (7TM) domain of the Family C GPCRs. The GABAB receptor subunits 
are slightly different from the others in that they do not have a cysteine-rich 
domain linking the VFTD and 7TM domains (Lagerstrom & Schioth, 2008; 
Pin et al., 2003). This may change the flexibility of the “hinge” between the 
two domains. The crystallization of the VFTD from the mGluR1 receptor 
including glutamate and ligand-free forms (Kunishima et al., 2000) shows 
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that glutamate binding changes the conformation of the VFTD which must 
be communicated to the 7TM domain. This VFTD to 7TM mechanism is 
amongst the oldest employed to activate G proteins, and it is worth con
sidering how it appears to have arisen during the course of evolution. 

The evolution of Family C GPCRs has been driven by three successive 
gene duplication events. About 899 million years ago (mya) duplication 
resulted in two distinct groups: the GABAB-like receptors and the other 
Family C receptors. A second duplication at about 638 mya resulted in the 
mGluR group forming within the “others.” The third duplication at about 
573–565 mya separated the sensing receptors (CaSR and T1R) and the two 
GABAB subunits. These figures have been derived from a phylogenetic 
analysis of the VFTD sequences from species including the slime mould 
Dictyostelium discoideum, the fly Drosophila melanogaster, and the worm 
Ceanorhabditis elegans (Cao et al., 2009). It is interesting that a similar 
analysis of the 7TM domains of the same receptors gives very similar results 
(Pin et al., 2004). From this we might infer that the relationship between the 
VFTD and 7TM domains is close. 

These findings suggest that the heterodimeric nature of the GABAB 

receptor is actually amongst the most “recent” events in the evolution of 
Family C GPCRs. However, “recent” is a relative term. The GABAB receptor 
subunits from the fruit fly D. melanogaster are so conserved that they can 
complement those of the rat (Mezler et al., 2001). Given the divergence 
between arthropods and mammals occurred about 540 mya we are still 
describing an extremely old and extraordinarily well conserved mechanism. 
The sea squirt, Ciona intestinalis, has an evolutionary pedigree almost as old 
as the arthropods and contains about the same number of genes (roughly 
16,000—half the number found in mice and humans). The barrel-shaped 
adult squirt attaches to rocks, piers, boats and the sea bottom and feeds by 
siphoning seawater through its body and using a basket-like internal filter to 
capture plankton and oxygen. This seems a very basic body plan; however, 
its egg develops into a small tadpole comprised of only about 2,500 cells 
with a notochord and a primitive nervous system and in this stage of its life 
C. intestinalis is highly mobile. Whilst there are differences between the 
GPCRs in C. intestinalis and the two insects analyzed so far (fruit fly and 
honey bee) (Fredriksson et al., 2005) both have Family C GPCRs much like 
a mammal. By this time, about 573–565 mya, the third Family C gene 
duplication had occurred and the GABAB receptor as we recognize it had 
appeared (Kamesh et al., 2008). 

If the third gene duplication gave rise to the GABAB subunits then what 
was the nature of the GABAB receptor before that point? The slime mould 
D. discoideum responds to GABA via a GPCR with a 100-fold greater 
affinity for GABA than glutamate. However, this animal predates even the 
first gene duplication that gave rise to GABAB and other class C GPCRs. 
Confusingly, its genome contains 17 class C GPCRs all of which resemble 
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GABAB receptors from higher eukaryotes (Eichinger et al., 2005; Prabhu 
et al., 2007a, 2007b). The role of these receptors is starting to be understood 
thanks to the development of D. discoideum as a model organism and the 
application of molecular genetics. D. discoideum forms spores and this 
process is controlled via GPCRs by GABA, glutamate, and SDF-3 (see 
below). To summarize, D. discoideum expresses a combined GABA/gluta
mate receptor termed GrlE. GABA has a 100-fold higher affinity than 
glutamate but the levels of glutamate may be correspondingly higher. Glu
tamate activates a G protein Ga9 via GrlE and GABA activates Ga7. These G 
proteins are antagonistic with regard to spore formation (Anjard & Loomis, 
2006). GrlE is the most “GABAB-like” of the 17 Family C GPCRs in its 
genome and may represent a prototypical receptor. As for the remaining 16 
Family C GPCRs, they appear to indicate how far this organism has evolved 
this particular receptor template. Another receptor, GrlA, controls the pro
duction of GABA via Ga4. However, its ligand, SDF-3, is neither glutamate 
nor GABA but a small and as yet unidentified hydrophobic molecule that 
shows some of the pharmacology of a hydrocortisone-like steroid. Pharma
cological inhibition of steroidogenesis during the development of Dictyos
telium blocked the production of SDF-3. Moreover, the response to SDF-3 
could be blocked by the steroid antagonist mifepristone, whereas hydro
cortisone and other steroids mimicked the effects of SDF-3 when added in 
the nanomolar range (Anjard et al., 2009). Another receptor, GrlJ, has 
already been identified as having a role in a different stage of the D. 
discoideum life cycle (Prabhu et al., 2007b). Other “simple” animals appear 
to have evolved the Family C template yet further. Placozoans are the 
simplest in structure of all nonparasitic multicellular animals and have 
genomes comparable in their protein-coding capacity to D. discoideum. 
They were first found growing on the walls of aquaria. The genome of the 
placozoan Trichoplax adhaerens has been reported to contain 85 class C 
GPCRs. XP_002109202.1 and XP_002113243.1 are 32% identical to 
GABAB2 and XP_002113243.1 is 34% identical to GABAB1 (Srivastava 
et al., 2008). 

B. The Heptahelical (7TM) Domain 

All of the Family C GPCRs that have been paired with ligands have 
contained the VFTD. The GABAB receptor-like receptor (GABAB RL) shows 
30% sequence identity in its TM domains to the GABAB receptor subunits. 
It lacks a VFTD but contains cysteine residues in its truncated amino 
terminus (unlike the GABAB receptor subunits). Besides GABAB RL a 
further six “truncated” Family C orphans (e.g., RAIG1/GPRC5A) have 
been identified that more closely resemble mGluR receptors and again 
contain cysteine residues in their amino termini (Lagerstrom & Schioth, 
2008). Whether the 7TM domain alone can be activated to the extent that 
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FIGURE 1 Family C GPCR sequence alignments. Human Family C GPCR sequences from 
(A) TMD and (B) VFTD were aligned using Clustal W and the relationships between sequences 
displayed using it Cladogram tool (http://www.ebi.ac.uk/Tools/clustalw2/index.html). The 
receptors were split at the extracellular boundary of transmembrane 1; no other sequence 
manipulation was performed. The figures show that the sequence changes in the two domains 
mirror each other such that the relationships between the receptors appear very similar 
irrespective of which domain is chosen for analysis. 

it couples to G proteins has not been definitively shown as there are no 
ligands. However, in Xenopus laevis melanophores the overexpression of 
GABAB RL and RAIG1 leads to pigment dispersion characteristic of the 
activation of Gai/o. The GABAB RL was Gai/Gao whilst mGluR1 and CaSR 
were Gas/Gaq-coupled (C. Jayawickreme, personal communication). The 
7TM domains of Family C GPCRs show little homology to those of other 
GPCR families; however, within Family C positions are conserved in helixes 
3, 6, and 7. Some of these are also conserved in Family A receptors and this 
is a common ancestry and similar mechanism of activation (Lagerstrom & 
Schioth, 2008). Figure 1 shows the relationship of both the TMD and the 
VFTD across Family C receptors. 

C. The Venus FlyTrap Domain 

The VFTD is an ancient protein module that shares sequence homology 
with bacterial periplasmic amino acid-binding proteins (PBPs). Bacteria use 
these proteins to bind and transport a wide range of small molecules, such as 

(http://www.ebi.ac.uk/Tools/clustalw2/index.html)
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amino acids and vitamins, that can help their growth and division (Felder 
et al., 1999; Pin et al., 2003). Mutations have often arisen in the “hinge” 
between the two lobes of the VFTD in Family C GPCRs. This region is 
associated with ligand binding in glutamate receptors (through direct obser
vation of the mGluR1 VFTD structure (Kunishima et al., 2000) and in other 
Family C GPCRs by mutagenesis or subtle species differences (Pin et al., 
2003)). Liu’s group (Cao et al., 2009) performed a detailed sequence 
analysis and modeled 269 significantly constrained sites using the crystal 
structure of the mGluR1 VFTD domain (Kunishima et al., 2000). They 
showed that the sites that typify each receptor type within Family C cluster 
around the “binding pocket” of the VFTD. The changes in mGluRs are 
different than those in the T1Rs which differ again from those in the 
GABAB1 subunit, for example. Independently, Kuang et al. (2006) predicted 
that the pharmacology of the mGluRs was distinguished from “sensory” 
Family C receptors by only a few residues. They tested their hypothesis on 
the broad specificity 5.24 amino acid-sensing receptor in the fish (which 
have an expanded group of these receptors) by mutating its VFTD in three 
places to “recapitulate the ancestral receptor.” The pharmacology of the 
“ancestor” was more like a glutamate receptor and less like a basic amino 
acid receptor (it now responded to glutamate and less well to arginine). 
Candidates for the residues which determine GABA binding by the VFTD of 
GABAB have been defined by mutagenesis and modeling based on the 
mGluR1 VFTD structure (see below). 

The changes in the GABAB subunits are interesting in that the R1 
subunit shows strong selection pressure in the binding pocket whereas the 
GABAB2 subunit shows almost none consistent with the role of the GABAB2 

subunit as a signaling rather than binding subunit. This finding was initially 
made experimentally when it was found that mutagenesis of the GABAB2 

subunit “binding domain” had essentially no effect on subsequent GABAB 

receptor function (Kniazeff et al., 2002). 

IV. Structure of GABAB Receptors 

A. The Heptahelical Transmembrane Domain 

To date there are no X-ray crystal structures of any Family C trans
membrane regions; however, recently there have been a number of X-ray 
structures of Family A GPCRs. Rhodopsin remains the prototypical GPCR 
for structure determination (Palczewski, 2006), and recently crystal struc
tures have been obtained of the activated form of rhodopsin in complex with 
a peptide from the G protein transducin (Park et al., 2008; Scheerer et al., 
2008). Family A structures are also available for the b-adrenergic receptors 
(Cherezov et al., 2007; Warne et al., 2008) and the adenosine A2a receptor 
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(Jaakola et al., 2008). Although these receptors have very little homology 
with Family C receptors they likely evolved from a common ancestor and 
therefore will share some structural features. It would be surprising if the 
mechanism involved in transmitting the signal-binding event through the 
TMD to bind and activate common G proteins is very different. 

It is becoming clear from recent structural work on rhodopsin that upon 
agonist binding there are changes in the conformations of the side chains of 
highly conserved residues that contribute to both a hydrogen bond network 
within the TMD. These changes are transmitted through the receptor ulti
mately resulting in an outward rigid body movement of TM6 at the cyto
plasmic face opening up a binding pocket for the G protein to bind. 
Interestingly many of these conserved residues which appear to function as 
molecular micro switches in Family A receptors (Nygaard et al., 2009) have 
equivalent highly conserved residues in Family C receptors. 

Of the 19 highly conserved residues in the TMD of Family C, 7 are also 
found in the rhodopsin family (Pin et al., 2003). The NPxxY motif in TM7 is 
found in 92% of Family A GPCRs and includes an important tyrosine 
residue which undergoes a key role in receptor activation. In the inactive 
state of rhodopsin this Tyr interacts with helix 8; however, in the opsin 
complex the tyrosine is rotated toward TM6 stabilizing the interaction 
between TM6 and TM7. Many Family C receptors contain a similar 
xPKxY motif in TM7; however, in GABAB1 this is PKxR and in GABAB2 

it is PKxI (Pin et al., 2003). It is possible that the arginine in GABAB1 could 
form similar hydrogen-bonding interactions to tyrosine; however, the pre
sence of isoleucine in GABAB2 suggests that different interactions may occur 
upon activation and G-protein coupling of this TMD. 

The most highly conserved micro switch in Family A is the Arg which 
forms part of the DRY motif in TM3 which in rhodopsin forms a salt bridge 
to glutamic residues in TM3 and TM5 known as the “ionic lock.” This lock 
is broken during activation and instead the Arg rotates to make a hydrogen 
bond interaction with a Tyr in TM5 contributing to the formation of a 
G-protein-binding pocket. Interestingly GABAB2 but not GABAB1 has an 
Arg in this position in TM3. 

Finally within TM6 there is a highly conserved Trp present in most 
Family A and C receptors. This Trp is located at the bottom of the small 
molecule-binding pocket and may play an early role in the receptor activa
tion process. Surprisingly unlike most other Family C receptors including all 
the metabotropic receptors there is no Trp at this position in any of the 
GABAB receptors. This suggests that the triggering point for activation of 
the GABAB heterodimer may be quite different to other GPCRs. 

Overall it seems that the structure of the GABAB receptor TMD and the 
conformational changes which occur during activation will show some 
similarities to Family A receptors; however, until we obtain at least a Family 
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C TMD structure and preferably a structure of the GABAB heterodimer we 
will not fully understand the molecular basis of GABAB function. 

B. The Venus FlyTrap Domain 

The crystal structures of several VFTD from mGluRs have now been 
obtained (Jingami et al., 2003; Kunishima et al., 2000; Muto et al., 2007; 
Tsuchiya et al., 2002). The first crystal structures were of mGluR1 VFT in 
glutamate-bound and two ligand-free forms. These proteins crystallize as 
dimers which interact via a large hydrophobic surface in lobe 1. The gluta
mate-bound and free-form crystals were nearly identical (Kunishima et al., 
2000). Subsequently crystal structures of antagonist S-MCPG ((S)-(a) 
methyl-4-carboxyphenylglycine)-bound and gadolinium-bound forms were 
also obtained (Tsuchiya et al., 2002). In these structures the lobes are con
nected by three short loops and come together in a clamshell-like shape. The 
glutamate-bound structure included both closed and open protomers (con
sidered to be the active A conformation) whilst the antagonist form consisted 
of two open protomers (considered to be the inactive R conformation). 
Closure of at least one of the VFTDs as a result of glutamate binding is 
suggested to stabilize the active conformation of the VFTDs which involves a 
direct association of lobes 2. This interaction may result in a movement of 
the VFTD relative to the TMD and thus an activation of the GPCR (Fig. 2). 

(A) GABAB1 GABAB2 
(B) 

VFTD 

TMD 

Inactive Active 

GABA 
No 
ligand 

G 

FIGURE 2 Proposed structure of the GABAB heterodimer in active and inactive states. The 
structure of the heterodimeric GABAB receptor in its inactive (A) and active (B) states with the 
extracellular domains modeled on the VFTD of the related mGluR1. The two related subunits, 
GABAB1 (in the front, in black) and GABAB2 (in the back, in light gray), are shown. Binding of 
the agonist GABA to the VFTD alters the conformation to a closed state which results in 
a subsequent activation of the 7-TM domain of the GABAB2 subunit which is responsible for 
G-protein coupling. Figure is taken from Pin and Prezeau (2007) and is reproduced with kind 
permission from Bentham Science Publishers Ltd. 
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More recently the structures of the group II mGluR3 and group III 
mGluR7 VFTDs have been obtained (Muto et al., 2007). Surprisingly the 
mGluR3 structure complexed with agonist adopted the closed/closed R 
conformation suggesting other possibilities for an activation mechanism. 

Although we do not yet have a structure of the GABAB VFTD it is likely 
to closely resemble that of the mGluRs. The exact mechanism of action which 
transmits agonist binding from the VFTD to the TMD remains to be con
firmed; however, in the case of the GABAB receptor since only one pair within 
the dimer binds ligand, a model in which the VFTDs can form an active 
conformation with an open/closed combination remains likely. Mutagenesis 
studies supporting the role of lobe 2 interactions during receptor activation of 
the GABAB receptor are described below (Rondard et al., 2008). 

V. Function of the GABAB Receptor Heterodimer 

A. Binding of GABA to the GABAB1 Subunit 

Within the heterodimer it is clear that each subunit subserves a different 
function. The GABAB1 subunit is primarily involved in ligand binding. The 
extracellular VFTD of GABAB1 binds the agonists GABA and baclofen, as 
well as competitive antagonists such as CGP64213 (Galvez et al., 1999, 
2000; Malitschek et al., 1999). Site-directed mutagenesis studies have been 
used to determine the key residues involved in ligand binding. Ser246 and 
Asp471 in lobe 1 are critical for agonist binding. Ser246 is also involved in the 
binding of the antagonist CGP64213. Mutation of this residue to alanine 
decreases agonist affinity determined in functional assays by 1,000-fold. 
This residue is thought to contact the carboxylic acid of GABA and baclofen 
via a hydrogen bond. Asp471 is thought to form an ionic interaction with the 
amino group of the agonists. Mutation of this residue reduces agonist 
activation as well as antagonist binding. This residue is highly conserved 
across GABAB1 subunit from different species. Several residues in lobe 1 
have been identified which decrease antagonist but not agonist binding. 
These include Ser265, Tyr266, Phe463, and Tyr470. 

Although lobe 1 appears to play a pivotal role in ligand-binding muta
genesis of Tyr366 in lobe 2 also decreased the affinity of GABA and baclofen 
(Galvez et al., 2000). Presumably this residue must form its interaction when 
the VFTD is in its closed conformation. According to the model of Galvez 
et al., in this form the hydroxyl group Tyr366 could form a hydrogen bond 
from its oxygen to the carboxylic group of baclofen. Mutation of this 
residue prevents receptor activation by baclofen and converts it to a compe
titive antagonist. 

Although GABAB1 is able to bind to GABA it cannot signal in the 
absence of the GABAB2 subunit. One role of GABAB2 is to traffic GABAB1 
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to the cell surface; mutation of the endoplasmic reticulum (ER) retention 
sequence on GABAB1 allows the receptor to reach the cell surface alone; 
however, even at the cell surface GABAB1 does not signal in the absence of 
GABAB2 (Calver et al., 2001; Margeta-Mitrovic et al., 2000; Pagano et al., 
2001). Based on the function of VFTDs in other receptors, in particular 
mGluR1 (Kunishima et al., 2000), it is thought that binding of agonists 
results in a stabilization of the closed state of the VFTD. This has been 
supported by mutagenesis studies where cysteine residues were introduced 
into both lobes 1 and 2 that form a disulfide bond in the closed form of the 
receptor (Kniazeff et al., 2004; Pin et al., 2004). When this mutant was 
coexpressed with the GABAB2 subunit a significant constitutive activity was 
observed as seen by an elevated inositol phosphate formation through the 
activation of the chimeric G protein Gaq19. This activity was abolished by 
the addition of the reducing agent dithiothreitol confirming the role of the 
mutant disulfide bond. When this receptor was locked in this active con
formation it no longer bound antagonists (Kniazeff et al., 2004). 

In summary, the role of the GABAB1 subunit is to bind agonists resulting 
in closure of the GABAB1 VFT—the first step in receptor activation. 

B. Role of the GABAB2 Subunit in Ligand Binding 

The VFTD of the GABAB2 subunit is similar in sequence to other VFT 
modules consistent with the possibility that it could be activated by an 
agonist ligand independent of GABAB1. Indeed there are regions of the 
brain where GABAB2 is expressed in the absence of GABAB1 (Lopez-Bendito 
et al., 2002; Ng & Yung, 2001). Radioligand-binding studies with standard 
GABAB ligands have failed to show any specific binding to GABAB2 (Knia
zeff et al., 2002; Pin et al., 2004); however, in the case of agonists these have 
low affinity and do not make good radioligands. There have been a small 
number of reports published where GABA and baclofen have been shown to 
activate GABAB2 alone (Martin et al., 1999); however, this is not a common 
finding. Mutagenesis studies which have defined key residues for binding of 
agonists to the VFTD of GABAB1 indicate that none of these residues are 
present in GABAB2 subunits despite a high degree of conservation in 
GABAB1 from different species (Pin et al., 2004). It is possible that 
GABAB2 may bind a different as yet undiscovered ligand which could 
function as a co-ligand of the receptor; however, the putative binding site 
within the GABAB2 VFTD is poorly conserved across subunits from differ
ent species suggesting a lack of evolutionary pressure to conserve a ligand-
binding site. Extensive mutagenesis of this region has no effect on the 
functioning of the GABAB receptor (Kniazeff et al., 2002). 

Although GABAB2 appears not to be directly involved in agonist bind
ing it does make an important contribution. In the absence of GABAB2, 
agonist binding to GABAB1 is of low affinity. This is not due to misfolding 
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or incomplete glycosylation of the receptor (Galvez et al., 2001). Coexpres
sion of GABAB2 results in a 10-fold increase in agonist affinity for GABAB1. 
The interaction between the VFTD of the two subunits has been studied 
using chimeric receptor where the VFTDs have been swapped between the 
two subunits (Galvez et al., 2001) as well as using isolated VFTDs linked to 
single transmembrane domains (TMDs) or GPI anchor domains (Liu et al., 
2004). These studies have demonstrated a cooperative interaction between 
the VFTDs of both subunits. In chimeric receptors an increase in agonist 
binding to GABAB1 results from coexpression both with GABAB2 as well as 
with a chimera consisting of the extracellular domain of GABAB2 attached 
to the TM domain of GABAB1 (Galvez et al., 2001). This increase in affinity 
is due to two effects. Firstly it opposes negative allosteric effects (NAMs) 
between the VFTD and the TMD of GABAB1. In the absence of the TMD the 
VFTD of GABAB1 binds agonists with high affinity. This negative effect of the 
transmembrane region on agonist binding is also found in the mGluRs (Pelte
kova et al., 2000). Interaction with the TMD favors the open (low agonist 
affinity) state of the VFTD and this is reduced in the presence of GABAB2 (Liu 
et al., 2004). Secondly a direct interaction occurs between the two VFTDs. 
Fluorescence resonance energy transfer (FRET) studies have shown that there 
is a direct binding between the VFTDs of both subunits. Addition of the 
isolated VFTD of GABAB2 increased agonist affinity for GABAB1 threefold. 
This increase in affinity is most likely due to the ability of GABAB2 VFTD to 
stabilize the closed state of the agonist-bound GABAB1 receptor. 

In line with proposed mechanisms for interactions between the VFTDs 
of mGLUR1 described above it was found that preventing association 
between lobes 2 of GABAB1 and GABAB2 by the introduction of an 
N-glycosylation site at the lobe 2 interface had no effect on receptor assem
bly or agonist binding but completely prevented receptor activation (Pin 
et al., 2009; Rondard et al., 2008). 

C. Agonist-Induced Activation of G-protein Signaling 

The chimeric, mutated, or truncated receptors have been very useful in 
elucidating the role of the subunits in G-protein coupling and signaling 
(Galvez et al., 2001; Margeta-Mitrovic et al., 2001). Firstly the chimeras 
where the VFTDs were swapped onto different TMDs have demonstrated 
the requirement of the TMD of GABAB2 in G-protein coupling. In chimeras 
where both TMDs were derived from GABAB1 there was no G-protein 
coupling (despite having the normal GB1/2 VFTD combination) whereas 
in chimeras where both TMDs were from GABAB2 G-protein coupling was 
possible, although it was lower than the wild-type receptor (Galvez et al., 
2001). In more detailed mutagenesis studies the loops and C-terminal tail of 
GABAB2 were sequentially removed and replaced with random peptides 
(Margeta-Mitrovic et al., 2001). Modified receptors were coexpressed 
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with the potassium channels GIRK1/GIRK2 (Kir3.1/3.2) in Xenopus 
oocytes. All intracellular regions of GABAB2 were found to be required for 
coupling to GIRK channels whilst in contrast none of the intracellular 
regions of GABAB1 were required. 

The important regions of GABAB2 involved in G-protein coupling have 
been further elucidated by single point mutations introduced into the 
intracellular loops (Duthey et al., 2002; Robbins et al., 2001). Mutation 
of Leu686 to proline or serine in the third intracellular loop of GABAB2 

significantly reduced the ability of the receptor to couple to the chimeric G-
protein (Gaqi9) in HEK293 cells or to native G-proteins inhibiting calcium 
channels in primary neurons. Similar residues have found to be important 
in the G-protein coupling of mGluR1 and the calcium-sensing receptor 
(Francesconi & Duvoisin, 1998). In contrast mutation of the equivalent 
residue in GABAB1 had no effect on G-protein coupling. Mutations of 
residues Lys586, Met587, and Lys590 in the second intracellular loop of 
GABAB2 also prevented agonist-induced signaling of the receptor (Robbins 
et al., 2001). 

Although G-protein coupling is clearly mediated via GABAB2, the 
TMD of GABAB1 also plays a role (Galvez et al., 2001). Coexpression of 
GABAB2 with a chimera consisting of GABAB1 VFTD and GABAB2 TMD 
is able to generate a functional receptor. However, the maximal effects of 
saturating agonist concentrations (measured by inositol phosphate produc
tion upon coexpression with Gqi9) is found to be half of that obtained with 
a wild-type receptor or chimeric combinations which include TMDs from 
both subunits. In addition the affinity of agonists measured in competition-
binding studies was also lower compared to wild-type receptors. This 
suggests that cooperative interactions occur between the two subunit 
TMDs to increase G-protein coupling efficiency. 

Taken together the studies carried out on engineered receptors together 
with information from other Family C receptors now give us a clear under
standing of the mechanism of activation and signaling of the GABAB hetero
dimer. The binding of GABA to the VFTD of the GABAB1 subunit results in 
its closure. This is stabilized by a direct interaction with the VFTD of 
GABAB2. This results in a conformational change in the VFTD dimer 
relative to the TMD of the receptor. This conformational change is trans
mitted to the TMD, stabilizing an active conformational state which is 
capable of G-protein binding to the intracellular regions of GABAB2. The 
G-protein is fully activated in a process that requires interaction between the 
TMDs of GABAB1 and GABAB2. Thus the GABAB receptor is a complex 
multidomain protein with allosteric interactions between the subunits neces
sary for correct receptor function. 

It is clear that a heterodimer is the minimal unit required for GABAB 

receptor functioning; however, several studies suggest that GABAB receptors 
assemble into larger multimeric complexes. Using FRET studies with tagged 
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receptors or with monoclonal antibodies to the N-termini of the receptor 
subunits it was found that a strong FRET signal could be obtained between 
GABAB1 subunits but not through GABAB2 subunits. This suggests that 
GABAB receptors assemble into oligomers which involve a close interaction 
between GABAB1 subunits. Similar multimeric complexes could also be 
detected in brain membranes and cultured neurons (Maurel et al., 2008; 
Pin et al., 2009). Surprisingly disruption of the oligomers by overexpression 
of a truncated GABAB1 subunit appeared to increase signaling measured by 
calcium mobilization though Gqi9 by twofold. Oligomerization may be a 
method to regulate G-protein signaling efficiency of the receptor perhaps to 
allow interaction with other proteins in the complex involved in G-protein 
independent signaling (Pin et al., 2009). 

D. Mechanism of Action of Allosteric Modulators 

The majority of drugs targeted at GPCRs bind to the orthosteric binding 
site and are competitive with the endogenous agonist. For Family C recep
tors targeting the orthosteric site which normally binds small charged amino 
acids (or cations in the case of CaSR) has proved problematical, and com
pounds which can bind to these sites tend to have poor drug properties such 
as pharmacokinetics. In the case of the mGluR family the ligand-binding site 
is highly conserved and orthosteric ligands tend to have problems with 
selectivity. Since glutamate and GABA represent the key excitatory and 
inhibitory neurotransmitters throughout the CNS, the use of drugs which 
turn on or off the receptor is prone to significant side effects. 

A major breakthrough in the discovery of drugs for Family C receptors 
(and indeed many other GPCRs) has been the development of allosteric 
modulators (Conn et al., 2009; Wang et al., 2009). These ligands bind at 
sites distinct from the orthosteric site and in the case of Family C receptors 
the binding of allosteric modulators is principally within the TMD of the 
receptors. Allosteric modulators can behave in a positive (PAM) or negative 
(NAM) manner to modulate ligand affinity and/or efficacy. A major benefit 
of allosteric regulators is that their effect will depend on the local concentra
tion of endogenous agonist ligand such that their action is “use-dependent” 
and therefore are less likely to produce side effects and tolerance. 

In the case of GABAB receptors positive allosteric modulators (PAMs) 
have been identified (Pin & Prezeau, 2007). These agents either have no 
activity in their own right or are very weak partial agonists; however, they 
can increase both the potency and the efficacy of GABA. The two PAMs 
which are best characterized for GABAB receptors are CGP7930 and 
GS39783 (Fig. 3). These ligands can enhance both agonist potency by 
approximately 5 to 10 fold and efficacy by approximately 2-fold (Fig. 4). 
These effects can occur with a number of different GABA agonist including 
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FIGURE 3 Chemical structures of the GABAB receptor positive allosteric modulators (A) 
CGP7390 and (B) GS39783 (see Pin & Prezeau, 2007). 
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FIGURE 4 The effect of the positive allosteric modulator CGP7390 on GABAB receptor 
signaling. CGP7390 (100 mM) increases the potency and efficacy of GABA in a GTPgS-binding 
assay to recombinant GABAB receptors expressed in HEK 293 cells. Figure is taken from Pin and 
Prezeau (2007) and is reproduced with kind permission from Bentham Science Publishers Ltd. 

GABA, baclofen, and 3-aminopropylphosphonic acid (APPA) as well as 
partial agonists such as CGP47656. 

The mode of action of CGP7930 has been studied again using chimeric 
receptors (Binet et al., 2004). This compound does have some weak agonist 
activity in the absence of orthosteric agonist. Using chimeric subunits it was 
found that CGP7930 could activate the GABAB2 when this was expressed 
alone in the absence of GABAB1 and that this effect was mediated by the 
TMD (Binet et al., 2004). GS39783 is inactive at the Drosophila GABAB 

receptor and so Kaupmann’s group made chimeric receptor-swapping 
regions and residues between Drosophila and rat receptors (Dupuis et al., 
2006). Only chimeric receptors which included the TMD of rat GABAB2 

were modulated by GS39783. Further mutagenesis studies led to the identi
fication of a mutant receptor (G706T, A708P in TMVI of rGB2) which 
could be activated by GS39783 in the absence of orthosteric agonist. 
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The identification of allosteric modulators opens up new opportunities 
for drug discovery targeted at the GABAB receptor. Activation of GABAB 

receptors has therapeutic potential in a number of disease states including 
pain, anxiety, and drug addiction (Marshall, 2005; Pin & Prezeau, 2007); 
however, the use of directly acting agents such as baclofen is limited by side 
effects such as sedation, muscle relaxation, cognitive impairment, and 
hypothermia. A number of studies have been carried out with GABAB 

PAMs which suggest an improved therapeutic index. GS39783 has no effect 
on locomotion, cognition, temperature, or narcosis but had anxiolytic-like 
effects in a range of anxiety models in both rats and mice (Cryan et al., 
2004). Similar anxiolytic effects in the absence of side effects have been 
observed with CGP7930 (Jacobson & Cryan, 2008). PAMs for GABAB 

receptors also have utility in the treatment of drug addiction (Smith et al., 
2004). Both CGP7390 and GS3973 inhibit cocaine self-administration 
(Smith et al., 2004) and alcohol consumption in inbred alcohol-preferring 
rats (Liang et al., 2006; Orru et al., 2005). See also Tyacke et al. (2010), 
Chapter 15. GABAB PAMs are currently being evaluated in clinical trials for 
gastroesophageal reflux (see Lehmann et al., 2010, Chapter 13). 

The discovery of allosteric modulators and an understanding of their 
site and mechanism of action show great potential for the development of 
new therapeutic agents targeted at the GABAB receptor. Perhaps nearly 30 
years after Professor Bowery discovered the mechanism of action of baclo
fen, another agent targeting this receptor, will eventually reach the market. 

VI. GABAB as a Model System for GPCR Dimerization 

Although there were several early lines of evidence that GPCRs could 
form dimers or higher order oligomers (Salahpour et al., 2000) it was not 
until the discovery of the GABAB receptor heterodimer that the role of 
dimerization in normal GPCR function was recognized. Since then there 
has been an explosion in the number of groups studying GPCR dimerization 
to the extent that probably too many aspects of GPCR biology now seem to 
be explained through dimerization. A wide range of biochemical, biophysi
cal, and pharmacological techniques have been applied to demonstrate the 
formation of GPCR dimers including co-immunoprecipitation, FRET, com
plementation of inactivated mutant receptors, and pharmacological cross 
talk; however, many of these are prone to artifacts or are feature of over-
expressed systems (Milligan & Bouvier, 2005). Nevertheless there is now a 
large body of data supporting the idea that the majority of GPCRs function 
as dimers. Furthermore there is increasing evidence that many GPCRs can 
form heterodimers, and these may have important physiological conse
quences as well as representing potentially novel drug targets (Milligan, 
2009; Rozenfeld & Devi, 2010). 
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As described in this chapter as well as others in this book GABAB 

receptor heterodimerization plays a role in both receptor trafficking and 
signaling. It is now clear that these functions of dimerization for the GABAB 

receptor also apply to other GPCR receptor systems. 

A. Role of Dimerization on GPCR Trafficking 

The C-terminal tail of GABAB1 includes an ER retention motif such that 
the subunit is retained within the ER in the absence of GABAB2. Coexpression 
of GABAB2 results in a masking of this motif and a trafficking of the receptor 
to the cell surface. The ER retention motif in GABAB1 has been used to study 
the trafficking of other GPCRs. When the C-terminal tail of the b2-adrenergic 
receptor was replaced with that of GABAB it resulted in the retention of the 
b2AR in the ER (Salahpour et al., 2004). Interestingly this construct also acted 
as a dominant negative to prevent cell surface expression of the wild-type 
receptor b2AR when coexpressed. This suggests that homodimerization of 
b2AR occurs in the ER which was confirmed by bioluminescent resonance 
energy transfer (BRET) studies showing that BRET occurs between dimers 
both in the plasma membrane and ER. In addition mutations with the receptor 
which prevent dimerization impaired cell surface trafficking by 50%. 

Heterodimerization within the ER has also been shown to be a prere
quisite for the correct cell-surface expression of some GPCRs (Milligan, 
2010). The adrenergic receptor a1D-AR is poorly expressed at the cell surface 
and accumulates in the ER. When this receptor is coexpressed with a1B-AR 
but not a1A-AR the receptor pair forms a heterodimer resulting in transloca
tion of a1D-AR to the cell surface enabling a1D-AR mediated signaling. 
Truncation of the N and C terminal domains showed that these were not 
required for the interaction (Hague et al., 2004). Similar effects were found 
with the b2AR in that it could also heterodimerize with and translocate a1D
AR to the cell surface (Uberti et al., 2005). Other examples of heterodimer
ization playing a role in cell surface trafficking include the chemokine 
receptor pair CXCR1/CXCR2 (Wilson et al., 2005) and the taste receptors 
TIR2/TIR3 or TIR1/TIR3 (Nelson et al., 2001; Nelson et al., 2002). 

There are a number of naturally occurring mutations in GPCRs which 
lead to disease, and in some cases these mutations result in a loss of function 
as a result of receptors failing to reach the cell surface (Milligan, 2010; 
Ulloa-Aguirre & Conn, 2009). Such mutants can often behave as dominant 
negatives reducing the surface expression of coexpressed wild-type recep
tors, and this has an implication for heterozygotes who have a loss of 
function of greater than the expected 50%. Receptors which fail to traffic 
to the surface may have mutations which prevent dimerization. In the case of 
CaSR which similar to GABAB is a member of Family C mutations has been 
identified which led to an accumulation of dimeric receptors in the ER and a 
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lack of functional cell surface receptors. This results in familial hypocalciuric 
hypercalcemia (Pidasheva et al., 2006). 

Another example of obligate heterodimerization being required for 
correct cell surface trafficking of a GPCR is that of the calcitonin gene-
related peptide (CGRP) receptor (Foord & Marshall, 1999). In this case the 
GPCR, calcitonin receptor-like receptor (CRLR) heterodimerizes with a 
1-TM protein called RAMP1. This occurs in the ER and the complex 
moves to the cell surface thereby generating a functional CGRP receptor. 
In this case the RAMP protein also contributes to defining the pharmacol
ogy of the receptor. Heterodimerization of CRLR with a different RAMP 
protein changes the ligand specificity of the receptor from CGRP to adre
nomedullin. RAMPs can also dimerize with other GPCRs to alter their 
pharmacology and signaling properties (Sexton et al., 2006). 

It is now clear that the role of heterodimerization in trafficking the 
GABAB receptor to the cell surface is not unique to that receptor but actually 
plays a key role in trafficking many GPCRs to the cell surface. The identi
fication of the GABAB receptor dimerization has stimulated research in this 
field and this may lead to novel treatments for diseases caused by mutations 
which alter dimerization and cell-surface expression of GPCRs. 

B. Effect of Dimerization on GPCR Signaling 

The GABAB receptor has proved to be an excellent model system to study 
how a GPCR heterodimer couples to G proteins. The surface area of a hetero
trimeric G protein is approximately twice the size of the TMD of a GPCR 
(Hamm, 2001) suggesting that a GPCR dimer would only bind a single G 
protein. In the case of the GABAB receptor this makes sense since only one 
receptor subunit (GABAB2 receptor) is responsible for interacting with and 
activating the Ga subunit. In the case of heterodimerization between two 
functional 7-TM units this opens the possibility for one receptor to regulate 
signaling of the partner receptor and also may allow a receptor to signal through 
a different G protein than usual via transactivation of a heterodimeric partner. 

A well-studied example is that of opioid receptor heterodimerization 
(Rozenfeld & Devi, 2010). When coexpressed m and d opioid receptors form 
dimers and higher order oligomers which have both different pharmacology 
and signaling properties to the receptors expressed individually (George 
et al., 2000). The m and d oligomeric complex has a 10-fold lower affinity 
for the m- and d-selective agonists DAMGO([D-Ala2, N-MePhe4, Gly-ol]
enkephalin) and DPDPE ([d-Pen2,d-Pen5]-enkephalin), respectively, com
pared to the individual receptors and in addition the rank order of agonist 
affinities for a series of selected agonists was different to either single 
receptor. This suggests that either a new binding pocket is formed in the 
dimer or allosteric interactions between the receptors alter the shape of the 
ligand-binding pockets of the receptors. Furthermore the heterodimer, 
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unlike the single receptors, was insensitive to pertussis toxin and resistant to 
internalization suggesting that the heterodimer could couple to a different G 
protein and interact with a different set of regulating proteins. More recently 
it has been shown that heterodimerization of m and d receptors results in a 
recruitment of b-arrestin 2 which shifts the pattern of ERK1/2 phosphoryla
tion. Addition of agonist alters the equilibrium between hetero- and homo-
dimers switching signaling pathways from b-arrestin mediated to G-protein 
coupled (Rozenfeld & Devi, 2007). 

Another interesting example occurs in the dopaminergic system. Dopa
mine D1 and D2 receptors that normally couple to stimulate and inhibit 
adenylyl cyclase, respectively, when coexpressed can form heterodimers. 
The heterodimers, unlike either of the single receptors, are able to couple 
dopamine activation to the Gq pathway resulting in the activation of phos
pholipase C and mobilization of intracellular Ca2+ (Lee et al., 2004). 

Until recently most of the evidence for GPCR dimerization impacting on 
signaling came from recombinant systems; however, very recently in vivo 
evidence demonstrating the physiological significance of receptor dimers has 
emerged both from vertebrates and from invertebrates. To demonstrate that 
dimerization could occur in vivo Rivero-Muller et al. (2010) made trans
genic mice in which the native luteinizing hormone (LH) receptor was 
knocked out. Modified receptors which were deficient either in ligand 
binding or in signaling (through a deletion between TM6 and 7) were 
introduced into the null background and were able to reconstitute comple
tely normal LH signaling through intermolecular functional complementa
tion. This also suggests that receptors are capable of transactivation in vivo. 
Another recent example demonstrating the physiological significance of 
heterodimerization is taken from the sea squirt, C. intestinalis (see above; 
Sakai, Aoyama, Kusakabe, Tsuda, & Satake, 2009). This organism has 
four Gonadotropin releasing hormone receptors (GnRHRs) including 
Ci-GnRHR4 which was considered to be an orphan receptor since it has 
no affinity for any of the Ciona GnrH ligands. Heterodimers of GnRHR4 
with GnRHR1 can clearly be demonstrated in Ciona ovaries. Furthermore 
coexpression of these receptors in HEK293 cells resulted in a potentiation of 
calcium mobilization and ERK phosphorylation relative to R1 alone. Given 
that there remain over 100 orphan GPCRs it is possible that some of these 
may just be partners or regulators of other receptors—in the same way as 
GABAB2 without having a ligand in their own right. 

C. Relevance to GPCR Drug Discovery 

The discovery of the GABAB heterodimer was a wakeup call to the 
pharmaceutical industry that GPCR signaling may be more complex than 
was previously thought. The simplistic idea that one compound would bind 
to a single receptor and activate or inactive its G-protein-mediated signaling 
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pathway has now been replaced with the knowledge that GPCRs can func
tion as multiprotein complexes both at the level of the receptor in the 
membrane as well as the diverse set of signaling pathways and proteins 
that they interact with in the cytoplasm. 

With the growing evidence demonstrating the physiological relevance of 
heterodimerization it may be possible to develop heterodimer-specific drugs. 
Changes in the pharmacology of ligands when measured at the heterodimer 
suggest that there are changes in the binding pocket as a result of receptor 
dimerization. Furthermore new binding sites may be generated, for example, 
at the dimer interface which may be exploited therapeutically. So far only a 
small number of heterodimer-biased ligands have been described at the 
opioid receptors (Waldhoer et al., 2005) and dopamine receptors (Rashid 
et al., 2007). This number is set to increase as a number of companies have 
developed heterodimer-specific assays to specifically screen for heterodimer
selective ligands (Cara Therapeutics http://www.caratherapeutics.com/; 
Dimerex http://www.dimerix.com). 

Allosteric modulators which bind to one receptor and cause an 
increased or decreased response in the dimer partner is currently the most 
interesting strategy to target heterodimers. The GABAB heterodimer has 
proved a useful model in this regard. The allosteric ligands which have 
been identified for this receptor demonstrate the possibilities for receptor 
cross talk to modulate the potency and efficacy of agonist responses. In the 
case of Family C receptors allosteric regulators which bind within the TMD 
of the receptor offer the best opportunity for drugging this receptor class. 
PAMs and NAMs, particularly for the mGluRs, are in clinical trials for 
diseases including Parkinson’s disease, schizophrenia, and depression 
(Niswender & Conn, 2010). Allosteric modulators of the calcium-sensing 
receptor are on the market for the treatment of (Trivedi et al., 2008) 
hyperparathyroidism. Heterodimerization between adenosine A2a receptors 
and dopamine D2 receptors in Parkinson’s disease (Ferre et al., 2008) may 
increase the efficacy of A2a receptor antagonists in clinical development. 
Finally PAMs at the GABAB receptor are being investigated for diseases 
including pain, urinary incontinence, and gastroesophageal reflux 
(e.g., Addex Pharmaceuticals http://www.addexpharma.com). 

VII. Conclusions 

Since the cloning of the GABAB receptor and the surprising discovery of 
its heterodimeric nature there has been considerable work carried out to 
understand the molecular nature of the heterodimer and the mechanism of 
activation of the receptor. Much of this work has been carried out in the 
laboratories of Jean-Phillipe Pin (Universites Montpellier) whose group has 
undertaken extensive studies in making receptor chimeras and multiple 

http://www.caratherapeutics.com/;
Dimerex http://www.dimerix.com).
http://www.addexpharma.com
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mutant receptors. This work has also involved the study of the mechanism 
of action of the closely related mGluRs. In the case of GABAB receptors it is 
clear that the GABAB1 receptor subunit is involved in binding the agonist 
ligand; this most likely results in closure of the extracellular VFTD of the 
receptor and a change in conformation of a dimer between the VFTD of the 
two receptor subunits. Conformational changes in the extracellular domain 
are transmitted to the transmembrane-spanning domain ultimately resulting 
in coupling to and activation of the G protein. It is the GABAB2 receptor that 
is responsible for coupling to the G protein. 

Although the GABAB receptor remains the only obligate GPCR hetero
dimer there are now many other examples of heterodimerization within this 
family (Milligan, 2009). Heterodimerization plays a role in receptor traf
ficking and signaling and importantly for drug discovery may change the 
pharmacology. The possibility of designing drugs targeting heterodimers is 
now being investigated. 

Allosteric modulators which target the 7-TM domain offer the best 
opportunities for drugging the Family C subclass of GPCRs. In the case of 
the GABAB receptor a number of PAMs have been identified and these are 
being progressed to clinical trials in a number of disease areas. 

Thirty years after the identification of the GABAB receptor by Professor 
Bowery and colleagues and close to 90 years after the synthesis of baclofen 
we may finally be close to having new drugs directed at the GABAB receptor. 
Even if this is not the case the discovery of the receptor and its subsequent 
heterodimerization has certainly led to a sea change in our understanding of 
GPCR function and will pave the way to new classes of therapeutic agents at 
this important family of proteins. 

Conflict of Interest Statement: Dr Fiona Marshall is a cofounder of Heptares Therapeutics a 
GPCR drug discovery specializing in structure-based approaches to GPCRs. 
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APPA 3-aminopropylphosphonic acid 
CaSR calcium sensing receptor 
CGRP calcitonin gene-related peptide 
CP complement protein 
DAMGO [D-Ala2, N-MePhe4, Gly-ol]

enkephalin 
DPDPE [d-Pen2,d-Pen5]-enkephalin 
FRET fluorescence resonance energy 

transfer 
GABA g-amino butyric acid 
GnRHR gonadotropin releasing 

hormone receptor 
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GPCR G-protein-coupled receptor 
LH luteinizing hormone 
mGluR metabotropic glutamate 

receptor 
Mya million years ago 
NAM negative allosteric modulator 
PAM positive allosteric modulator 
PBP periplasmic amino acid-binding 

proteins 
TMD transmembrane domain 
T1R taste receptor T1R 
VFTD Venus flytrap domain 
7TM 7-transmembrane 
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Mechanisms of GABAB Receptor 
Exocytosis, Endocytosis, and 
Degradation 

Abstract 

GABAB receptors belong to the family of G-protein-coupled receptors, 
which mediate slow inhibitory neurotransmission in the central nervous 
system. They are promising drug targets for a variety of neurological 
disorders and play important functions in regulating synaptic plasticity. 
Signaling strength is critically dependent on the availability of the recep
tors at the cell surface. Several distinct highly regulated trafficking 
mechanisms ensure the presence of adequate receptor numbers in the 
plasma membrane. The rate of exocytosis of newly synthesized receptors 
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from the endoplasmic reticulum via the Golgi apparatus to the cell surface 
as well as the rates of their endocytosis and degradation determines the 
retention time of receptors at the cell surface. This chapter focuses on the 
recently emerged mechanisms of GABAB receptor exocytosis, endocytosis, 
recycling, and degradation. 

I. Introduction 

GABAB receptors are G-protein-coupled receptors composed of the 
two subunits GABAB1 and GABAB2. Each subunit comprises a large 
extracellular N-terminal domain, seven transmembrane spanning regions, 
and a large intracellular C-terminal domain. The C-terminal domains of 
both subunits contain a coiled-coil structure, which is involved in hetero
dimerization of the receptor and constitutes a binding domain for several 
interacting proteins (Bettler & Tiao, 2006). GABAB receptors mediate 
slow inhibitory neurotransmission in the central nervous system and 
play a crucial role in neuronal plasticity underlying learning and memory. 
The regulation of receptor signaling is one fundamental process contribut
ing to neuronal plasticity. Accordingly, numerous mechanisms have 
evolved that modulate receptor activity and availability. In particular, 
mechanisms regulating cell-surface expression of receptors are predesti
nated to adjust signaling strength to changing physiological conditions. 
There are several distinct and highly regulated processes that affect the 
presence and lifetime of a receptor at the cell surface (Fig. 1): (i) The rate 
of synthesis, maturation, and assembly of receptor proteins, (ii) transport 
and targeting of receptors to a particular site at the neuronal surface, (iii) 
retention of the receptor at that site, (iv) receptor endocytosis, (v) receptor 
recycling, and eventually (vi) degradation of the receptors. Extensive 
investigations during the past years provided first insights into some of 
these mechanisms for GABAB receptors. This chapter reviews recent pro
gress that has been achieved analyzing exocytosis, endocytosis, recycling, 
and degradation of GABAB receptors. 

II. Cell-Surface Trafficking of GABAB Receptors 

Newly synthesized cell-surface receptors are processed and passed 
through distinct membrane compartments before reaching the plasma 
membrane, including the endoplasmic reticulum (ER), cis-Golgi network, 
and trans-Golgi network (Fig. 2). While being translated, receptor pro
teins are inserted into the membrane of the ER. Folding into the proper 
three-dimensional structure is assisted by chaperone proteins and first 
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FIGURE 1 Schematic overview of trafficking pathways determining cell-surface availability 
of plasma membrane receptors. After neosynthesis and assembly of subunits in the ER the 
receptors are transported to the Golgi apparatus where they are further processed and finally 
targeted via the trans-Golgi network to the plasma membrane. Cell-surface receptors are 
removed from the plasma membrane by endocytosis and first enter early endosomes from 
which they are either recycled back to the plasma membrane or sorted to lysosomes for 
degradation. The rates of exocytosis, internalization, recycling, and degradation determine the 
size and half-life of the receptor population at the cell surface. Therefore, altering any of those 
rates, for example, by external stimuli or under pathophysiological conditions, will affect cell-
surface expression of receptors. 

posttranslational modifications such as core glycosylation and disulfide 
bond formation take place. Correctly folded and assembled proteins exit 
the ER at specific sites (transitional ER or ER exit sites) and are trans
ported via coat protein complex II (COPII)-coated vesicles to the Golgi 
apparatus where the proteins are further processed and finally transported 
via the trans-Golgi network to the plasma membrane. Trafficking of cell-
surface receptors from the ER to the plasma membrane is a tightly 
controlled process which assures that only correctly folded, assembled, 
and fully functional receptors reach the cell surface. 
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FIGURE 2 Cell-surface trafficking of GABAB receptors. Newly synthesized GABAB receptor 
subunits are assembled within the ER. Association of GABAB1 and GABAB2 inactivates an ER 
retention signal in the C-terminal domain of GABAB1 which permits ER exit (left hand side). 
Unassembled GABAB1 subunits may leave the ER to enter the cis-Golgi where they are recognized 
by COPI via direct interaction with the ER retention signal of GABAB1. Association with COPI 
recruits GABAB1 to retrograde transport back to the ER (right hand side). This quality control 
system ensures that only GABAB1 assembled with GABAB2 are transported to the cell surface. 
If the ER retention signal is mutated inactive GABAB1 is able to reach the plasma membrane 
(middle). This process is, however, inefficient due to a LL-motif within the coiled-coil domain of 
GABAB1, which causes accumulation of GABAB1 in the trans-Golgi. Interaction of the GEF 
msec7-1 presumably with the coiled-coil domain of GABAB1 containing the LL-motif facilitates 
cell-surface expression of GABAB1 subunits with mutational inactivated ER retention signal. A 20 
amino acid amino sequence in GABAB2 contains additional trafficking signals (GABAB2(841–862)). 
Deletion of this sequence results in an impaired cell-surface expression and reduced axonal 
targeting of GABAB receptors. 

A. Regulation of ER Exit by an ER Retention Signal in GABAB1 

At present, only limited information is available about folding, proces
sing, assembly, and cell-surface targeting of GABAB receptors. Soon after 
cloning of the GABAB receptor subunits it became clear that cell-surface 
expression of functional receptors requires the heterodimerization of the 
GABAB1 and GABAB2 subunits. An arginine-rich ER retention signal 
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(RSRR) present in the intracellular C-terminal tail at the distal end of the 
coiled-coil domain of GABAB1 efficiently prevents forward trafficking of 
unassembled GABAB1 (Calver et al., 2001; Margeta-Mitrovic et al., 2000; 
Pagano et al., 2001). Analysis of transgenic mice finally proved that the ER 
retention signal provides a control element that determines the expression of 
functional GABAB receptors at the cell surface in vivo. In mice expressing a 
C-terminally truncated GABAB2, which leaves the ER retention signal of 
GABAB1 exposed after heterodimerization, no GABAB1 reached the cell 
surface and accordingly no GABAB receptor function was observed 
(Thuault et al., 2004). ER retention of GABAB1 appears to involve the 
coat protein complex I (COPI), which is a central component of the retro
grade transport of proteins from the cis-Golgi back to the ER (Brock et al., 
2005). COPI directly interacts with the ER retention signal of GABAB1 and 
is thought to retrieve unassembled GABAB1 from the Golgi apparatus 
(Fig. 2). The presence of unassembled GABAB1 in the cis-Golgi compartment 
supports this view (Brock et al., 2005). Mutational analysis indicates that 
the correct spacing of the ER retention signal to the membrane is important 
for its function (Gassmann et al., 2005). According to this data heterodi
merization of GABAB receptors induces conformational changes that render 
the ER retention signal inactive. A direct masking or shielding of the ER 
retention signal of GABAB1 by the GABAB2 coiled-coil domain does not 
appear to be required for its inactivation. 

B.	 Regulation of trans-Golgi to Plasma Membrane Targeting by 
a Dileucine Motif in GABAB1 

In addition to the ER retention signal, a dileucine (LL) motif located 
proximal to the ER retention signal within the coiled-coil domain of 
GABAB1 appears to regulate intracellular transport of GABAB1 (Restituito 
et al., 2005). LL motifs are known to be involved in the regulation of 
exocytosis, endocytosis, and targeting of proteins to distinct cellular com
partments (Marchese et al., 2008; Pandey, 2009; Tan et al., 2004). When 
the ER retention signal in GABAB1 is inactivated by mutation, GABAB1 exits 
from the ER but accumulates in the trans-Golgi network and the transport 
to the cell surface is inefficient. Additional mutational inactivation of the 
LL-motif was required for efficient cell-surface targeting of GABAB1 (Resti
tuito et al., 2005). Interestingly, direct interaction of the guanine-nucleotide
exchange factor (GEF) msec7-1, most likely with the coiled-coil domain of 
GABAB1, facilitated cell-surface expression of GABAB1 (Restituito et al., 
2005). msec7-1 is a GEF for ADP-ribosylation factors which regulate vesi
cular membrane transport (Casanova, 2007). 

These findings support the concept of a sequential regulation of GABAB 

receptor cell-surface transport by at least two distinct amino acid motifs in 
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GABAB1 (Fig. 2). The ER-retention signal interacts with COPI and prevents 
forward trafficking of unassembled GABAB1 subunits by shuttling it back 
from the cis-Golgi to the ER. The LL-motif seems to regulate GABAB1 trans
port at a later stage at the level of the trans-Golgi network by a direct 
interaction with the GEF msec7-1. However, at present the function of the 
LL-motif and its interaction with msec7-1 in assembled heterodimeric 
GABAB receptors is unclear. In line with its location, the LL-motif is likely 
to be masked upon heterodimerization with GABAB2, and it may not directly 
be involved in regulating the trafficking of assembled GABAB receptors. 

C.	 Regulation of Forward Trafficking by a C-terminal GABAB2 

Sequence 

Apart from the ER retention signal and LL-motif in GABAB1, an amino 
acid sequence in GABAB2 has been identified containing information for 
trafficking (Pooler et al., 2009). Mutational analysis revealed that the amino 
acid sequence 841–862 in the C-terminal domain of GABAB2 is important 
for cell-surface trafficking. When the sequence was absent, GABAB2— 
expressed alone or in combination with GABAB1—exhibited a reduced 
cell-surface expression. Partial sensitivity to endoglycosidase H indicates 
an impaired ER exit of mutant GABAB2. Since none of the so far identified 
GABAB receptor interacting proteins bind to GABAB2(841–862) as yet 
unknown protein(s) may promote ER exit of GABAB2. The GABAB2(841–862) 

sequence therefore represents a highly promising bait for yeast two-hybrid 
screens that might yield novel GABAB receptor-interacting proteins involved in 
regulating forward trafficking of the receptors. 

D.	 GABAB1 Transport along Dendritic ER 

Neurons are highly polarized cells that extend the ER and Golgi net
work far into their dendrites and possibly axons (Kennedy & Ehlers, 2006). 
As protein synthesis for the majority of membrane proteins occurs at the 
somatic ER, the question arises whether the assembled GABAB receptor 
complex or unassembled individual subunits are transported into neurites. 
Interestingly, a recent study observed only a low level of colocalization of 
GABAB1 and GABAB2 in intracellular compartments of the soma and den
drites of hippocampal neurons as compared to the plasma membrane 
(Ramirez et al., 2009). The data suggest that GABAB receptor subunits are 
synthesized at the somatic ER and then are individually transported along 
the ER into dendrites where they assemble into heterodimeric receptor 
complexes and leave the ER for trafficking to the plasma membrane. This 
model requires a mechanism that efficiently regulates assembly of GABAB 

receptors within the ER and thus would be another control system to 
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determine the cell-surface availability of functional GABAB receptors. 
The model further assumes specific transport mechanisms for GABAB recep
tor subunits along the ER within neurites. Support for a specific GABAB 

receptor subunit transport within the ER of dendrites is provided by the 
finding that the multiple coiled-coil domain-containing protein Marlin-1 
selectively interacts with GABAB1 and the molecular motor kinesin-I 
(Vidal et al., 2007). Kinesin-I is a molecular motor for the directional 
microtubule-dependent transport in axons and dendrites (Hirokawa et al., 
2009). Overexpression of a kinesin-I mutant that lacked cargo-binding 
domains inhibited GABAB1 transport into dendrites. This observation sug
gests that newly synthesized GABAB1 proteins are transported within the ER 
into dendrites where they assemble with GABAB2 and then exit the ER. This 
conclusion is supported by the observation that GABAB1a can be trans
ported into axons in the absence of GABAB2 (Biermann et al., 2010). 
However, GABAB2 requires the presence of GABAB1a for entry into axons 
(Biermann et al., 2010), indicating that at least for presynaptic localization 
of functional GABAB receptors the assembled heterodimeric complex is 
transported along the axon. On the other hand, there is data indicating 
that GABAB2 may be required for dendritic and axonal targeting of GABAB1 

in cultured hippocampal neurons (Pooler et al., 2009), contradicting the 
intriguing model of individual transport of GABAB receptor subunits in 
dendrites. Unfortunately, there is not enough detailed electron microscopic 
data on the intracellular colocalization of GABAB1 and GABAB2 in brain 
sections to unambiguously identify the presence of a large pool of unas
sembled GABAB1 and GABAB2 in the ER of dendrites. Depending on the 
brain area and type of neuron, the proportion of intracellular versus cell-
surface staining of GABAB1 and GABAB2 varies considerably. For instance, 
in neurons of the globus pallidus (Chen et al., 2004) and substantia nigra 
(Boyes & Bolam, 2003) the majority of GABAB1 was found to be associated 
with intracellular sites, whereas most of GABAB2 was located in the plasma 
membrane. This observation may favor independent dendritic transport of 
GABAB1 and GABAB2. On the other hand, in dendrites of neurons in 
thalamic nuclei (Villalba et al., 2006), neocortex (Lopez-Bendito et al., 
2002), and hippocampus (Kulik et al., 2003) both subunits were predomi
nantly present in the plasma membrane and displayed colocalization at 
intracellular sites. Hence, depending on the neuronal population there 
might be distinct trafficking and targeting mechanisms. 

III. Endocytosis of GABAB Receptors 

At the plasma membrane endocytosis is a determinant of the availability 
of the receptors for signal transduction. There are two principal modes of 
internalization: constitutive and agonist-induced endocytosis. Particularly 
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agonist-induced endocytosis provides a mechanism that ensures reduction of 
receptor signaling and represents an important part of cellular plasticity. In 
combination with recycling it provides a mechanism that recovers the recep
tors from desensitization (Gainetdinov et al., 2004; Luttrell & Lefkowitz, 
2002). Initial reports indicated that desensitization of GABAB receptors is 
distinct from the classical mechanism of G-protein-coupled receptors 
(Perroy et al., 2003; Pontier et al., 2006), which involves phosphorylation 
of the receptors upon activation, recruitment of arrestin followed by inter
nalization, dephosphorylation of the receptor, and recycling it back to the 
plasma membrane. Instead of promoting internalization of GABAB recep
tors, phosphorylation appears to stabilize the receptors in the plasma mem
brane (Couve et al., 2002; Fairfax et al., 2004; Kuramoto et al., 2007). 
Based on these results it was concluded that GABAB receptors are very stable 
at the cell surface and display no agonist-induced internalization. However, 
subsequent studies concentrating on the mechanisms of GABAB receptor 
endocytosis using more refined experimental tools provided evidence that 
GABAB receptors undergo rapid constitutive endocytosis and recycling as 
well as agonist-induced internalization, as described below. 

A. Constitutive Internalization of GABAB Receptors 

First evidence for constitutive endocytosis of GABAB receptors came 
from studies of the internalization of recombinant GABAB1b,2 receptors 
expressed in human embryonic kidney (HEK) 293 cells (Grampp et al., 
2007). In this study, cell-surface receptors were either tagged with an anti
body recognizing an extracellular epitope on GABAB1b or by cell-surface 
biotinylation. With both approaches robust intracellular accumulation of 
internalized GABAB receptors was observed. Within 10 min small clusters of 
internalized receptors were detected in the vicinity of the plasma membrane, 
indicating that GABAB receptors undergo rapid constitutive internalization. 
This observation was confirmed by a study using GABAB1a tagged with the 
minimal binding site motif for a-bungarotoxin (BBS), which binds fluores
cently labeled a-bungarotoxin almost irreversibly (Wilkins et al., 2008), and 
by a study on human influenza hemagglutinin (HA)-tagged receptors 
expressed in COS-7 cells (Pooler et al., 2009). Further work on epitope
tagged GABAB receptors transiently expressed in neurons (Vargas et al., 
2008; Wilkins et al., 2008) and native neuronal GABAB receptors (Grampp 
et al., 2008; Vargas et al., 2008) confirmed that fast constitutive endocytosis 
is not due to overexpression of the receptors and is not restricted to 
non-neuronal cells. The data accumulated so far indicate that the intact 
dimeric receptor complex is internalized but not dissociated monomeric 
GABAB receptor subunits (Grampp et al., 2008; Laffray et al., 2007; Vargas 
et al., 2008). Interestingly, although the level of internalization is similar 
for ectopically expressed and neuronal receptors (�40–60%), the time 
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constant for internalization of ectopically expressed receptors (Pooler 
et al., 2009; Wilkins et al., 2008) is considerably slower (t �40 min) than 
for BBS-tagged GABAB receptors transiently expressed in hippocampal 
neurons (t �7.5–14 min; Wilkins et al., 2008). It is conceivable that a fast 
internalization rate in neurons provides the basis for rapid changes in the 
number of cell-surface receptors by increasing or decreasing the rate of 
internalization. 

B.	 Pathway of GABAB Receptor Endocytosis and Endosomal 
Sorting 

G-protein-coupled receptors principally can internalize via dynamin
dependent or dynamin-independent mechanisms. Both mechanisms may 
use either clathrin-coated or caveolin-coated vesicles for internalization of 
the receptors. So far, there is significant evidence that GABAB receptors 
internalize via the classical dynamin and clathrin-dependent pathway 
(Fig. 3). Dynamin is a GTPase that mediates membrane fission and is 
essential for clathrin-dependent endocytosis (Mettlen et al., 2009). 
Overexpression of a nonfunctional mutant of dynamin inhibited endocyto
sis of GABAB receptors expressed in HEK 293 cells (Grampp et al., 2007) 
and neurons (Vargas et al., 2008), indicating that functional dynamin is 
required for internalization of the receptors. GABAB receptors appear to 

FIGURE 3 Endocytic pathways of GABAB receptors. GABAB receptors are most likely 
recruited by the AP2 complex to clathrin-coated pits and are constitutively endocytosed in a 
dynamin-dependent manner. From early endosomes, GABAB receptors are either sorted via the 
ESCRT machinery to lysosomes for degradation or recycled back to the plasma membrane. 
Recycling and degradation of GABAB receptors appear to be highly regulated and tightly 
balanced: activation by baclofen accelerates recycling of receptors whereas blocking recycling 
redirects the receptors to lysosomes. 
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predominantly internalize via clathrin-coated vesicles since treatments that 
interfere with this pathway, such as hypertonic sucrose, low K+, and chlor
promazine, efficiently inhibited internalization of neuronal and ectopically 
expressed GABAB receptors (Grampp et al., 2007; Laffray et al., 2007; 
Vargas et al., 2008). Further support for the endocytosis via the clathrin
dependent pathway is provided by the observation that the adaptor protein 
complex 2 (AP2) complex, which recruits cargo to clathrin-coated pits 
(Schmid, 1997), colocalizes and co-immunoprecipitates with GABAB recep
tors (Grampp et al., 2007, 2008; but see Vargas et al., 2008). 

Although GABAB receptors expressed in CHO cells and neurons have 
been shown to be present in lipid rafts (Becher et al., 2001, 2004) no  
evidence for raft/caveolin-dependent endocytosis have been found so far. 
Agents known to inhibit caveolin-dependent endocytosis (nystatin, filipin) 
did not affect internalization of GABAB receptors expressed in HEK 293 
cells (Grampp et al., 2007) or neurons (Laffray et al., 2007). In addition, 
neither cell surface nor internalized GABAB receptors expressed in HEK 293 
cells display significant colocalization with caveolin (Grampp et al., 2007). 
However, these experiments do not exclude that a minor fraction of GABAB 

receptor uses this endocytic pathway. 
Endocytosed membrane proteins, irrespective of whether they are inter

nalized via clathrin-dependent or independent mechanisms, first enter the 
compartment of early endosomes, which represents the vesicular organelle 
for sorting of cargo. From early endosomes proteins can be targeted to 
specific routes: to fast recycling endosomes, to a compartment for slow 
recycling or to multivesicular bodies (late endosomes), and finally lysosomes 
for degradation (Fig. 3). Colocalization studies using antibodies directed 
against marker proteins for these compartments suggest that GABAB recep
tors may use all these endosomal trafficking routes. In cultured neurons 
GABAB receptors have been found to colocalize with markers for early 
endosomes (Rab5, EEA1; Grampp et al., 2008), fast recycling endosomes 
(Rab4; Grampp et al., 2008), slow recycling endosomes (Rab11, Grampp 
et al., 2008; Laffray et al., 2007; Vargas et al., 2008), and late endosomes/ 
lysosomes (Lamp1, cathepsin; Grampp et al., 2008; Laffray et al., 2007). 

Together, these findings indicate that GABAB receptors are recruited via 
the AP2 complex to clathrin-coated pits and internalized in a dynamin-depen
dent manner. Endocytosed GABAB receptors enter first the compartment of 
early endosomes from which they are sorted either to recycling endosomes for 
reinsertion into theplasmamembraneor to lysosomes fordegradation (Fig. 3). 

C. Constitutive Recycling of GABAB Receptors 

There is solid functional evidence from cortical and hippocampal neu
rons that internalized GABAB receptors constitutively recycle back to the cell 
surface, which is in line with their colocalization with the marker proteins 
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Rab4 and Rab11, respectively, for fast and slow recycling endosomes (see 
above). Using an immunofluorescence assay (Vargas et al., 2008) or cell-
surface biotinylation experiments (Grampp et al., 2008) a significant fraction 
of internalized GABAB receptors was found to reappear at the plasma mem
brane. About 40–50% of endocytosed GABAB receptors were estimated to 
recycle back to the cell surface within 15 min (Grampp et al., 2008). Con
stitutive recycling of GABAB receptors seems to be in a tightly regulated 
balance with their degradation in lysosomes. Inhibition of recycling with 
monensin—which blocks the fusion of vesicles with the plasma membrane 
and thus prevents the reinsertion of the receptors—resulted in fast lysosomal 
degradation of the receptors in cortical neurons. About 50% of the entire 
receptor population was degraded within 30 min (Grampp et al., 2008). 
Thus, one important function of recycling might be to prevent entry of 
internalized receptors into degenerative pathways. The mechanism that is 
involved in sorting GABAB receptors from early endosomes to the recycling 
compartment remains to be established. In analogy to the well-characterized 
recycling mechanism of the transferrin receptor, sorting nexin 4 (SNX4) 
might be one potential protein involved. Ablation of SNX4 resulted in redir
ecting transferrin receptors to lysosomes for degradation (Traer et al., 2007). 

The physiological function of constitutive GABAB receptor recycling is 
as yet unknown. However, endocytic recycling appears to play an impor
tant role in a variety of cellular processes including learning and memory 
(Grant & Donaldson, 2009). During the early phase of LTP, recycling 
endosomes are recruited in a myosin Vb-dependent manner into dendritic 
spines (Wang et al., 2008) and constitutively recycling AMPA receptors are 
inserted with enhanced rate into the plasma membrane (Park et al., 2004). 
These events result in spine growth, increased level of synaptic AMPA 
receptors, and synaptic efficacy. Accordingly, constitutive recycling of 
GABAB receptors may provide a mechanism for the neuron to be prepared 
for rapid adjustment of the cell-surface number of receptors available for 
signaling to changing physiological conditions. 

D. Agonist-Induced Endocytosis of GABAB Receptors 

Endocytosis of many G-protein-coupled receptors is triggered or sti
mulated by ligand-induced activation. Agonist-induced endocytosis of 
receptors may direct receptors to degradation, which is an efficient way 
to downregulate signaling by reducing the receptor number at the cell 
surface. Alternatively, for many G-protein-coupled receptors agonist-
induced internalization in combination with recycling provides a mechan
ism for reactivating desensitized receptors. However, activation of GABAB 

receptors with baclofen did neither result in a reduction of cell-surface 
receptors nor in their intracellular accumulation, irrespective whether the 
receptors were expressed ectopically (Fairfax et al., 2004; Grampp et al., 
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2007; Mutneja et al., 2005; Perroy et al., 2003; but see Gonzalez-Maeso 
et al., 2003) or in neurons (Fairfax et al., 2004; Grampp et al., 2008; 
Vargas et al., 2008). However, the experimental settings of those studies 
did not take into account that rapid recycling of the receptors might have 
obscured the effects of receptor activation. Indeed, Laffray et al. (2007) 
showed that blocking recycling resulted in an increased intracellular accu
mulation of GABAB receptors upon stimulating spinal neurons with baclo
fen. Subsequent studies showed that baclofen accelerates internalization of 
GABAB receptor expressed in HEK cells without changing significantly the 
amount of internalized receptors (Wilkins et al., 2008) and enhanced 
recycling of receptors in cortical neurons (Grampp et al., 2008). 

Further support for agonist-induced endocytosis of GABAB receptors is 
provided by a study that analyzed GABAB receptor-mediated internalization 
of calcium channels in chick sensory neurons (Puckerin et al., 2006). Activa
tion of GABAB receptors with baclofen resulted in a transient intracellular 
colocalization of GABAB receptors with calcium channels and arrestin. 
So far, there is no evidence that activated GABAB receptors directly 
bind arrestin, which is involved in agonist-induced endocytosis of many 
G-protein-coupled receptors. Coexpression of arrestin 2-EGFP or arrestin 
3-EGFP with GABAB receptors in COS-7 cells (Fairfax et al., 2004) did not 
result in a recruitment of arrestin to GABAB receptors upon activation. There 
is, however, evidence that GABAB receptors are recruited to a preformed 
complex of calcium channels and arrestin which is then rapidly internalized 
(Puckerin et al., 2006). 

Together, the current data indicate that activation of GABAB receptors 
accelerates the rates of their endocytosis and recycling. This may be a 
relevant mechanism for recovering desensitized GABAB receptors. One 
mechanism proposed for desensitization of GABAB receptor involves the 
interaction of N-ethylmaleimide-sensitive fusion (NSF) protein followed by 
phosphorylation of the receptor by protein kinase C (Pontier et al., 2006). 
An enhanced rate of recycling upon agonist activation is expected to result 
in a fast dephosphorylation of receptors in the endosomal compartment and 
accelerated reinsertion of resensitized receptors into the plasma membrane. 
This mechanism would ensure the fast recovery of desensitized GABAB 

receptors into a functional state. 

IV. Degradation of GABAB Receptors 

Degradationofmost plasmamembraneproteins takes place in lysosomes. 
The degenerative pathway of such proteins is initiated by their internalization 
and sorting from early endosomes via late endosomes to lysosomes. Lyso
somes are heterogeneously shaped vacuoles that contain a variety of soluble 
hydrolases for degradation of proteins (Saftig & Klumperman, 2009). 
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First evidence for lysosomal degradation came from analyzing the fate 
of endocytosed GABAB receptors transiently expressed in HEK 293 cells 
(Grampp et al., 2007). Internalized GABAB receptors were found to accu
mulate in an endosomal sorting compartment from which they disappear 
over time (Fig. 3). Agents that interfere with lysosomal function (chloro
quine) or directly inhibit lysosomal proteases (leupeptin, pepstatin A) pre
vented the loss of receptors. In cultured neurons blocking lysosomal 
proteases with leupeptin resulted likewise in the intracellular accumulation 
of endocytosed GABAB receptors (Grampp et al., 2008). Finally, inhibition 
of recycling, which leads to a rapid loss of GABAB receptors, was effectively 
prevented by leupeptin (Grampp et al., 2008). Thus, there is now ample data 
documenting the lysosomal degradation of endocytosed GABAB receptors. 

The discovery of GISP (G-protein-coupled receptor interacting scaffold
ing protein) as GABAB1-interacting protein (Kantamneni et al., 2007) pro
vided first hints for the potential lysosomal sorting mechanism of GABAB 

receptors. GISP is derived from the A-kinase anchoring protein (AKAP)-9 
gene, which also encodes AKAP450, AKAP350, and AKAP9. AKAPs are 
scaffold proteins that interact with multiple proteins to assemble signaling 
complexes (Carnegie et al., 2009). GISP specifically binds to GABAB1 via 
coiled-coil domain interaction. Coexpression of GABAB receptors with GISP 
enhanced cell-surface expression of the receptors. This effect of GISP 
appears to be a result of its binding to and inhibition of TSG101 (tumor 
susceptibility gene 101; Kantamneni et al., 2008). TSG101 is an integral 
protein of the ESCRT (endosomal sorting complex required for transport) 
machinery that targets mono and Lys63-linked polyubiquitinated proteins 
to lysosomes for degradation (Raiborg & Stenmark, 2009). TSG101 
appears to play a critical role in the degradation of GABAB receptors since 
its siRNA-mediated knockdown considerably increased GABAB receptor 
expression in HEK 293 cells (Kantamneni et al., 2008). So far, it is not yet 
established that GABAB receptors targeted to lysosomes for degradation are 
ubiquitinated. However, the observation that prolonged application of the 
proteasome inhibitor MG132 retards degradation of GABAB receptors 
(Kantamneni et al., 2008) supports the view that GABAB receptors are 
ubiquitinated and sorted via the ESCRT machinery to lysosomes for degra
dation (Fig. 3). MG132 is known to rapidly deplete cells from free ubiquitin 
thereby preventing also proteasome-unrelated functions of ubiquitin such as 
sorting proteins via the ESCRT machinery to lysosomes. 

V. Conclusions 

Trafficking events critically determine the signaling of plasma membrane 
receptors by controlling their temporal and spatial availability. The current 
experimental data accumulated during the past decade provide first insights 
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into trafficking mechanisms of GABAB receptors. Forward trafficking of 
newly synthesized receptors is one process that contributes to the cell-surface 
availability of GABAB receptors (Fig. 2). Although it is now well established 
that exocytosis of GABAB receptors from the ER via the Golgi apparatus to 
the plasma membrane critically depends on the heterodimerization of 
GABAB1 with GABAB2 and is regulated by at least three distinct amino acid 
motifs it is currently not clear in which form the receptors are transported into 
dendrites and axons. First findings suggest that GABAB1 might be transported 
independent of GABAB2 within the ER into dendrites (Vidal et al., 2007). If 
true, this would imply that assembly of GABAB1 and GABAB2 is a spatially 
and temporally controlled mechanism that might be distinct for somatic, 
dendritic, and axonal receptors. Such mechanism would require that newly 
synthesized receptor subunits bound for dendrites or axons are protected from 
assembly, most probably by chaperons, until they reach their destination 
where they assemble and exit the ER. This would add a new dimension for 
the regulation of cell-surface trafficking of GABAB receptors. 

In addition, it is currently unknown if and how cell-surface trafficking 
of GABAB receptors is regulated by physiological stimuli such as neuronal 
activity. In analogy to recent findings on forward trafficking of GABAA 

receptors (Saliba et al., 2007, 2009) neuronal activity-dependent ubiquitina
tion and subsequent degradation of newly synthesized receptors by the ER-
associated degradation pathway may be one mechanism to regulate the 
amount of receptors for cell-surface delivery by external stimuli. 

At the cell surface, GABAB receptors undergo fast constitutive endocy
tosis via the classical dynamin- and clathrin-dependent pathway and are 
rapidly recycled back to the cell surface (Fig. 3). On the one hand, consti
tutive recycling may prevent GABAB receptors from sorting via the ESCRT 
machinery to lysosomes for degradation. On the other hand, constitutive 
recycling may provide a mechanism that permits the neuron to rapidly up-
or downregulate cell-surface receptors in response to changing physiological 
conditions. External stimuli that might regulate cell-surface expression of 
GABAB receptors remain to be uncovered but first indications suggest that 
glutamate may be one candidate (Vargas et al., 2008; Wilkins et al., 2008). 
This would perfectly make sense given the fact that GABAB receptors are 
abundantly expressed at glutamatergic synapses. 

Major future efforts are expected to focus on the analysis of GABAB 

receptor trafficking under disease states. It is conceivable that under patho
physiological conditions the rates of exocytosis, endocytosis, or degradation 
are altered, which would result in up- or downregulation of GABAB recep
tors. For instance, in a mouse model of temporal lobe epilepsy and an 
in vitro model of ischemia the levels of hippocampal GABAB receptors 
were found to be decreased (Cimarosti et al., 2009; Straessle et al., 2003). 
The mechanisms that lead to the downregulation of GABAB receptors are as 
yet unknown. However, one potential mechanism implicated in the 
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decreased GABAB receptor levels under ischemic conditions may involve the 
GABAB receptor interacting protein CHOP (CCAAT/enhancer-binding pro
tein homologous protein). CHOP is a transcription factor that is induced 
upon ER stress (Ramji & Foka, 2002) and is strongly upregulated following 
transient cerebral ischemia (Oida et al., 2008; Tajiri et al., 2004). Interaction 
of GABAB receptors with CHOP has been shown to downregulate cell-
surface expression of the receptors probably by retaining the receptors in 
the ER and thus preventing their forward trafficking (Sauter et al., 2005). It 
may well be that induction of CHOP and its interaction with GABAB 

receptors under ischemic conditions lead to a retention of the receptors in 
the ER and finally in their degradation. 

Clearly, this is only the very beginning of our understanding how traf
ficking events ensure the adequate number of GABAB receptors at the cell 
surface under a given physiological or pathophysiological state. Both, exo
cytosis and endocytosis of GABAB receptors appear to be highly regulated 
processes that depend on a variety of complex protein–protein interactions. It 
will be a major future challenge to identify these proteins to gain new insights 
into the mechanisms and regulation of GABAB receptor trafficking. 
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COPI coat protein complex I 
COPII coat protein complex II 
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HA human influenza hemagglutinin 
HEK human embryonic kidney 
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SNX4	 sorting nexin 4 
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Abstract 

GABAB receptors (GABABR) are heterodimeric G protein-coupled 
receptors (GPCRs) that mediate slow and prolonged inhibitory signals in 
the central nervous system. The signaling of GPCRs is under stringent 
control and is subject to regulation by multiple posttranslational mechan
isms. The b-adrenergic receptor is a prototypic GPCR. Like most GPCRs, 
prolonged exposure of this receptor to agonist induces phosphorylation of 
multiple intracellular residues that is largely dependent upon the activity of 
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G protein-coupled receptor kinases (GRKs). Phosphorylation terminates 
receptor–effector coupling and promotes both interaction with b-arrestins 
and removal from the plasma membrane via clathrin-dependent endocytosis. 
Emerging evidence for GABABRs suggests that these GPCRs do not conform 
to this mode of regulation. Studies using both native and recombinant 
receptor preparations have demonstrated that GABABRs do not undergo 
agonist-induced internalization and are not GRK substrates. Moreover, 
whilst GABABRs undergo clathrin-dependent constitutive endocytosis, it is 
generally accepted that their rates of internalization are not modified by 
prolonged agonist exposure. Biochemical studies have revealed that 
GABABRs are phosphorylated on multiple residues within the cytoplasmic 
domains of both the R1 and R2 subunits by cAMP-dependent protein kinase 
and 50AMP-dependent protein kinase (AMPK). Here we discuss the role that 
this phosphorylation plays in determining GABABR effector coupling and 
their trafficking within the endocytic pathway and go on to evaluate the 
significance of GABABR phosphorylation in controlling neuronal excitability 
under normal and pathological conditions. 

I. Introduction 

GABABRs are GPCRs that mediate the slow and prolonged inhibitory 
action of GABA, the principal inhibitory neurotransmitter in the brain, via 
activation of Gai- and Gao-type heteromeric type G proteins. GABABRs 
mediate their inhibitory action via multiple effectors: post-synaptically they 
activate inwardly rectifying K+ channels (GIRKs), leading to hyperpolariza
tion, whilst pre-synaptically they inhibit voltage-gated N/P/Q type Ca2+ 

channels, leading to reduced neurotransmitter release (Bettler et al., 2004; 
Bettler & Tiao, 2006; Couve, Moss, & Pangalos, 2000, Couve et al., 2004). 
Through their activation of Gai they also inhibit the activity of adenylate 
cyclase to reduce PKA signaling pathways. 

Given the central roles of GABABRs in mediating neuronal inhibition 
there is considerable interest in understanding the cellular mechanisms 
neurons use to modulate their activity. This is determined in part by the 
efficacy of the effector coupling of GABABRs and their residence time on the 
plasma membrane. Classically the signaling of monomeric GPCRs, as exem
plified by the prototypic b-adrenergic receptor, is tightly controlled by 
agonist desensitization. Prolonged exposure to agonist leads to decreased 
effector coupling due to enhanced phosphorylation by G protein-coupled 
receptor kinases (GRKs). This decreased effector coupling ultimately leads 
to endocytosis followed by recycling or degradation (Ferguson, 2001; 
Gainetdinov et al., 2003; Marchese et al., 2008; von Zastrow, 2003). In 
this review we discuss the molecular mechanisms that neurons use to 
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regulate the functional activity of GABABRs and the roles that these pro
cesses play as determinants of the efficacy of neuronal inhibition. 

II. Phosphorylation of GABABR and Its Functional Modulation 

It is well documented that the activation and inactivation of GPCRs is 
modulated by the phosphorylation within the carboxyl (C)-terminus and 
the third intracellular loop by various protein kinases (Ferguson, 2001; 
Marchese et al., 2008; von Zastrow, 2003). In general, phosphorylation of 
GPCRs by intracellular kinases induces the desensitization of the receptor 
followed by interaction with cytosolic cofactor proteins called arrestins, 
which uncouple the receptor from G proteins. GPCRs are internalized 
from the plasma membrane principally via clathrin-dependent endocytosis. 
They are then recycled back to the plasma membrane for re-insertion or 
targeted for lysozomal degradation. 

To evaluate the significance of this mode of regulation for GABABRs, 
measurements of phosphorylation have been performed in both expression 
systems and in neurons using labeling with 32P-orthophosphate followed by 
immunoprecipitation with or without agonist exposure. Whilst GABABRs 
exhibit significant levels of basal phosphorylation, this is not subject to 
agonist-induced modulation. Consistent with this, neither R1 or R2 subunits 
are substrates of GRKs 1–4 when co-expressed in HEK-293 cells. The major 
intracellular domains of these proteins are not phosphorylated by purified 
GRKs in vitro (Fairfax et al., 2004; Perroy et al., 2003). In contrast to other 
GPCRs, GABABRs are not GRK substrates and do not appear to undergo 
agonist-induced internalization. We discuss which kinases mediate GABABR 
phosphorylation and consider the significance of this covalent modification 
in determining the efficacy of receptor signaling and trafficking itineraries. 
We then go on to assess the physiological significance of phosphorylation 
and its impact on GABABR signaling under normal and pathological 
conditions. 

A. PKA 

The phosphorylation of GPCRs by PKA has been shown to regulate 
receptor activity (Bouvier et al., 1988; Bunemann & Hosey, 1999; Moffett 
et al., 1996). For instance, for the b-adrenergic receptor and rhodopsin 
receptors, PKA phosphorylation enhances receptor desensitization by indu
cing internalization. Consistent with other GPCRs, a role for PKA in med
iating GABABR receptor desensitization had been postulated prior to their 
structural characterization (Yoshimura et al., 1995). In agreement with this 
study a strong consensus site for PKA phosphorylation is found at serine 
892 (S892) within the R2 subunit (Q-R-R-L-S-L). Studies using in vitro 
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phosphorylation with purified PKA coupled with metabolic labeling of 
recombinant receptors expressed in fibroblast has confirmed that S892 is 
the sole site of phosphorylation for PKA-mediated phosphorylation within 
GABABRs. Using phospho-specific antibodies, significant levels of basal 
phosphorylation of S892 are evident within the brain, a phenomenon that 
is dependent principally upon the activity of PKA (Couve et al., 2001). 

The role of PKA-mediated phosphorylation in mediating GABABR effector 
coupling has been examined by measuring their ability to activate GIRKs. Upon 
brief exposure to agonist phosphorylation of S892 via PKA decreases the time
dependent decrease (rundown) in the efficacy ofGABABR-dependent activation 
ofGIRKs in bothHEK-293 cells andhippocampal neurons (Couve et al., 2001). 
This effect likely results from stabilization of GABABRs on the neuronal plasma 
membrane. In contrast to the majority of GPCRs, PKA-mediated phosphoryla
tion of S892 in the R2 subunit thus appears to promote GABABR signaling. 
PKA regulation of GABABR might not occur as a result of agonist stimulation 
but as a result of cAMP accumulation by neurotransmitters that activate 
Gas-coupled receptors. It remains to be determined which signaling pathways 
mediate S892phosphorylation and thusGABABReffector coupling; however, it 
is well accepted that prolonged activation ofGABABRs via the activation ofGai 
leads to decreased PKA activity. Consistent with this, prolonged activation 
of GABABRs leads to dephosphorylation of S892 and receptor degradation 
(Fairfax et al., 2004). Thus the phosphorylation status of S892, which is in part 
dependent upon agonist activation, is likely to play critical roles in maintaining 
GABABR cell surface stability and the strength of synaptic inhibition. 

B. PKC 

PKC activity had long been known to attenuate GABABR-mediated 
inhibition of neurotransmitter release and receptor–effector coupling (Dutar 
& Nicoll, 1988; Thompson & Gahwiler, 1992; Taniyama et al., 1991, 
1992). More recently, the phosphorylation of R1 subunit by PKC has 
been reported by Bouvier and colleagues (Pontier et al., 2006). The activa
tion of PKC induces the phosphorylation of R1 subunit followed by 
N-ethylmaleimide-sensitive fusion (NSF) protein dissociation from GABABR 
and promotes desensitization. Like PKA, PKC phosphorylation does not 
induce GABABR internalization. NSF is a molecular chaperone that is 
known to be a crucial element in membrane fusion events. It has also been 
identified as a regulator of the a-amino-3-hydroxy-5-methyl-4-isoxazole
propionic acid receptor (AMPAR) (Nishimune et al., 1998; Noel et al., 
1999; Osten et al., 1998), the g-aminobutyric acid (GABA) type A receptor 
(GABAAR) (Goto et al., 2005), and b2 adrenergic receptor cell surface 
expression (Cong et al., 2001). In Chinese hamster ovary (CHO) cells 
GABABR activity promotes PKC recruitment to the plasma membrane, 
inducing R1 subunit phosphorylation. Phosphorylation of R1 subunit is 
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disrupted by preventing the binding of NSF to GABABRs using selective 
peptides; the association of NSF to GABABRs is clearly crucial for GABABR 
phosphorylation. As measured in CHO cells, recruitment of PKC dependent 
upon NSF blocked baclofen-induced G protein activation by GABABRs but 
did not modify basal activity as measured using 35S-GTP-gS binding. It 
remains to be determined which residues within GABABRs are PKC sub
strates and to ascertain the relevance of this novel regulatory mechanism for 
neuronal GABABRs. 

C.	 AMPK 

It is evident that, in addition to PKA, GABABRs are substrates for AMPK 
(Kuramoto et al., 2007). AMPK is a serine/threonine protein kinase that 
exists as a heterotrimer consisting of the catalytic a-subunit and regulatory 
b- and g-subunits (Spasic et al., 2009). This kinase acts as an energy sensor 
that is rapidly activated when the cellular levels of AMP increase due to high 
metabolic activity or the pathological states of anoxia and ischemia (Carling, 
2005; Kahn et al., 2005). To date the majority of AMPK substrates are 
metabolic enzymes; however, AMPK also binds with high affinity to the 
C-terminus of R1 but not R2 subunit. Interestingly, AMPK phosphorylates 
the C-tails of both R1 and R2 subunits in vitro. Using mass spectrometry and 
Edman degradation analysis, two phosphorylation sites in R1 subunit (S917/ 
923) and one site in R2 subunit (S783) have been identified. The physiological 
relevance of this phosphorylation has been examined by measuring the effects 
of AMPK activity on the activation of GIRKs in both expression systems and 
neurons. This revealed that the phosphorylation of R2 subunit on S783 
decreases the desensitization ofGABABRs by stabilizing the receptor complex 
at the plasma membrane. These results suggest that, similar to PKA, the 
AMPK-mediated phosphorylation of GABABRs either inhibits receptor 
endocytosis or increases receptor exocytosis to maintain synaptic inhibition. 

III.	 Phosphorylation-Independent Desensitization of GABABRs 
by Protein Kinases 

Desensitization to prevent overstimulation is a common feature of 
GPCRs. For most GPCRs, a time-dependent desensitization of the receptor 
appears to be mediated by direct phosphorylation of the GPCRs by GRK 
followed by arrestin- and dynamin-dependent receptor internalization via 
clathrin-coated vesicle and recycling/degradation signaling pathways 
(Marchese et al., 2008; von Zastrow, 2003). Whilst GABABRs do not 
appear to be directly phosphorylated by GRKs, GRK4 and GRK5 have 
been reported to play a central role in agonist-induced desensitization 
(Kanaide et al., 2007; Perroy et al., 2003). For instance, the suppression of 
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GRK4 expression in cerebellar granule cells strongly inhibits GABABR 
desensitization (Perroy et al., 2003). Similarly, in Xenopus oocytes and 
baby hamster kidney (BHK) cells, expression of GABABR and GIRKs does 
not result in desensitization unless co-expressed with GRK4 or GRK5 
(Kanaide et al., 2007). Interestingly, the association of GRKs to R2 subunits 
is also observed but the GABABR phosphorylation is independent of GRK 
association (Fairfax et al., 2004; Kanaide et al., 2007; Perroy et al., 2003). 
Unlike most GPCRs, GRKs may thus function as anchoring proteins to 
regulate GABABR activity but not phosphorylation. 

IV.	 GABABR Endocytic Sorting and the Control of Receptor 
Cell Surface Stability 

It is generally agreed that GABABRs do not show agonist-induced 
endocytosis; however, they do exhibit significant rates of constitutive endo
cytosis (Couve et al., 2001; Fairfax et al., 2004; Perroy et al., 2003; Vargas 
et al., 2008). Under basal conditions, GABABRs endocytose as dimers via 
clathrin- and dynamin-dependent mechanisms and localize to Rab11-posi
tive recycling endosomes. After constitutive endocytosis, large numbers of 
GABABRs recycle back to the plasma membrane to maintain steady-state 
cell surface numbers, presumably reflecting the long cell surface half-lives 
for these proteins as measured via biotinylation (Fairfax et al., 2004; Vargas 
et al., 2008). Interestingly endocytosis is detected only in dendrites, not in 
axons. The mechanisms underlying this compartmentalization of GABABR 
endocytosis remain obscure; however, R1 subunit has many splice variants, 
which likely results in multiple distinct modes of phosphorylation. Consis
tent with steady-state measurement GABABR endocytosis is agonist-
independent; however, cell surface accumulation is dramatically reduced 
by exposure to glutamate via a mechanism dependent upon the activity of 
the proteasome (Vargas et al., 2008). In this study glutamate treatment did 
not result in enhanced intracellular accumulation of GABABRs, suggesting 
that this excitatory neurotransmitter may regulate lysozomal targeting of 
GABABRs. Further studies are needed to determine how glutamate treat
ment of neurons leads to degradation of GABABRs. 

V. GABABR Phosphorylation and Diseases 

A.	 Addiction 

Recently GABABR agonist and allosteric modulators have been success
fully used to treat the symptoms associated with withdrawal from cocaine, 
opiates, nicotine, and ethanol (Addolorato et al., 2009; Filip & Frankowska, 
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2008; Frankowska et al., 2009). This may be due to the phosphorylation 
of GABABRs. Kalivas and colleagues reported that repeated cocaine 
administration leads to an increase in basal extracellular GABA in the 
nucleus accumbens and to dephosphorylation of R2 subunits (Xi et al., 
2003). Because prolonged activation of GABABRs decreases cAMP produc
tion and PKA activation through Gia, elevated extracellular GABA by 
repeated cocaine injection may regulate S892 phosphorylation in R2 sub
unit. In this study, the authors performed an immunoprecipitation assay 
followed by immunoblotting using anti-phospho-serine antibody. Addi
tional experiments using phospho-specific antibody against S892 and 
S783 is clearly essential. Repeated cocaine administration can regulate the 
release of various neurotransmitters, and thus would also be able to regulate 
many of the second messenger kinases that phosphorylate GABABRs. 

B. Ischemia 

Our group recently demonstrated that the phosphorylation of 
GABABRs by AMPK indicates a possible neuroprotective role for GABABRs 
(Kuramoto et al., 2007). AMPK is expressed in neurons throughout the 
brain. Rapid AMPK activation has been observed following ischemia, 
hypoxia, and glucose deprivation (Carling, 2005; Culmsee et al., 2001; 
Gadalla et al., 2004; Kahn et al., 2005; Li et al., 2007; Spasic et al., 
2009). Phosphorylation of S783, but not S892, in R2 subunit has been 
documented in the CA3 and dentate gyrus of hippocampus after ischemic 
injury induced by MCAO (middle cerebral artery occlusion). The overex
pression of R2 subunits in cultured hippocampal neurons also shows phos
phorylation of S783 and enhanced neuronal survival in experiments using a 
model of anoxia (oxygen–glucose deprivation). Since mutation of S783 to 
alanine significantly decreases neuronal survival compared to wild-type in 
this model, phosphorylation of S783 in R2 subunit is likely to be a critical 
mechanism for neuronal survival. 

VI. Conclusion 

GABABRs are unique GPCRs that function as heterodimers composed of 
R1 and R2 subunits. They mediate slow and prolonged inhibitory signals. 
Deficits in GABABR function have been reported in many neurological and 
psychiatric disorders. We have discussed here current findings on the involve
ment of protein kinases in GABABR modulation; however, the existence of 
phosphorylation-dependent GABABR endocytosis is still unclear. Identifying 
the molecular machinery that regulates GABABR trafficking is thus key in 
developing novel therapeutics to treat neurological and psychiatric disorders. 
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GABAB Receptor Coupling to

G-proteins and Ion Channels


Abstract 

GABAB receptors have been found to play a key role in regulating 
membrane excitability and synaptic transmission in the brain. The GABAB 

receptor is a G-protein coupled receptor (GPCR) that associates with a subset 
of G-proteins (pertussis toxin sensitive Gi/o family), that in turn regulate 
specific ion channels and trigger cAMP cascades. In this review, we describe 
the relationships between the GABAB receptor, its effectors and associated 
proteins that mediate GABAB receptor function within the brain. We discuss 
a unique feature of the GABAB receptor, the requirement for heterodimeriza
tion to produce functional receptors, as well as an increasing body of evi
dence that suggests GABAB receptors comprise a macromolecular signaling 
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heterocomplex, critical for efficient targeting and function of the receptors. 
Within this complex, GABAB receptors associate specifically with Gi/o G-
proteins that regulate voltage-gated Ca2+ (CaV) channels, G-protein activated 
inwardly rectifying K+ (GIRK) channels, and adenylyl cyclase. Numerous 
studies have revealed that lipid rafts, scaffold proteins, targeting motifs in the 
receptor, and regulators of G-protein signaling (RGS) proteins also contribute 
to the function of GABAB receptors and affect cellular processes such as 
receptor trafficking and activity-dependent desensitization. This complex reg
ulation of GABAB receptors in the brain may provide opportunities for new 
ways to regulate GABA-dependent inhibition in normal and diseased states of 
the nervous system. 

I. Introduction 

GABA is the major inhibitory neurotransmitter in the brain that 
activates two types of receptors; ligand-gated chloride-selective receptors 
(e.g., GABAA and GABAr) and metabotropic G-protein coupled GABAB 

receptors. Activation of both receptors triggers inhibitory postsynaptic cur
rents (IPSCs) that are fast (GABAA-mediated) and slow (GABAB-mediated), 
resulting in reduced neuronal excitability. Over the past 30 years, the role of 
the GABAB receptor has been explored in detail and this chapter focuses on 
the relationship of the GABAB receptor with G-proteins, ion channels, and 
enzymes — the functional effectors that mediate the GABAB response within 
the cell. This review also describes the significance of these relationships in 
the context of putative GABAB-containing signaling complexes and func
tional regulation within the brain. 

First identified by Bowery & Hudson (1979) as an anomalous, bicuculline
insensitive GABAergic current, the GABAB receptor is now better understood 
due to the development of a pharmacologically distinct set of agonists (e.g., 
baclofen) (Bowery et al., 1979) and antagonists (Bowery, 1993). The 
GABAB receptor is a G-protein coupled receptor (GPCR) that associates 
with a subset of pertussis toxin sensitive G-proteins (Gi/o family). Activa
tion of the receptor triggers GTP-dependent release of G-protein hetero
trimers (Ga-GTP and Gbg) which, in turn, regulate specific ion channels 
and trigger other secondary messenger cascades that affect neuronal excit
ability (Bormann, 1988). The GABAB receptor was first identified in the 
periphery (Bowery & Hudson, 1979) but has since been shown to also 
function throughout the CNS. GABAB currents have been identified in the 
dorsal root ganglion (DRG) (Diverse-Pierluissi et al., 1999; Dunlap & 
Fischbach, 1981), hippocampus (Andrade et al., 1986; Charles et al., 
2001; Chen & Lambert, 2000; Davies et al., 1991; Fairfax et al., 2004; 
Gassmann et al., 2004; Kulik et al., 2003; Leaney, 2003; Otis et al., 1993; 
Otmakhova & Lisman, 2004; Premkumar & Gage, 1994; Ramirez et al., 
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2009; Schuler et al., 2001; Sohn et al., 2007; Tiao et al., 2008; Toselli & 
Taglietti, 1993; Tosetti et al., 2003, 2004; Vidal et al., 2007; Vigot et al., 
2006), midbrain (Cardozo & Bean, 1995; Federici et al., 2009; O’Callaghan 
et al., 1996; Rohrbacher et al., 1997), cerebellum (Becher et al., 2001; 
Billinton et al., 1999; Fernandez-Alacid et al., 2009; Huston et al., 1995; 
Slesinger et al., 1997; Turgeon & Albin, 1993), supraoptic nucleus (SON) 
(Li & Stern, 2004), laterodorsal tegmental area (Chieng & Christie, 1995), 
ventral tegmental area (VTA) (Cruz et al., 2004), suprachiasmatic nucleus 
(SCN) (Chen & van den Pol, 1998), and thalamocortical cells (Crunelli & 
Leresche, 1991), suggesting that their activation and regulation may underlie 
a range of actions in normal and diseased states of the nervous system. 

II. GABAB Receptor Structure 

In the mid-1990s, cloning of the GABAB receptor led to the identifica
tion of two GABAB gene products, GABAB1 and GABAB2, also referred to as 
GABA R1 (Kaupmann et al., 1997) and R2 (Jones et al., 1998; Kaupmann 
et al., 1998; Kuner et al., 1999; White et al., 1998), that together form a 
functional GABAB receptor. Interestingly, there was much speculation prior 
to the cloning on the number of GABAB receptor subunits due to the 
pharmacological and functional profile of the receptors (see below). At 
first the two subunits seemed inadequate to address the diverse roles of the 
receptor. However, two splice variants of the GABAB1 subunit (1a and 1b) 
were identified that differ in the N-terminal domain (Kaupmann et al., 
1997), the GABAB1a subunit containing two protein interacting “sushi” 
domains (Fig. 1). It has since become apparent that GABAB functional 
diversity arises from a complex control of expression and function (see 
heterodimerization below) and not from a plethora of subunit isoforms. 

The GABAB1 and GABAB2 subunits share 35% sequence homology 
and both resemble a classical GPCR subunit containing an extracellular 
N-terminal domain, seven-transmembrane domains, and a C-terminal 
intracellular domain. Functional characterization revealed a remarkable 
property of GABAB receptors—the GABAB1/GABAB2 subunits must be 
coexpressed to form a functional GABAB receptor; when expressed indivi
dually, the subunits failed to form physiologically normal receptors (Couve 
et al., 1998; Jones et al., 1998; Kaupmann et al., 1998; Kuner et al., 1999). 
It has since been discovered that the GABAB1 subunit contains an ER 
retention signal, (RXR(R)), which prevents forward trafficking of the 
receptor (Margeta-Mitrovic et al., 2000). Dimerization with the GABAB2 

subunit shields the ER retention signal and permits surface expression of 
both GABAB1 and GABAB2 (Calver et al., 2001; Margeta-Mitrovic et al., 
2000). Yeast two-hybrid analysis also revealed that the C-terminus of both 
the GABAB1 and GABAB2 subunits were critical for heterodimerization 
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FIGURE 1 GABAB receptor structure. The functional GABAB receptor is a heterodimer 
formed by a GABA B1 and B2 subunit. Each of the subunits possesses extracellular N-termini, 
seven-transmembrane domains, and intracellular C-termini. The functional receptors 
heterodimerize via a C-terminal coiled-coil domain that shields an ER retention motif on B1, 
promoting cell surface expression. Two splice variants of the B1 subunit (1A and 1B) exist, 
differing by the presence of two “sushi” axonal targeting domains in the 1a subunit. Activation 
of the receptor occurs when ligand (GABA or baclofen) binds to the N-termini of the B1 subunit 
in a venus flytrap mode of ligand binding (zoom panel). Essential ligand-binding amino 
acids have been highlighted. The B2 subunit then confers functional activity coupling to Gi/o 
G-proteins via its intracellular loops. 

(White et al., 1998) and CD spectroscopic analysis of a 30 amino acid 
sequence in these C-termini revealed a coiled-coil domain between the 
GABAB1 and GABAB2 subunits required for the subunit-specific formation 
of the receptor (Kammerer et al., 1999) (Fig. 1). Interestingly, the GABAB2 

subunit C-terminus also regulates lateral diffusion in hippocampal neurons 
suggesting that it helps control receptor expression levels at the plasma 
membrane (Pooler & McIlhinney, 2007). 

The extracellular N-terminal domain of the GABAB1 subunit is impor
tant for ligand binding. Creating a series of GABAB receptor chimeras and 
truncations revealed that the GABAB1 N-terminus was sufficient to confer 
wildtype-like ligand binding pharmacology (Malitschek et al., 1999). Later, 
attempts to determine the minimal functional ligand binding region found 
that, in fact, most of the N-terminal domain contributes to ligand binding 
(Deriu et al., 2005). Based on sequence homology and site-directed muta
genesis, it has been proposed that GABAB receptors contain a “venus 
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flytrap” model for ligand binding (Galvez et al., 1999). In the venus flytrap 
model, the initial step in receptor activation by agonist induces the closure of 
two ligand binding lobes (lobes I and II; Fig. 1). In the GABAB1 subunit, 
hydrogen bonds and salt bridges form between lobe I and GABA and a 
critical tyrosine in lobe II (Galvez et al., 2000). The tyrosine residue is so 
critical that baclofen can be converted from an agonist to an antagonist by 
mutation of the tyrosine to an alanine (Galvez et al., 2000); this finding also 
supports the conclusion that both agonists and antagonists bind to this 
region of the receptor. 

Though the GABAB1 subunit binds agonist, both GABAB1 and GABAB2 

N-terminal domains are required for effective receptor function. As expected, 
heterodimeric receptors that are mutated to contain two GABAB2 N-termini 
are unable to bind GABA (Margeta-Mitrovic et al., 2001b). However, hete
rodimeric receptors containing two GABAB1 N-termini do not display wild-
type signaling; agonists inhibit instead of activating downstream effectors 
(Margeta-Mitrovic et al., 2001b). Interestingly, swapping the N-termini 
(GABAB1 N-termini attached to GABAB2 transmembrane/C-termini and vice 
versa) resulted in receptors indistinguishable from wildtype. The presence of 
the GABAB2 N-terminus has also been shown to increase ligand affinity of the 
GABAB1 subunit (Galvez et al., 2001). Thus, it is becoming evident that both 
GABAB1 and GABAB2 N-termini are critical for effective ligand activation of 
GABAB receptors. 

Ligand binding to the extracellular N-terminal domain leads to activa
tion of G-proteins on the cytoplasmic side of the membrane. Previous studies 
with other GPCRs had implicated the intracellular loops in coupling to 
G-proteins (Arora et al., 1995; Cypess et al., 1999; Moro et al., 1993). 
The molecular determinants required for G-protein signaling in the GABAB 

receptor were first identified by a series of chimeric studies. The heptahelical 
domain (seven-transmembrane domains, intracellular loops, and C-termi
nus) of the GABAB2 subunit conferred the receptors G-protein sensitivity 
(Galvez et al., 2001). More refined replacements indicated that exchange of 
any of the three intracellular loops of GABAB2 with their GABAB1 counter
parts resulted in nonfunctional receptors narrowing the G-protein associa
tions to the intracellular loops of GABAB2 (Margeta-Mitrovic et al., 2001a). 
Further, point mutations within the second and third intracellular loops 
of GABAB2 decreased or completely disrupted G-protein activation 
(Duthey et al., 2002; Havlickova et al., 2002). Thus, a working model for 
GABAB receptor activation is that the GABAB1 subunit responds to ligands 
while the GABAB2 subunit couples to G-proteins via the intracellular 
loops (Fig. 1). 

The development of subunit-specific GABAB receptor knockout mice 
has revealed a complex role for GABAB receptor subunits in the brain. 
GABAB1 knockout mice do not exhibit detectable GABAB receptor agonist 
biochemistry or electrophysiology (Prosser et al., 2001; Schuler et al., 2001; 



128 Padgett and Slesinger 

Quéva et al., 2003), consistent with the loss of GABAB1 ligand binding site. 
Interestingly, atypical GABAB electrophysiological responses can be 
detected in the hippocampus of GABAB2 knockout mouse (Gassmann 
et al., 2004). This study suggests the GABAB1 subunit either functions 
independently in these neurons (unlikely due to the ER retention sequence) 
or is capable of forming functional relationships with other GABAB2-like 
subunits. This is supported by data measuring GABAB1 RNA and protein in 
peripheral tissue in the absence of the GABAB2 subunit despite measurable 
GABAB function within these tissues (Calver et al., 2000). Similarly, it has 
been shown that the GABAB2 subunits are capable of forming functional 
relationships with other GPCR subunits such as the M2 muscarinic receptor 
(Boyer et al., 2009), suggesting that alternate GABAB–GPCR heterodimer 
relationships are possible. Moreover, both GABAB1 and GABAB2 were 
shown to independently interact with other receptors such as the extracel
lular calcium sensing receptor (ECaR), leading to increased surface expres
sion of the receptor (Chang et al., 2007). Future research may prove that 
GABAB1 and GABAB2 promiscuity increases signaling opportunities and 
potential pathway crosstalk. 

III. GABAB Receptor Protein Expression 

GABAB receptors have been identified within both the peripheral 
(Lehmann, 2009; Meza, 1998; Ong et al., 1990) and central nervous sys
tems. Some of the highest regions of GABAB1 and GABAB2 expression 
within the CNS include the neocortex, hippocampus, thalamus, and cere
bellum. Notably, the GABAB2 subunit is found in brain regions lacking the 
GABAB1 subunit (Charles et al., 2001). These findings suggest that func
tional GABAB receptors are found in many regions of the brain. 

At the light microscopy level, GABAB1 and GABAB2 subunits were found 
to overlap in the dendrites of the hippocampus (Kulik et al., 2003) and  
high-resolution immunocytochemistry revealed a predominance of GABAB 

receptors within spines and shafts of dendrites in hippocampal pyramidal 
neurons, shown to correspond to the location of excitatory (glutamatergic) 
synapses (Kulik et al., 2006) and inhibitory (GABAergic) terminals (Kulik 
et al., 2003). Similarly, electron microscopic studies have localized GABAB 

receptors with their effectors to glutamatergic synapses in Purkinje cells of 
the cerebellum (Fernandez-Alacid et al., 2009). Recent studies have com
bined live fluorescence microscopy, biochemistry, and quantitative coloca
lization to show that GABAB1 and GABAB2 subunits have very different 
mobility properties within hippocampal neurons; GABAB1 and GABAB2 

subunits heterodimerize primarily at the plasma membrane rather than 
pre-assembling in the Golgi for vesicular transport (Ramirez et al., 2009). 
Excitingly, this finding raises the possibility that assembly of functional 
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GABAB receptors at the plasma membrane is a highly dynamic process that 
may be regulated by intracellular and extracellular cues. However, the 
GABAB1 subunit has been shown to redistribute from the distal axons to 
the soma of hippocampal neurons in the GABAB2 knockout mouse suggest
ing an earlier relationship between GABAB2 and GABAB1 that targets/main
tains GABAB1 subunit presence in the distal terminals (Gassmann et al., 
2004). Further research is needed to fully understand the requirements of 
heterodimerization and subcellular targeting. 

Electron microscopy studies have found the GABAB1 and GABAB2 sub
units expressed pre- and postsynaptically (Kulik et al., 2003), and electro
physiological studies have corroborated their functional presence at 
presynaptic (Chen & van den Pol, 1998; Iyadomi et al., 2000; Li et al., 
2002; Santos et al., 1995; Takahashi et al., 1998; Wu & Saggau, 1995) and 
postsynaptic sites (Deisz et al., 1997; Harayama et al., 1998; Li & Stern, 
2004). Interestingly the two isoforms of theGABAB1 subunit (1a and 1b) have 
unique expression patterns; in situ hybridization studies revealed GABAB1a 

mRNA expression predominantly in the granule cell parallel fiber terminals 
of the cerebellum (considered presynaptic) while GABAB1b was found pre
dominantly in Purkinje cells (considered postsynaptic) (Billinton et al., 1999). 
Using a combined genetic, physiological, and morphological approach the 
GABAB1a subunits have since been shown to assemble with GABAB2 presy
naptically to inhibit glutamate release in the hippocampus. Conversely, 
the GABAB1b/B2 subunits predominantly mediate postsynaptic inhibition 
(Perez-Garci et al., 2006; Vigot et al., 2006). Further, transfected GABAB1a 

subunits localize to the distal axons of the CA3 neurons suggesting that the 
protein interacting “sushi” motifs that are unique to the N-terminus of the 
GABAB1a subunit promote subcellular localization of the receptor, perhaps 
by association with unknown partner proteins (see heterocomplex formation 
section). 

IV. GABAB Receptor Effectors 

A. G-proteins 

Ligand binding to the GABAB receptor triggers GDP/GTP exchange at 
the Ga subunit of the heterotrimeric (a, b, and  g) G-proteins, resulting in 
dissociation of the Ga-GTP from the Gbg dimer. In turn, these G-proteins 
trigger activation of downstream effectors, including ion channels and 
enzymes (see below; Fig. 2). The downstream activity is terminated by the 
intrinsic GTPase activity of the Ga subunit, which hydrolyzes GTP to GDP, 
and promotes reassociation of the G-protein with the GABAB receptor. This 
GTPase activity has been quantified in postmortem brain tissue, where 
pharmacological activation of GABAB receptors is accompanied by GTPase 
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FIGURE 2 The primary GABAB receptor effectors. Activation of the G-protein coupled 
GABAB receptor stimulates GTP-dependent G-protein (Gi/o) dissociation of the Ga and Gbg 
dimer. The Gai/o subunit has been shown to inhibit adenylyl cyclase while the Gbg dimer is 
capable of modulating voltage-gated Ca2+ (CaV) or G protein-gated inwardly rectifying K+ 

(GIRK) channels, resulting in potent neuronal inhibition. Effector specificity may be regulated 
by heterocomplex formation, guided by targeting protein partners and subcellular localization. 

activity (Odagaki etal., 1998), and in studies that use hydrolysis-resistant 
analogs of GDP and GTP, GDPbS and GTPgS, respectively, to irreversibly 
promote GABAB receptor effects (Dolphin & Scott, 1987). Using G-protein 
anti-sera and toxins, it has been shown that the GABAB receptor selectively 
activates a subset of heterotrimeric G-proteins that are pertussis toxin (PTX) 
sensitive, the Gai and Gao family (Menon-Johansson et al., 1993). Inter
estingly Gao and Gai1, but not Gai2, increased GABA binding to NEM-
treated brain membranes suggesting these G-proteins’ specific involvement 
in GABAB function (Morishita et al., 1990). However, functional coupling 
of GABAB receptors with K+ channels appears to involve a different subset 
of G-proteins, Gao and Gai2 (Leaney & Tinker, 2000). Interestingly, only 
the Gi subtype has been isolated from the bovine cerebral cortex and couples 
the GABAB receptor to adenylyl cyclase (Nishikawa et al., 1997). Increas
ingly, evidence suggests that the specificity of the G-protein subtype is 
region- and/or function-specific. 

B. Voltage-Gated Calcium Channels 

One of the first confirmed ion channel effectors of the GABAB receptor 
was the voltage-gated Ca2+ (CaV) channel in the early 1980s; calcium-
dependent action potentials of the DRG were impaired by GABA treatment 
(Dunlap & Fischbach, 1981). This was later confirmed by voltage clamp 
analysis that revealed two calcium currents: transient and sustained (Robert
son & Taylor, 1986). Baclofen reduced the peak amplitude of the sustained 
current. These findings suggested the GABAB receptor might mediate inhibi
tory effects within neurons via the CaV channel. Six types of CaV channel, 
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made up of multiple and various subunits, have been classified by pharma
cology and electrophysiology (Catterall, 2000). The CaV channels are termed 
L-, T-, N-, P-, Q-, and R-type. The T-type CaV channels are low-voltage
activated, predominantly performing a pacemaker role; the other subtypes 
are high-voltage-activated. The GABAB receptor has been shown to couple 
specifically to the high-voltage-activated P-, Q-, and N- but not L- or R-type 
CaV channels (Guyon & Leresche, 1995; Harayama et al., 1998; Huston 
et al., 1995; Li & Stern, 2004; Mintz & Bean, 1993; Vigot et al., 2006). 

The electrophysiological relationship of GABAB-CaV has been exten
sively studied throughout the brain including the hippocampus (Doze et al., 
1995; Wu & Saggau, 1995), SON (Li & Stern, 2004), DRG (Menon-
Johansson et al., 1993), and midbrain (Cardozo & Bean, 1995). Agonist 
activation of GABAB receptors stimulates Gi/o proteins (Menon-Johansson 
et al., 1993; Obrietan & van den Pol, 1999) releasing Gbg to bind to, and 
inhibit, the high voltage-activated CaV channel (Dolphin, 2003) by 10–50 % 
(Guyon & Leresche, 1995; Huston et al., 1990; Menon-Johansson et al., 
1993). This current inhibition is voltage-independent (Deisz & Lux, 1985) 
and is driven by a slowing of the CaV channel activation kinetics; as a result 
calcium influx is reduced, thereby decreasing various calcium-dependent, 
excitatory neuronal activities. For example, presynaptically, GABAB recep
tor-dependent inhibition of CaV currents leads to reduced neurotransmitter 
release. In cerebellar granule neurons, application of baclofen inhibits the 
amplitude of CaV currents by 30–50%, inhibiting glutamate release by 25– 
30% (Huston et al., 1990). Presynaptic GABAB-inhibited CaV currents have 
also been found at GABA synapses (Chen & van den Pol, 1998; Doze et al., 
1995) where the receptor acts as an autoreceptor. In the SCN, for example, 
evoked IPSCs can be completely ablated by baclofen administration, result
ing from presynaptic inhibition of GABA release through inhibition of CaV 

(Chen & van den Pol, 1998). Similarly depolarization-induced GABA 
release in CA1 of the hippocampus is reduced by presynaptic GABAB 

autoreceptors that inhibit CaV currents (Doze et al., 1995). High-frequency 
stimulation promotes long-term potentiation (LTP) in CA1 by depressing 
GABA release (Davies et al., 1991) and therefore implicates the GABAB 

receptor in synaptic plasticity. 
Postsynaptically, the GABAB receptor modulation of CaV currents can 

also regulate neuronal excitability. In the SON, GABAB receptor-dependent 
inhibition of CaV currents (10–25%) (Harayama et al., 1998) reduced firing 
capabilities due to diminished depolarizations (Li & Stern, 2004). Interest
ingly, this neuronal regulation was more predominant in vasopressin neu
rons (as opposed to the oxytocin neurons) suggesting cell-type-specific 
regulation. 

Taken together these studies demonstrate the integral and diverse role 
GABAB modulation of CaV currents plays both pre- and postsynaptically to 
affect neuronal excitability and synaptic plasticity. 
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C. Potassium Channels 

GABAB-induced K+ currents were identified in 1985 in hippocampal 
slices (Gähwiler & Brown, 1985; Inoue et al., 1985a, 1985b). The currents 
responded to changes in extracellular K+ and were blocked by either barium 
or caesium, suggesting inwardly rectifying K+-selective channels. Unlike 
other regions of the brain in which Ca2+ was shown to be the primary 
ionic conductance controlled by baclofen, the GABAB receptor was shown 
to also be K+-linked in the hippocampus. It has since been shown that the 
GABAB receptor couples to a specific type of K+ channel—the G-protein
gated inwardly rectifying K+ (GIRK or Kir3) channel (Misgeld et al., 1995). 
GIRK channels assemble in a cell-specific, homo- or heterotetrameric man
ner (made up of four different subunits, GIRK1-4) and despite some con
troversy over the Ga or Gbg subunits in the 1980s, it is now accepted that 
the Gbg dimer binds directly to and opens GIRK channels (Reuveny et al., 
1994; Wickman et al., 1994). GIRK channel activation by a Gi/o-coupled 
GPCR results in hyperpolarization of the neuron, inhibiting neuronal activ
ity (Dascal, 1997). In this way, similar to the GABAB-CaV currents, the 
GABAB-GIRK currents are considered inhibitory. 

Similar to GABAB expression patterns, the GABAB-GIRK currents have 
now been identified in many brain regions, including the hippocampus 
(Gähwiler & Brown, 1985; Premkumar & Gage, 1994; Kulik et al., 
2006), locus coeruleus (Osmanovic & Shefner, 1988), substantia nigra 
(Lacey et al., 1988; Watts et al., 1996), VTA (Cruz et al., 2004; Labouèbe 
et al., 2007), cerebellum (Slesinger et al., 1997), thalamus (Wallenstein, 
1994), and paraventricular nucleus and SON (Slugg et al., 2003). Activation 
of the GABAB receptor increases membrane conductance and reduces neuro
nal excitability by direct activation of the GIRK channel (Misgeld et al., 1995; 
Watts et al., 1996). Critically, loss of GIRK channels leads to uncontrollable 
neuronal activity; GIRK2 knockout mice display increased susceptibility to 
seizures and are hyperactive (Signorini et al., 1997; Blednov et al., 2001). The 
significance of the inhibitory role of the GABAB-GIRKs is further highlighted 
by recent research within the VTA. Blocking the GABAB receptor or the 
GIRK channel within the VTA prevents GABAA-mediated IPSC auto-inhibi
tion of DA neurons (Michaeli & Yaka, 2010). These results suggest 
that presynaptically localized GABAB-GIRK currents modulate DAergic 
output from the VTA. The sensitivity of postsynaptic GABAB-GIRK cur
rents within the VTA has been described further (Cruz et al., 2004; 
Labouèbe et al., 2007); in the VTA, the GABAB receptor coupling efficiency 
(EC50) with GIRK channels is an order of magnitude higher in DA neurons, 
compared to GABA neurons (Cruz et al., 2004). Due to the arrangement of 
GABA neurons impinging on DA neurons in the VTA, and the difference in 
coupling efficiency, low concentrations of baclofen (or endogenous GABA) 
will inhibit GABA neurons via GABAB-GIRK, thereby increasing VTA 
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activity, while higher concentrations will directly activate GABAB-GIRKs on 
the DA neurons to inhibit VTA output (Cruz et al., 2004). Differing expres
sion patterns of GIRK channel subunits in each of the cell types account for 
this difference in coupling efficiency, enabling bi-directional effects of baclo
fen/GABA underlying the critical relationship between GABAB receptor and 
effector (Cruz et al., 2004). Recently, the expression of a regulator of 
G-protein signaling (RGS) 2 protein was shown to further influence the 
efficacy of GABAB receptor signaling in DA neurons (Labouèbe et al., 2007) 
(see heterocomplex formation and functional regulation sections below). These 
studies begin to suggest that the role of the GABAB receptor is far more 
complex and subtle than just inhibiting action potential propagation. 

D. Enzymes 

GABAB receptor activation of enzymes offers another pathway for 
modulation of neuronal excitability. GABAB receptors regulate adenylyl 
cyclase, an enzyme that converts ATP to the second messenger cAMP, 
through activated Gai G-proteins (Nishikawa et al., 1997). The Gai coupled 
to the GABAB receptor inhibits adenylyl cyclase (Federman et al., 1992), 
reducing cAMP levels and kinase activity within the cell. Paradoxically, 
however, evidence suggests that under some circumstances GABAB recep
tors are also capable of assisting in the activation of adenylyl cyclase via the 
Gbg dimer (Robichon et al., 2004). Adenylyl cyclase is stimulated by Gas 
proteins to increase cAMP levels and promote downstream kinase activity. 
Research suggests that Gbg from the GABAB receptor is capable of increas
ing adenylyl cyclase affinity for Gas from the b-adrenergic receptor (while 
the Gai from GABAB is sequestered by RGS proteins) resulting in a syner
gistic acceleration of adenylyl cyclase activity (Robichon et al., 2004). 
Propagation of adenylyl cyclase activity by the GABAB receptor results in 
cAMP surges that activate protein kinase A (PKA). PKA is capable of 
altering cellular processes through phosphorylation and has been shown 
to modify both ion channel function directly and further downstream 
enzymes and proteins. cAMP surges also regulate cAMP response element 
binding (CREB) protein, a transcription factor known to regulate CRE-
element-containing genes such as tyrosine hydroxylase and neuropeptides 
(Mayr & Montminy, 2001)—key elements in synaptic signaling. Moreover, 
in cerebellar neurons, GABAB activation promotes Ras activity to induce 
ERK(1/2) phosphorylation, activation of which triggers a kinase cascade 
leading to CREB activation (Tu et al., 2007). 

Taken together, it appears that GABAB receptor is capable of mediating 
long-term effects within the central nervous system beyond “slow” adapta
tions to neuronal excitability via the slow IPSC. GABAB receptors can 
modify protein expression and function by phosphorylation and even alter 
transcription patterns via CREB. Increasingly, there is also evidence that the 
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GABAB receptor is capable of promoting both inhibitory and, in partnership 
with Gs-coupled GPCRs, stimulatory intracellular pathways. This is an 
interesting aspect to GABAB function within the brain that will need to be 
explored in more detail over the coming years. 

E.	 G-Protein Independent Activation 

The b-arrestins are small proteins that sterically disrupt GPCR coupling 
to G-proteins but more recently have also been shown to regulate phos
phorylated GPCR expression (Shenoy & Lefkowitz, 2005). They are critical 
to cellular function contributing to responses such as chemotaxis and cell 
survival. In sensory chick neurons, b-arrestin has been shown to associate 
with CaV channels and, upon agonist activation, the GABAB receptor is 
recruited to the b-arrestin-channel and internalized as a complex (Puckerin 
et al., 2006). In this way fast, b-arrestin-mediated internalization of GABAB 

may contribute to neuronal excitability in a G-protein-independent manner. 
However, others have found that GABAB receptors are stable at the neuro
nal cell surface, showing little endocytic internalization correlating with a 
lack of agonist-induced receptor phosphorylation and arrestin recruitment 
in heterologous expression systems (Fairfax et al., 2004). Interestingly, it 
appears that cAMP-dependent kinases may phosphorylate the GABAB 

receptor to promote cell surface stability. The apparent paradoxical stabiliz
ing/destabilizing effects of GABAB phosphorylation may prove yet another 
complexity of GABAB receptor regulation and signaling. 

Recent evidence also suggests that GABAB receptors may be capable of 
G-protein-independent activation by receptor crosstalk. In cerebellar Pur
kinje cells, for example, the GABAB receptor acts as a Ca2+ sensor and 
modulates metabotropic glutamatergic activity by proposed association 
and co-factor-like activation of mGluR1 (Tabata et al., 2004). However, 
whether this is truly attributed to G-protein-independent signaling or 
GABAB1 subunit heterodimerization with mGluR1 remains to be deter
mined (see heterodimerization above). 

V.	 Formation of a Macromolecular Signaling 
Heterocomplex 

Recent studies suggest that small heterocomplexes can be generated to 
control the trafficking of the receptor to subcellular targets. For example, a 
pair of “sushi” repeats that distinguish the N-terminus of the GABAB1a and the 
GABAB1b subunit appear to promote subcellular localization (Vigot et al.,  
2006). The GABAB1a subunits form heterodimers with GABAB2 to inhibit 
glutamate release in the hippocampus while the GABAB1b subunits form 
heteroreceptors postsynaptically to mediate inhibition. In fact, the sushi motifs 
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are capable of redirecting the GABAB1a-containing receptors away from the 
default dendrite targeting to the axons (Biermann et al., 2010; Vigot et al., 
2006). Similarly, when the sushi domains are fused to membrane-associated 
protein CD8a, its normally uniform expression is redirected almost exclusively 
to the axons suggesting the motifs function by interacting with axonally bound 
proteins along intracellular sorting pathways (Biermann et al., 2010; Tiao 
et al., 2008). The identity of these axonal proteins have yet to be determined 
but their recruitment to a putative receptor complex may aid targeting. 

An interaction with specific cytoskeletal proteins or lipid domains could 
explain the crossover or separation of signaling pathways. Recent studies have 
identified some of these scaffold proteins that associate with GABAB recep
tors. Both Marlin 1 (a microtubule binding G-protein) and kinesin-I 
(a molecular motor) interact with the GABAB receptor and are proposed to 
link the receptor with the tubulin cytoskeleton of neurons, presumably to 
promote localization and cellular movement (Couve et al., 2004; Vidal et al., 
2007). The GABAB receptor has also been reported to associate with 14-3-3 
proteins (specifically eta and zeta) (Couve et al., 2001). The 14-3-3 proteins 
often mediate signal transduction suggesting their association with the 
GABAB receptor may contribute to signaling by association with additional 
binding partners. Similarly the GABAB receptor can localize within the plasma 
membrane by associating with lipid rafts (Becher et al., 2001). Enriched 
in cholesterol and sphingolipids, the lipid rafts contain specific populations 
of membrane proteins and are capable of changing their size and composition 
in response to cellular cues (Lingwood et al., 2009). Association of the GABAB 

receptor with the lipid raft microdomain could be one mechanism assisting the 
formation of a heterocomplex on the plasma membrane. 

Recent studies suggest the GABAB receptors may form higher order 
oligomers (Maurel et al., 2008); using spectroscopic techniques, multiple 
GABAB1 subunits have been shown to be proximal to one another in both 
heterologous COS-7 cells and the brain suggesting the formation of GABAB 

oligomers. Further, these oligomers have been shown to exhibit decreased 
G-protein coupling efficiency (Maurel et al., 2008). Taken together the 
GABAB receptor complexes appear capable of functionally regulating recep
tor efficacy making their formation potentially critical to cellular function. 
Further investigation is warranted to fully understand the role of these 
higher order oligomers in vivo. 

There is also an increasing body of evidence that suggests the hetero
meric GABAB receptors form a larger macromolecular signaling complex 
with G-proteins, scaffold proteins, and effectors to facilitate region- and 
subcellular-specific regulation of GABAB activity (Fig. 2). The time-course/ 
kinetics of GIRK channel activation would suggest the receptor, G-proteins, 
and channels reside within the immediate vicinity of each other (Hille, 
2001). In support of this, microscopic and spectroscopic techniques have 
indicated that some effectors are in close proximity to the GABAB receptor. 
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For example, high-resolution immuno-electronmicroscopy shows GABAB 

receptors and GIRK channels colocalize on the same dendritic spines of 
pyramidal neurons of the hippocampus (Kulik et al., 2006). Interestingly, 
the GIRK channels and GABAB receptors are largely segregated in the 
dendritic shafts, suggesting at least two types of targeting in these neurons. 
The effectors may also be involved in recruiting stabilizing protein elements 
into a complex. For example, various PDZ proteins, known to promote 
subcellular localization, have been shown to interact with GIRK channels 
(e.g., SNX27 (Lunn et al., 2007) and PSD-95 (Inanobe et al., 1999)), and 
association of signaling components (e.g., Src kinase, Ras pathway mem
bers) has been reported for the CaV channel (Richman et al., 2004). Finally, 
RGS proteins have been shown to functionally regulate GABAB-effector 
efficacy in a cue-dependent manner suggesting their local, cell-specific 
recruitment (Brown & Sihra, 2008; Fowler et al., 2007; Labouèbe et al., 
2007; Lomazzi et al., 2008; Mutneja et al., 2005). 

Direct evidence for the formation of a quaternary complex made up 
from GABAB receptor, G-protein, effector and RGS proteins has come from 
fluorescence resonance energy transfer (FRET) techniques. FRET occurs 
when two proteins are in close proximity and has been measured between 
the GABAB receptor and RGS4, G-proteins or GIRK channels, but not 
between GIRK and Gao (Fowler et al., 2007), directly between Gbg
proteins and GIRK channels (Raveh et al., 2008) and between GIRK3 and 
RGS2 (Labouèbe et al., 2007). Further, the formation of a stable physical 
interaction between G-protein and RGS (independent of G-protein func
tional state) that is capable of directly contributing to signaling kinetics has 
also been described (Benians et al., 2005). Taken together, these data suggest 
that the formation of the quaternary heterocomplex may be a central feature 
of GABAB receptor signaling providing increased potential therapeutic tar
gets for manipulating GABAB signaling to treat disease. 

VI. GABAB Receptor-Dependent Desensitization 

Persistent stimulation of GABAB receptors that couple to GIRK chan
nels can generate two different kinds of GIRK current responses. In some 
cases, stimulation of the receptor leads to a GIRK current that faithfully 
reports the time course of receptor activation (i.e., no decrement with time). 
Alternatively, persistent stimulation of the receptor can elicit a current that 
decreases with time, which is referred to as desensitization. In fact, longer 
stimulation of the receptor can lead to a persistent reduction in GABAB 

receptor-activated current. The extent of GABAB receptor-dependent desen
sitization can be variable, depending on the type of neuron. For example, in 
peri-aquaductal gray neurons, stimulation of GABAB receptors produces 
little desensitization of GIRK currents while stimulation of those in 
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laterodorsal tegmental area results in >25% desensitization (Chieng & 
Christie, 1995). Likewise in the VTA, baclofen stimulation produces a 
desensitizing GIRK current in DA neurons but not in GABAergic neurons 
(Cruz et al., 2004). In hippocampus, GABAB receptor-mediated control of 
GABA release exhibits acute desensitization while both GABAB receptor-
mediated inhibition of glutamate release and postsynaptic GABAB receptor-
mediated inhibition show little desensitization (Tosetti et al., 2004). In 
general, the desensitizing response is an important adaptive response of 
the cell to prevent excessive signaling for particular signaling pathways. 

There are several possible ways to generate a desensitizing current. 
Changes in the signaling of the GPCR, the G-proteins, and/or effector 
could all lead to smaller responses with time. A well-known mechanism 
of receptor-dependent desensitization involves phosphorylation of the recep
tor (Kovoor et al., 1995; Shui et al., 2001). For example, stimulation of 
b2-adrenergic receptors leads to phosphorylation of the GPCR by receptor 
kinases (GRKs), and subsequent uncoupling of the G-protein with the 
receptor (Kovoor et al., 1995; Shui et al., 2001). Prolonged stimulation 
(tens of minutes) then triggers receptor internalization, which by rapid 
recycling has been implicated in resensitization of the GPCR (Ferguson, 
2001). Other pathways for producing a receptor-dependent desensitizing 
current have been described that involve changes in G-protein turnover 
(Chuang et al., 1998; Jeong & Ikeda, 2001; Mutneja et al., 2005; Saitoh 
et al., 2001), in the membrane phospholipid PIP2 (Kobrinsky et al., 2000), 
and/or inhibitory G-proteins (Blanchet & Luscher, 2002). 

To study the mechanism of GABAB receptor-dependent desensitization, 
several labs have heterologously expressed GABAB receptors and GIRK 
channels in mammalian cells (e.g., HEK293, COS, CHO) or Xenopus 
oocytes. Similar to hippocampal pyramidal neurons, brief (2 s) but repetitive 
stimulation of GABAB1/B2 receptors decreases the amplitude of GIRK cur
rent by ~60% over a period of 10–15 min in HEK293 cells (Couve et al., 
2002). PKA phosphorylation of the C-terminal tail attenuated this decrease, 
suggesting that the stability of GABAB receptors in the membrane is 
enhanced with PKA-dependent phosphorylation (Couve et al., 2002). Pro
longed stimulation (1 h) of GABAB receptors produces desensitization when 
G-protein receptor kinase 4 (GRK4) is coexpressed with the receptor in 
HEK-293 cells (Perroy et al., 2003). Surprisingly, the kinase domain of 
GRK4 was not required for internalization, suggesting that phosphorylation 
is not involved (Perroy et al., 2003). In CHO cells, long-term (>2 h) stimula
tion of GABAB receptors also induces internalization (Gonzalez-Maeso 
et al., 2003), suggesting these cells express an endogenous GRK. In 
HEK293 cells, on the other hand, a 60 s application of GABAB agonist 
induced 60% GIRK current desensitization but did not appear to induce 
GABAB receptor internalization (Mutneja et al., 2005). Instead, the turnover 
of G-proteins appear to be involved in generating a desensitizing GIRK 
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current (Mutneja et al., 2005). Heterologous desensitization was observed 
with mu-opioid receptor and GABAB receptors, suggesting that both GPCRs 
share a common pool of G-proteins and channels (Mutneja et al., 2005). 
Desensitization was attenuated with coexpression of Gaq-Q209L-ΔN, a 
putative RGS binding protein, as well as a RGS-insensitive Gao (Mutneja 
et al., 2005). How do RGS proteins induce receptor-dependent desensitiza
tion? One function of RGS proteins is to accelerate the intrinsic GTPase 
activity of Ga subunits, which promotes the formation of the inactive Gabg 
heterotrimer (Fig. 3). Modeling this effect of RGS on the G-protein turnover 
cycle shows that acute desensitization of receptor-induced GIRK currents is 
more extensive if a GTPase-activating protein, such as RGS4, accelerates the 
GTPase activity of Ga subunits (Chuang et al., 1998). 

An increasing number of studies have established a link between RGS 
protein activity and GIRK current desensitization. Ectopic expression of 
RGS-insensitive Gao G-proteins in sympathetic neurons dramatically 
reduced a2 adrenergic receptor-dependent desensitization of GIRK currents 
(Jeong & Ikeda, 2001). Similarly, coexpression of RGS proteins in oocytes 
enhances GIRK current desensitization following stimulation of opioid 
(Chuang et al., 1998) and muscarinic receptors (Saitoh et al., 2001). In a 
separate study, expression of two Ga subunits with different activation 
kinetics modulates the extent of GABAB receptor-dependent desensitization 
(Tosetti et al., 2004). In addition to GIRK channels, RGS proteins appear 
to modulate desensitization of GPCR-mediated inhibition of CaV channels 
(Chen & Lambert, 2000; Diverse-Pierluissi et al., 1999; Tosetti et al., 2003). 

GABAB1/B2 
*GABAB1/B2 
+GTP 

AC 

GDP 

Gαi/oGDP + βγ 

Gαi/oGDP + βγ 

Gαi/oGDPβγ 

Gαi/oGDPβγ 

Pi 

GIRK, Cav 

RGS 

FIGURE 3 G-protein turnover affects GABAB receptor function. Agonist activation of 
GABAB receptor (

�GABAB1/B2) leads to GTP exchange for GDP on Gai/o. The activated 
heterotrimeric complex (Gai/oGTPbg) then signals to different effectors (e.g., adenylyl cyclase, 
GIRK, and CaV). The intrinsic GTPase activity of Gai/o hydrolyzes GTP to GDP, allowing the 
inactive heterotrimer (Gai/oGDPbg) to reform. The presence of RGS accelerates the GTPase 
activity of Gai/o, leading to less Gai/oGTP and bg, leading to desensitization of GIRK and CaV 

currents, and shift in the GABAB coupling efficiency to higher concentrations. Adapted from 
Chuang et al. (1998). 



GABAB Receptor and its Effectors 139 

VII. Conclusion 

The inhibitory GABAB receptor system is found throughout the brain 
and is increasingly implicated in many critical neuronal pathways and 
diseases including hormone secretion (Li & Stern, 2004), body temperature 
regulation (Quéva et al., 2003), learning and memory (Scanziani, 2000; 
Schuler et al., 2001), addiction (Cruz et al., 2004; Jayaram & Steketee, 
2004, 2005), absence seizures (Hosford et al., 1992; Liu et al., 1992), 
epilepsy (Straessle et al., 2003), hyperalgesia (Schuler et al., 2001), gastro
esophageal reflux disease (Lehmann, 2009), and anxiety (Knapp et al., 
2007). Understanding the basic molecular mechanisms of GABAB receptor 
activity will be crucial in directing targeted pharmaceutical development. 
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FRET Fluorescence resonance energy 
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Abstract 

In mammalian brains, g-amino butyric acid (GABA) is the most ubiqui
tous inhibitory neurotransmitter and neuromodulator. The Gi/o protein-
coupled GABA receptor termed B-type GABA receptor (GABABR) has 
been recognized as one of the major mediators of the inhibitory effects of 
GABA. Several years ago, Hirono et al. and our group independently found 
that GABABR mediates non-inhibitory effects in cerebellar Purkinje cells. In 
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this cell type, GABABR co-localizes with type-1 metabotropic glutamate 
receptor (mGluR1), a Gq/11 protein-coupled receptor around the postsynap
tic membrane of the excitatory synapses. At that site, GABABR is not 
exposed to the direct bombardment of GABA released from the terminals 
of inhibitory neurons. Instead, the receptor may sense a low concentration 
of GABA and Ca2+ usually contained in the extracellular fluid and a rela
tively high concentration of GABA spilt over from the neighboring active 
inhibitory synapses. In response to these ambient ligands, GABABR 
increases the ligand affinity of mGluR1 independently of Gi/o protein and 
augments mGluR1-coupled intracellular signaling via Gi/o protein. These 
GABABR-mediated modulations may facilitate mGluR1-mediated neuronal 
responses including cerebellar long-term depression, a form of synaptic 
plasticity crucial for cerebellar motor learning. In this article, we present 
current knowledge on a new role of GABABR as an ambience-dependent 
regulator of synaptic signaling. 

I. Introduction 

g-amino butyric acid (GABA) is the most ubiquitous inhibitory neuro
transmitter and neuromodulator in mammalian brains. B-type GABA recep
tor (GABABR), a Gi/o protein-coupled receptor has been recognized as a 
mediator of the inhibitory effects of GABA (for review, see Bettler et al., 
2004; Bowery et al., 2002). For example, in the presynaptic terminals of 
many types of neurons, GABABR activation leads to inhibition of voltage-
gated Ca2+ channels. The resultant reduction of Ca2+ influx attenuates 
action potential-triggered neurotransmitter release and decreases the effi
cacy of synaptic transmission. In the dendrites and/or soma of many types of 
neurons, GABABR activation leads to opening of G protein-coupled 
inwardly rectifying K+ (GIRK) channels (Bichet et al., 2003; Jan & Jan, 
1997). The resultant K+ conductance counteracts spontaneous or synapti
cally driven depolarization and thereby impedes action potential discharge. 

Several years ago, Hirono et al. (Hirono et al., 2001) and our group 
(Tabata et al., 2004) independently discovered novel non-inhibitory actions 
of GABABR in cerebellar Purkinje cells. Purkinje cells are known as one of 
the “hot spots” of GABABR throughout the brain (Jones et al., 1998; 
Kaupmann et al., 1998; Kuner et al., 1999). Nevertheless, the function of 
GABABR in this cell type has not been fully elucidated. What deepens the 
mystery is that a majority of the GABABR proteins reside in the dendritic 
spines innervated by excitatory (glutamatergic) but not inhibitory (GABAer
gic) presynaptic neurons (Fig. 1). In those spines, GABABR co-localizes with 
type-1 metabotropic glutamate receptor (mGluR1), a Gq/11 protein-coupled 
receptor for the excitatory neurotransmitter [for review, see (Kano et al., 
2008; Nakanishi, 1994)]. The two groups revealed that ligand binding to 



GABABR-Mediated mGluR1 Signaling Modulation 151 

GABABR leads to enhancement of mGluR1-mediated neuronal responses in 
two ways. One is a Gi/o protein-dependent augmentation of mGluR1-coupled 
intracellular signaling. The other is a Gi/o protein-independent increase in the 
ligand affinity of mGluR1. Although these two phenomena produce appar
ently similar effects on mGluR1-mediated responses, they are absolutely 
distinct in respect of the underlying mechanisms. To distinguish these phe
nomena in the following sections, we term them mGluR1 signaling augmen
tation and mGluR1 sensitization, respectively. mGluR1 signaling in Purkinje 
cells is an essential factor to induce a form of synaptic plasticity crucial for 
cerebellar motor learning [for review, see (Kano et al., 2008; Tabata & Kano, 
2009)]. Thus, GABABR-mediated mGluR1 signaling modulation could have 
an important role in regulation of synaptic plasticity and learning. 

In this article, we present current knowledge on the functional interplay 
between GABABR, mGluR1, and their immediately related molecules in 
cerebellar Purkinje cells and discuss the possible physiological significance 
of GABABR-mediated mGluR1 signaling modulation. 

II. Synaptic Organization Around Cerebellar Purkinje Cells 

To provide a background for understanding the cellular environment 
where GABABR exerts its actions, we give a brief explanation of the synaptic 
organization around cerebellar Purkinje cells in mammalian brains [for 
review, see (Ito, 2006; Llinas et al., 2003)]. This cell type is the sole output 
neuron of the cerebellar cortex. Purkinje cells spread their large dendritic 
arbors in the molecular layer of the cerebellar cortex and receive synaptic 
inputs from excitatory fibers and inhibitory interneurons. 

Each Purkinje cell receives excitatory synaptic inputs from more than 
100,000 parallel fibers (PFs) and a single climbing fiber (CF). PFs are the 
axons of granule cells and convey motor commands from the upper centers 
and sensory information from various parts of the body (Ito, 2006). Gluta
mate released from the presynaptic terminals of PFs binds to amino-3
hydroxy-5-methyl-4-isoxazolepropionic acid-type ionotropic glutamate 
receptor (AMPAR) and mGluR1 residing at the tip and annuli of the 
dendritic spines of the Purkinje cell, respectively (for details, see below). 
GABABR co-localizes with mGluR1. In response to glutamate, AMPAR 
opens its built-in cation pore and generates a fast PF-Purkinje cell excitatory 
postsynaptic potential (PF-PC EPSP). mGluR1 opens transient receptor 
potential C3 (TRPC3) cation channels via Gq protein, and this generates a 
slow PF-PC EPSP (Hartmann et al., 2004, 2008; Hartmann & Konnerth, 
2008). Purkinje cells integrate these EPSPs and based on the result of this 
computation, control the motor system (Ito, 2006). This promotes motor 
accuracy and coordination (Kawato et al., 2003; Llinas & Welsh, 1993; 
Ohyama et al., 2003; Thach et al., 1992). 
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A CF is the axon of a neuron whose soma exists in the inferior olive and 
informs errors between the planned and executed motion (Ito, 2006). Each 
branch of a CF forms many synaptic contacts widely over the dendrites of a 
Purkinje cell. Glutamatergic transmission at these synapses generates a large 
fast CF-Purkinje cell EPSP (CF-PC EPSP), which often elicits a burst of a 
spike and spikelets (complex spikes) (Llinas et al., 2003). mGluR1 signaling 
driven by a certain group of PFs and CF-driven complex spikes together 
trigger cerebellar long-term depression (LTD) which is a long-lasting 
attenuation of fast EPSPs at the synapses between the group of PFs and 
the Purkinje cell (see below). 

GABAergic transmission from interneurons to a Purkinje cell evokes an 
inhibitory postsynaptic potential (IPSP) mediated largely by A-type ionotro
pic GABA receptor (GABAAR). PFs innervate inhibitory interneurons. Thus, 
PF excitation evokes sequentially a PF-PC EPSP and an IPSP driven by PF-
innervated interneurons in the same Purkinje cell. Such an IPSP delimits a 
time-window for the preceding EPSP to influence the whole-cell activity, and 
this may promote temporal precision of computation in Purkinje cells. 

III. Possible Ligands for GABABR in Cerebellar Purkinje Cells 

A. Basal “Ambient” GABA 

Some studies employing immuno-electron microscopy (Fritschy et al., 
1999; Ige et al., 2000; Kulik et al., 2002) show that in rodent cerebellar 
Purkinje cells, GABABR is concentrated at the annuli of the dendritic spines 
innervated by excitatory PFs but not those innervated by inhibitory inter
neurons (Fig. 1). Could GABABR have any role without being exposed to 
the direct bombardment of GABA released from inhibitory neurons? 

One possibility lies in “ambient” GABA. A study employing micro-
dialysis (Bohlen et al., 1979) reports that mammalian cerebrospinal fluids 
contain �65 nM of free GABA under normal (unstimulated) conditions. 
This GABA is thought to originate largely from the brain because its 
concentration increases when the whole-brain GABA level is pharmaco
logically elevated. Some recent microdialysis studies (Bist & Bhatt, 2009; 
Paredes et al., 2009) detected extracellular concentrations of �120 nM in 
rodent cerebella. At these concentrations, GABA is thought to bind to a 
considerable fraction of the GABABR proteins  based  on  the GABA-
GABABR affinity. The GABA dose for the half-maximal blockade against 
the binding of 3H-baclofen and [125I]CGP64213 to GABABR (IC50) 
measured in vitro are 40 nM and 270 nM, respectively (Galvez et al., 
2000; Hill & Bowery, 1981). Thus, ambient GABA might constitutively 
induce weak GABABR signaling in Purkinje cells under physiological 
conditions. 
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B. GABA Spilt Over from Synapses 

The concentration of ambient GABA may rise locally near an active neural 
circuitry. In rodent cerebellar slices, high-frequency electrical stimuli given to 
the molecular layer induce release of a large amount of GABA from the 
presynaptic terminals of interneurons. A part of this GABA appears to be 
spilt over from the synaptic cleft (Dittman & Regehr, 1997) (Fig. 1). As a result, 
�10 mM of GABA appears to act on the neighboring PF-Purkinje cell synapses. 
This level of GABA is thought to activate a majority of the GABABR proteins. In 
cultured mouse Purkinje cells, 3 mM of baclofen, a GABABR-selective agonist 
with a similar potency to GABA(1) induces a GIRK current (Tabata et al., 2005). 

The ambient GABA concentration indeed rises in a neuronal activity-
dependent manner in vivo. One of the microdialysis studies (Paredes et al., 
2009) collected samples through the rat cerebellar cortex and interpositus 
nuclei and detected a 30–50% increase in the GABA concentration during a 
training of delayed eye-blink conditioning. This behavioral task reinforces 
association of unconditioned eye-blink responses to an aversive stimulus 
with the preceding conditioning stimulus (in the case of the above study, an 
air puff and a pure tone, respectively). A study using mGluR1-knockout and 
mGluR1-rescue mice (Kishimoto et al., 2002) showed that learning in this 
task depends on the neuronal activity involving mGluR1 of Purkinje cells. 

C. Extracellular Ca2þ 

Some studies using heterologous expression cells (Galvez et al., 2000) 
indicate another possibility that GABABR senses Ca2+ usually contained in the 
extracellular fluid (Ca2+o). GABABR belongs to family C G protein-coupled 
receptors (GPCRs) and has a structural similarity to Ca2+-sensing receptor 
(CaR), another family C member that serves as a blood Ca2+ sensor in the 
prarathyroid [for review, see (Bettler et al., 2004)]. Ca2+ itself does not induce 
Gi/o protein activation by GABABR. However, studies performing [35S]GTPgS 
binding assays on membrane from heterologous expression cells and rat 
brains (Galvez et al., 2000; Wise et al., 1999) showed that the continuous 
presence of a physiological level (1 mM) of Ca2+o lowers the GABA dose to 
induce the half-maximal level of GABABR-mediated G protein activation 
(EC50, 7.7 or 2.4 mM) by a factor of 10–80 from that in the absence of Ca2+o 

(72 or 200 mM). A point mutation study (Galvez et al., 2000) identified a Ca2+
interacting site near the GABA-binding site of GABABR subunit 1. These 
observations indicate that Ca2+o induces a conformational change which 
allosterically modulates the GABA binding property of GABABR. 

1 For example, a study employing [35S]GTPgS binding assay (Galvez et al., 2000) reports that 
the EC50 for GABABR-mediated G protein activation are 2.4 mM for GABA and 3.2 mM for 
baclofen in the presence of Ca2+ (1 mM) in the bath. 
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In heterologous expression cells, the extent of Ca2+o-induced enhance
ment of GABABR-mediated GIRK current reaches the maximum with 
1–10 mM of Ca2+o (Wise et al., 1999). As well, the extent of Ca2+o-induced 
enhancement of GABABR-mediated G protein activation reaches the max
imum with �1mM  of  Ca2+o (Galvez et al., 2000). Thus, a majority of the 
GABABR proteins in Purkinje cells might interact with Ca2+o under physio
logical conditions. 

IV. Functions of GABABR Near the Excitatory Synapses 

A. Function Exerted Through GIRK Channels 

Given that ambient GABA and/or Ca2+o can stimulate GABABR in cere
bellar Purkinje cells, new questions arise: in response to such a ligand, what 
does GABABR do near the excitatory synapses? What is the biological merit of 
such “ectopic” localization? First, we focus on the functional relationship to 
GIRK channels because a study employing immuno-electron microscopy and 
co-immunoprecipitation (Fernandez-Alacid et al., 2009) showed that  mouse  
Purkinje cells express some types of GIRK channel subunits in the dendritic 
spines and shafts and that GIRK channel subunits form complexes with 
GABABR in mouse cerebellum. If GABABR in a PF-innervated dendritic  spine  
could open the closely associated GIRK channels, the resultant K+ conductance 
could efficiently shunt AMPAR-mediated fast PF-PC EPSPs to be generated in 
the same spine (effects on mGluR1-mediated responses will be discussed later). 

We assessed this possibility in cultured mouse Purkinje cells (Tabata 
et al., 2005). We compared voltage ramp-evoked whole-cell currents 
recorded before and during an application of 3 mM of baclofen. Because 
baclofen has a similar potency to GABA (see footnote 1), baclofen at this 
dose mimics the effect of spilt GABA (�10 mM, see above). Purkinje cells 
usually display a large inwardly rectifying current carried mostly by K+ 

passing through IRK channels (Falk et al., 1995; Miyashita & Kubo, 
1997). Application of baclofen further adds an inwardly rectifying K+ 

component. This additional component is susceptible to pertussis toxin 
(PTX), a Gi/o protein inhibitor and several GIRK channel blockers including 
tertiapin-Q, Ba2+, and Cs2+. These results show that GABABR is indeed 
coupled to GIRK channels in Purkinje cells. 

However, baclofen-induced GIRK channel conductance does not greatly 
increase the totalmembrane conductance (Tabata et al., 2005). At amembrane 
potential of –130 mV, the amplitude of the baclofen-induced component is as 
small as 1/10–1/20 of that of the basal current. Current-clamp recordings from 
the somata of cultured mouse Purkinje cells showed that a whole-cell applica
tion of baclofen does not reduce the amplitude of an excitatory potential 
evoked by AMPA applied iontophoretically to the dendrites. These results 
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indicate that the GIRK channel conductance little affects the conduction of 
AMPAR-mediated PF-PC EPSPs from the dendrites to the soma. 

Although the direct effect on the dendritic excitatory potential is minor, 
the GABABR-mediated GIRK conductance appears to reduce the excitability 
of Purkinje cells by changing the membrane potential near the soma. Some 
studies employing light microscopic immunohistology (Iizuka et al., 1997; 
Murer et al., 1997) detected a GIRK channel subunit in and near the somata 
of rat Purkinje cells. In cultured mouse Purkinje cells, 3 mM of baclofen 
continuously hyperpolarizes the resting potential by �3.5 mV (Tabata et al., 
2005). This hyperpolarization negatively offsets the peak level of AMPA-
evoked excitatory potentials measured at the soma without changing the 
peak amplitude (Tabata et al., 2005). Such a shift might hamper EPSP-
driven and/or spontaneous excitatory conductances to elevate the mem
brane potential towards the threshold of action potential discharge. The 
GABABR-mediated GIRK conductance indeed influences the neuronal excit
ability in situ. In Purkinje cells in mouse cerebellar slices, baclofen (10 mM) 
decreases the rate of spontaneous action potential discharges, and this effect 
is susceptible to Ba2+ and tertiapin-Q (Tabata et al., 2005). 

These findings demonstrate that GABABR exerts a physiological func
tion through opening GIRK channels whereas this does not require the 
ectopic localization of GABABR. 

B. GABABR-Mediated mGluR1 Signaling Augmentation 

In cultured cerebellar Purkinje cells, activation of A1 adenosine receptor 
(A1R), another Gi/o protein-coupled receptor little affects the amplitude of 
excitatory currents evoked by dendritic application of AMPA (Tabata et al., 
2007). This result together with the findings described in the previous 
section suggests that the signaling cascade involving GABABR and Gi/o 

protein does not modulate AMPAR signaling itself. Thus, our concern shifts 
to the functional relationship of GABABR to mGluR1, the other excitatory 
receptor co-localizing in the dendritic spines (Fig. 1). 

Several years ago, Hirono et al. (2001) found that application of baclo
fen augments mGluR1 signaling in Purkinje cells in mouse cerebellar slices 
(we call this effect GABABR-mediated mGluR1 signaling augmentation). 
They evaluated the intensity of mGluR1 signaling by slow PF-PC EPSP 
and excitatory postsynatptic current (EPSC, an inward current response 
observed under voltage clamp which is mediated by the same machinery 
as that of slow EPSP) evoked by a high-frequency burst of electrical stimuli 
to the PFs. These responses reflect the opening of TRPC3 channel which is 
gated by the mGluR1-Gq protein signaling cascade (Hartmann & Konnerth, 
2008) (Fig. 1). CGP62349, a GABABR-selective antagonist, abolishes the 
baclofen-induced augmentation of the slow EPSC, confirming the involve
ment of GABABR (Hirono et al., 2001). 
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FIGURE 1 GABABR-mediated mGluR1 signaling augmentation. As shown schematically, 
GABABR and mGluR1 co-localize at the annuli of the PF-innervated dendritic spines of 
cerebellar Purkinje cells. Spillover from the neighboring inhibitory synapses elevates the local 
concentration of ambient GABA around a Purkinje cell. In response to a relatively high 
concentration of GABA, GABABR activates an enough large amount of Gi/o protein to augment 
mGluR1-coupled intracellular signaling (mGluR1 signaling augmentation). This augmentation 
canbemonitored as an increase in the amplitudeof the slowPF-PCEPSPorEPSCunder current or 
voltage clamp, respectively. These responses reflect cation flow throughTRPC3 channel, which is 
coupled to mGluR1 via the a subunit of Gq protein (Gaq) and are evoked when mGluR1 binds 
glutamate diffusing out of the cleft of the PF-PC synapse. It has been suggested in heterologous 
expression cells that the bg subunit complex, which is cleaved from activatedGi/o protein (Gbg i/o), 
may potentiate (but not necessarily trigger for itself) PLC, which produces IP3 and DAG from a 
plasma membrane component. Potentiation of PLC may promote IP3 and DAG production. IP3 

augments mGluR1-mediated Ca2+ release from the intracellular store to the cytoplasm. DAG and 
cytoplasmicCa2+may facilitate the functionofTRPC3channel, and this increases theamplitudeof 
slow EPSPs or EPSCs. Dotted lines indicate signaling involving unknown messengers. 

N-ethylmaleimide, a wide-spectrum inhibitor against intracellular sig
naling molecules including Gi/o protein also abolishes the augmentation 
(Hirono et al., 2001). Our study in cultured mouse Purkinje cells (Tabata 
et al., 2007) showed that a high dose of an A1R agonist produces a similar 
augmentation of a R,S-3,5-dihydroxyphenylglycine (DHPG, a mGluR1/5
selective agonist)-evoked, mGluR1-mediated inward current and that this 
augmentation is susceptible to PTX. These observations together suggest the 
Gi/o protein-dependence of the GABABR-mediated augmentation (Fig. 1). 

Baclofen-induced augmentation is observed for the inward current 
evoked by 500 mM of DHPG in cultured Purkinje cells (Tabata et al., 
2007). This effect cannot be ascribed to an increase in the DHPG-bound 
fraction of the mGluR1 proteins because this dose of DHPG is shown to 
saturate most of the mGluR1 proteins (Tabata et al., 2002). Thus, Gi/o 

protein may augment mGluR1-coupled intracellular signaling rather than 
increase the ligand affinity of mGluR1 (Fig. 1). 
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Although it is unclear how Gi/o protein acts on the intracellular signaling 
cascade, some insights (Fig. 1) can be drawn from studies using heterologous 
expression cells. In cells co-expressing mGluR1 and GABABR, GABABR-
mediated augmentation of mGluR1-mediated responses is decreased by 
additional expression of b-adrenergic receptor kinase C-terminus which 
traps G protein bg subunit complex and is occluded by additional expres
sion of an excessive amount of the bg subunits (Rives et al., 2009). These 
observations suggest that among the subunits detached from activated Gi/o 

protein, the bg subunit complex is thought to be important for the subse
quent reaction. The bg subunit complex may potentiate (but not necessarily 
trigger for itself) phospholipase C (PLC) (Quitterer & Lohse, 1999), which 
produces diacylglycerol (DAG) and inositol trisphosphate (IP3) from the 
plasma membrane component. PLC is a major target of Gq/11 protein. 
Thus, mGluR1 activation triggers massive production of DAG and IP3 by 
PLC. PLC potentiation by the bg subunit complex further promotes DAG 
and IP3 production. IP3 elevates the cytoplasmic Ca2+ concentration by 
opening IP3 receptor (IP3R) on the surface of the intracellular Ca2+ store. 
DAG and cytoplasmic Ca2+ may facilitate the function of TRPC3 channel 
[for review, see (Hartmann & Konnerth, 2008)]. In support of the possibi
lity that Gi/o protein links GABABR to the downstream cascade of mGluR1 
signaling, baclofen augments DHPG-induced, mGluR1-mediated Ca2+ 

release from the intracellular store in cultured mouse Purkinje cells (Kami
kubo et al., 2007). This effect is indeed mediated by Gi/o protein because it is 
not observed in PTX-pretreated cells. Moreover, baclofen does not elevate 
the resting cytoplasmic Ca2+ level (Kamikubo et al., 2007), suggesting that 
GABABR signaling itself does not trigger Ca2+ release. 

One problem with the above scheme is that Gi/o protein-dependent 
potentiation has been clearly shown for PLCb3 but not PLCb4 (Park 
et al., 1993). The cerebellar cortex consists of complementary stripes each 
of which contains Purkinje cells enriched with either PLC subtype (Sarna 
et al., 2006). Does the GABABR-mediated mGluR1 signaling augmentation 
take place in the PLCb3-poor Purkinje cells? If so, is there any other cross
talk point for the GABABR and mGluR1 signaling cascades? To answer 
these questions, detailed analyses should be performed on native molecules 
in Purkinje cells. 

C. GABABR-Mediated mGluR1 Sensitization 

1. mGluR1 Sensitization 

Kubo’s group (Kubo et al., 1998; Miyashita & Kubo, 2000) reported 
that Ca2+o interacts with mGluR1, and this increases the glutamate affinity 
of heterologously expressed mGluR1. As inspired by their work, we per
formed physiological analyses in cultured mouse cerebellar Purkinje cells 
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and observed an apparently similar effect of Ca2+o (Tabata et al., 2002). 
Later, this effect turned out to be mediated by a different mechanism than 
that of the effect observed in the heterologous cells; in Purkinje cells, Ca2+o 

modulates mGluR1 not directly but indirectly via GABABR (Tabata et al., 
2004)(Fig. 2A). 

mGluR1 in Purkinje cells bathed in Ca2+-free saline or in heterologous 
expression cells displays a dose–response curve with a Hill coefficient (steep
ness of the curve over the working dose range) of �1 (Miyashita & Kubo, 
2000; Tabata et al., 2002, 2004)(Fig. 2B). This value of the coefficient 
indicates that each functional receptor possesses only one ligand-binding 
site or multiple non-cooperative ligand-binding sites. Most of the functional 

FIGURE 2 GABABR-mediated mGluR1 sensitization. (A) In cerebellar Purkinje cells, 
GABABR increases the ligand affinity of mGluR1 in a Gi/o protein-independent fashion 
(mGluR1 sensitization) in response to Ca2+o and ambient GABA. Mechanisms underlying the 
functional interplay between GABABR and mGluR1 remain unknown (dotted arrow tying these 
receptors). This sensitization can be monitored as a change in the dose–response relation of a 
glutamate analog (e.g., DHPG)-evoked inward current recorded from cultured Purkinje cells 
under voltage clamp. This current is thought to be mediated by a signaling cascade involving Gq 

protein a subunit and TRPC3 channel like the slow PF-PC EPSP and EPSC (cf. Fig. 1). (B) 
Dose–response relations of the DHPG-evoked inward currents recorded from cultured mouse 
Purkinje cells in the absence or presence of the labeled agents. Note that Ca2+o or baclofen, a 
GABABR-selective agonist, enables mGluR1 to respond to lower doses of DHPG. CGP55845A, 
a GABABR-selective blocker, suppresses this effect of Ca

2+
o, suggesting that GABABR mediates 

it. Sigmoid curve in each plot indicates a Hill function with a Hill coefficient of 1 fitted to the 
data obtained in the absence of Ca2+o. [Adapted from (Tabata et al., 2004), copyright (2004) 
National Academy of Sciences, U.S.A.] 
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receptors on cell surface consist of homo-dimerized mGluR1 subunits, each 
of which has a glutamate-binding site in its large extracellular domain [for 
review see (Jingami et al., 2003; Kubo & Tateyama, 2005)]. Thus, a func
tional mGluR1 as a whole possesses two glutamate-binding sites. Although 
there could be a cooperativity between the two glutamate-binding sites, it is 
not obvious in the dose–response curve presumably because glutamate 
binding to one of the dimerized mGluR1 subunits may be enough to initiate 
signal transduction as suggested by molecular and atomic studies [for 
review, see (Jingami et al., 2003; Kubo & Tateyama, 2005)](2). Such binding 
leads to a change of the relative position of the extracellular domains of the 
dimerized subunits. As a result, the transmembrane and intracellular 
domains of the two subunits approach to each other. This promotes Gq/11 

protein activation by the receptor. 
We measured the peak amplitudes of the mGluR1-mediated inward 

currents, applying various doses of DHPG to cultured mouse Purkinje 
cells (Tabata et al., 2002, 2004)(Fig. 2A, B). In the absence of Ca2+o, the 
dose–response curve of native mGluR1 is similar to that of heterologously 
expressed mGluR1; the curve is well fitted by a Hill function with a Hill 
coefficient of 1 (sigmoid curve in Fig. 2B). Only 0.5 mM or higher doses of 
DHPG evokes significant mGluR1-mediated currents. Addition of Ca2+o to 
the bath solution alters the dose-response relation in a complicated manner. 
In the presence of a physiological concentration (2 mM) of Ca2+o, even 
nanomolar doses of DHPG evokes inward currents (we term this effect 
mGluR1 sensitization) while the saturating dose (500 mM) unchanged; as a 
result, the working dose range in which the peak amplitude changes quasi-
linearly with the dose becomes broader. 

2. Possible Mechanisms Underlying mGluR1 Sensitization 

Multivalent cations including Ca2+o can alone activate mGluR1
mediated responses in cultured Purkinje cells (Tabata et al., 2002). Thus, 
we first postulated that Ca2+o-induced mGluR1 sensitization is due to direct 
interaction of mGluR1 with Ca2+o. However, another possibility is raised by 
a report suggesting complex formation between CaR and mGluR1 in cere
bellar neurons (Gama et al., 2001). To date, various GPCRs have been 
reported to form hetero-oligomeric complexes in which the constituents 
functionally modulate one another [for review, see (Bouvier, 2001; Kubo 
& Tateyama, 2005)]. 

We examined whether Ca2+o-sensitive GPCRs (in the case of Purkinje 
cells, CaR and GABABR) mediate Ca2+o action onto mGluR1 in cultured 

2 A molecular study in heterologous expression cells (Kniazeff et al., 2004) shows that glutamate 
binding to both of the dimerized mGuR1 subunits is required to induce the full activity of 
mGluR1. However, partial activation by glutamate binding to only one of the dimerized 
subunits is thought to occur more frequently (Kubo & Tateyama, 2005). 
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Purkinje cells. A b-amyloid fragment which is known to activate CaR does 
not enhance the DHPG-induced, mGluR1-mediated inward current (Tabata 
et al., 2004). An immunohistological study failed to detect CaR in mouse 
cerebellar Purkinje cell (M. Watanabe, personal communication). These 
observations exclude the involvement of CaR. By contrast, CGP55845A, a 
GABABR-selective antagonist abolishes the Ca

2+
o-induced mGluR1 sensiti

zation (Tabata et al., 2004)(Fig. 2B). In the continuous presence of a dose 
(2 mM) of CPG55845A, which is thought to block most of the GABABR 
proteins(3), the dose–response curve is well fitted by a Hill function with a 
Hill coefficient of 1 irrespective of the Ca2+o concentration. GABA and 
baclofen have a similar effect to Ca2+o, increasing the amplitudes of the 
inward currents to lower doses of DHPG (Fig. 2B). Purkinje cells derived 
from GABABR subunit 1-knockout mice do not display significant mGluR1
mediated inward currents to nanomolar doses of DHPG even in the presence 
of Ca2+o (2 mM). These results demonstrate that the Ca2+o-induced mGluR1 
sensitization is due to indirect action of Ca2+o mediated by GABABR. 

Both Ca2+o- and baclofen-induced mGluR1 sensitization is not suscep
tible to a pretreatment with PTX, which is shown to completely suppress a 
baclofen-induced GIRK current in cultured mouse Purkinje cells (Tabata 
et al., 2004). Without the aid of its own messenger Gi/o protein, how could 
GABABR influence the target? We performed co-immunoprecipitation for 
the synapse-rich P2 membrane fraction of samples obtained from adult 
mouse cerebella and detected complex formation between GABABR and  
mGluR1 (Tabata et al., 2004). A study employing freeze-fracture immuno
electron microscopy (Rives et al., 2009) detected co-localization of GABABR 
and mGluR1 at a nanometric scale in the dendritic spines of mouse Purkinje 
cells. These observations suggest that these receptors reside very close to 
each other in Purkinje cells. This might allow direct communication or 
indirect communication via a non-G protein local intermediate molecule(s) 
between GABABR and mGluR1. Direct communication has been suggested 
for various GPCRs forming hetero-oligomeric complexes [for review, see 
(Bouvier, 2001)]. As to local intermediate molecules, there is increasing 
evidence that GPCRs form complexes with various non-G protein trans
membrane and intracellular proteins (Bockaert et al., 2004). As exemplified 
by D5 dopamine receptor and GABAAR, a GPCR and its interacting protein 
may modulate each other [see (Bockaert et al., 2004)]. Moreover, as exem
plified by non-receptor tyrosine kinase janus kinase 2 which mediates type 1 
angiotensin II receptor signaling, certain receptor-interacting proteins can 
act as mediators of agonist-induced GPCR signaling independently of G 
protein pathways [for review, see (Ritter & Hall, 2009)]. 

3 In rat cerebral cortical tissues, CGP55458A reverses a baclofen effect on cAMP production 
with an IC50 of 130 nM (Cunningham & Enna, 1996) and facilitates GABA release with an 
EC50 of 8.08 nM presumably due to relief of presynaptic inhibition (Waldmeier et al., 1994). 
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The exact mechanism underlying complex formation between GABABR 
and mGluR1 is unknown. A recent study (Rives et al., 2009) reports that 
GABABR and mGluR1 do not form complexes in heterologous expression 
cells. Thus, a molecule(s) peculiar to Purkinje cells might be necessary to 
help complex formation. 

The mechanism underlying the co-localization of GABABR and 
mGluR1 at the annuli of the dendritic spines is also unknown. Co-localiza
tion in the dendritic spines is observed for Purkinje cells in the dissociated 
culture system which lacks the spatial organization of neurons and glial 
cells seen in the molecular layer of the cerebellum (Tabata et al., 2000). 
Thus, the subcellular distribution of these receptors might be regulated by 
an intrinsic mechanism(s) of the Purkinje cells. The immuno-electron 
microscopic studies (Kulik et al., 2002; Rives et al., 2009) showed that 
mGluR1 is more concentrated on the annuli of dendritic spines than 
GABABR; a low density of GABABR is scattered to the dendritic shafts 
and spine tips. This indicates that mGluR1 might play a leading role in 
co-localization. mGluR1 itself might be stabilized in the dendritic spines by 
Homer proteins which may anchor the receptor to IP3R on the endoplasmic 
reticulum [for review, see (Mikoshiba, 2007)]. Consistent with this notion, 
in rat cerebellar Purkinje cells, the full-length variant of mGluR1 
(mGluR1a) which can interact with Homers is more concentrated at the 
annuli than a splice variant with short C-termini (mGluR1b) which cannot 
interact with Homers (Mateos et al., 2000)[for review on mGluR1-homer 
interaction, see (Fagni et al., 2000)]. 

3.	 Another Example of Gi/o Protein-Independent Action of GPCR in 
Cerebellar Purkinje Cells 

The above findings suggest a possibility that a Gi/o protein-coupled 
receptor exerts its effect in a Gi/o protein-independent manner in cerebellar 
Purkinje cells. Another line of our studies supports that this is the case for 
native preparations. Mouse Purkinje cells display an immunoreactivity 
against A1R in the dendritic structures including the spines (Kamikubo et al., 
Soc. Neurosci. Annual Meeting, 320.11, 2009). In cultured mouse Purkinje 
cells, [R]-N6-(1-methyl-2-phenylethyl)adenosine (R-PIA), an A1R-selective 
agonist induces an inwardly rectifying K+ current susceptible to PTX 
(Tabata et al., 2007). Thus, A1R is coupled to Gi/o protein in Purkinje 
cells. We found that several A1R agonists induce the continuous reduction 
of the DHPG-evoked, mGluR1-mediated inward current and Ca2+ release 
from the intracellular store (Tabata et al., 2007). A1R indeed mediates this 
inhibition because it is not observed in cells derived from A1R-knockout 
mice. When an extremely high dose of an A1R agonist is applied, the 
reduction is preceded by a transient augmentation of the mGluR1-mediated 
inward current. A pretreatment with PTX abolishes selectively the transient 
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augmentation but not the continuous reduction. The fact that Gi/o protein-
dependent and -independent A1R signaling produce the opposing effects on 
the same target (i.e., the mGluR1-mediated response) clearly shows the 
existence of distinct Gi/o protein-dependent and -independent signaling path
ways in Purkinje cells. 

V.	 Possible Physiological Significance of GABABR-Mediated 
Effects on mGluR1 Signaling 

A.	 Expansion of the Dynamic Range of Slow PF-PC EPSP 

mGluR1 in the dendritic spines of cerebellar Purkinje cells is known to 
be involved in several neuronal events with much different time-spans. For 
example, mGluR1-mediated PF-PC EPSP may influence information inte
gration in the Purkinje cell until it decays, taking several seconds (Batchelor 
& Garthwaite, 1997; Tempia et al., 1998). Various forms of mGluR1
mediated synaptic plasticity switch the mode of information integration to 
a new state which will last for seconds to days (Tabata & Kano, 2009). 
mGluR1 is required for the late phase of redundant CF synapse elimination 
undergoing for three weeks after the birth (Kano et al., 2008). In principle, 
GABABR-mediated modulatory effects could possibly influence all of these 
mGluR1-related events. However, we focus on the relatively short events 
because our current knowledge on functional interaction of GABABR and 
mGluR1 is based on the acute ex-vivo measurements. 

The slow PF-PC EPSP is generated immediately after mGluR1 receives 
glutamate from the PFs (see above). One of the features of the slow EPSP is 
that its amplitude gradually increases with the frequency and number of 
electrical stimuli given to PFs (Batchelor & Garthwaite, 1997; Tempia et al., 
1998). mGluR1 at the annuli of the dendritic spines is thought to experience 
a relatively low concentration of glutamate because glutamate diffusing out 
of the synaptic cleft is partly taken up by perisynaptic transporters before 
reaching the vicinity of mGluR1 (Brasnjo & Otis, 2001). The concentration 
of glutamate around mGluR1 may rise with the amount of glutamate 
released from the PF terminal which reflects the frequency and number of 
action potentials discharged by the PF. Ca2+o- or ambient GABA-induced, 
GABABR-mediated mGluR1 sensitization broadens the working dose range 
of mGluR1 (see above), and this might emphasize the above feature of the 
slow EPSP. The graded amplitudes of slow PF-PC EPSP may encode motor 
commands and sensory information carried by the PFs with a high resolu
tion, and this might contribute to precise motor control by Purkinje cells. 
Consistent with this notion, the TRPC3 channel-knockout mice, in which 
the slow EPSP is not generated, displays discoordinated gait (Hartmann 
et al., 2008). 
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B. Facilitation of Cerebellar LTD 

1. Molecular Basis for Cerebellar LTD 

Next, we discuss how GABABR influences cerebellar LTD. Cerebellar 
LTD is a reduction of PF-PC EPSPs developing gradually and lasting over 
hours following repetitive, synchronized discharges (e.g., 100–600 sets at 1– 
4 Hz) of a certain group of PFs and a CF innervating the same Purkinje cell. 
Cerebellar LTD changes the manner of integration of motor commands and 
sensory information conveyed by PFs in the PC and may thereby serve as a 
physiological basis for cerebellar motor learning. 

The molecular mechanisms underlying cerebellar LTD have been ana
lyzed extensively [for review, see (Ito, 2002; Tabata & Kano, 2009)]. 
Pharmacological inhibition or genetic knock-out of mGluR1 abolishes cer
ebellar LTD (Aiba et al., 1994; Shigemoto et al., 1994). Purkinje cell-specific 
genetic rescue of mGluR1 in the mGluR1-KO mice restores cerebellar LTD 
(Ichise et al., 2000). These observations show that mGluR1 in Purkinje cells 
is essential for inducing cerebellar LTD. In response to glutamate released 
from the PFs, mGluR1 activates Gq/11 protein. Gq/11 protein in turn activates 
PLC. PLC produces DAG and IP3. IP3 opens IP3R on the intracellular Ca2+ 

store. On the other hand, strong synaptic depolarization driven by the CF 
(see above) opens voltage-gated Ca2+ channels on the plasma membrane. 
The opening of these channels elevates the cytoplasmic Ca2+ concentration. 
This Ca2+ together with DAG activates protein kinase C (PKC). PKC and 
some other activity-dependent signaling molecules cooperatively facilitate 
endocytosis of AMPAR from the surface of the PF-innervated dendritic 
spines. The resultant decrease of AMPAR proteins reduces the efficacy of 
synaptic transmission at the PF-Purkinje cell synapses. 

2. GABABR-Mediated mGluR1 Sensitization May Secure LTD Induction 

GABABR resides not only on the postsynaptic side but also on presy
naptic side of PF-Purkinje cell synapses (Lujan & Shigemoto, 2006). Activa
tion of presynaptic GABABR is shown to reduce glutamate release from the 
PF terminals [see (Hirono et al., 2001)]. Thus, in cerebellar slice prepara
tions, pharmacological manipulation of GABABR may affect both the pre
synaptic inhibition and postsynaptic mGluR1 modulation. To focus on the 
effect mediated by postsynaptic GABABR, we performed experiments in 
cultured mouse Purkinje cells (Fig. 3A). In this preparation, a long-lasting 
reduction of Purkinje cell’s responsiveness to glutamate can be induced by 
repetition of conjunctive dendritic application of glutamate and somatic 
depolarization (we hereafter call this phenomenon in-vitro LTD). These 
stimuli mimic synaptic inputs from the PFs and CF, respectively. The stimuli 
themselves are insensitive to any pharmacological agents. It is shown that 
glutamate-evoked intracellular signaling from mGluR1 to PKC and 
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FIGURE 3 GABABR-mediated mGluR1 sensitization may secure LTD induction. (A) and (B) 
Ca2+o-induced GABABR action may be required for induction of in-vitro LTD. As schematically 
shown in (A), glutamate was delivered locally to the dendrites of a cultured mouse cerebellar 
Purkinje cell, using iontophoresis.Theglutamate-responsivenessof thePurkinje cellwas evaluated 
by the peak amplitude of a glutamate-evoked inward current recorded from the soma under 
voltage clamp. To induce LTD, glutamate was applied for six times in conjunction with 
depolarizing voltage steps given to the soma. These two types of stimuli mimic synaptic inputs 
from the PFs and CF, respectively. CGP55845A, which is shown to block Ca2+o binding to 
GABABR, abolishes in-vitro LTD (B). Plots indicate the peak amplitudes of the glutamate-
evoked currents measured in the normal and CGP55845A-containing saline. Thick bar indicates 
the periodof the conjunctive stimuli. The bath solution always containedCa2+o (2mM). [Adapted 
from (Tabata et al., 2004), copyright (2004) National Academy of Sciences, U.S.A.] 

depolarization-evoked Ca2+ influx through voltage-gated channels are suffi
cient factors for inducing in-vitro LTD (Linden et al., 1991). 

In the presence of a physiological concentration (2 mM) of Ca2+o, 
several sets of conjunctive stimuli induce in-vitro LTD. The amplitude of 
glutamate-evoked inward currents measured under voltage clamp is reduced 
by �30%, and this state is maintained over 45 min (Tabata et al., 2004) 
(Fig. 3B). When 2 mM of CGP55845A is added to the bath solution, the 
amplitude first decreases by �15% and then gradually increases towards 
the basal level. This dose of CGP55845A is shown to completely abolish 
Ca2+o-induced, GABABR-mediated mGluR1 sensitization (see above, 
Fig. 2B)(Tabata et al., 2004). Our experiment employing simultaneous 
voltage-clamp recording and fluorometry (Tabata et al., 2004) showed 
that CGP55845A little affects the depolarization-evoked Ca2+ influx 
in cultured Purkinje cells. These results together suggest that induction 
of in-vitro LTD observed in the presence of Ca2+o may be secured by 
Ca2+o-induced, GABABR-mediated mGluR1 sensitization. 

3.	 GABABR-Mediated mGluR1 Signaling Augmentation May Facilitate 
Cerebellar LTD 

We examined how GABABR-mediated, Gi/o protein-dependent mGluR1 
signal augmentation influences on in-vitro LTD in cultured mouse Purkinje 
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cells (Kamikubo et al., 2007). A relatively high dose (3 mM) of GABA or 
baclofen increases the depth of in-vitro LTD from the control level (24%) to 
33 or 45%, respectively (Fig. 4A). This dose of baclofen is shown to induce a 
GIRK current in a Gi/o protein-dependent fashion (Tabata et al., 2005). A 
similar dose (1 mM) of baclofen is shown to augment mGluR1-mediated 
inward current evoked by a saturating dose of DHPG (see above). More
over, GABA has a similar potency for GABABR to baclofen (see footnote 1). 
Thus, both agonists, at the dose used in the LTD experiments, are thought to 
induce Gi/o protein-dependent mGluR1 signaling augmentation. GABABR 
indeed exerts the effect on in-vitro LTD via Gi/o protein because a pretreat
ment with PTX completely abolishes it and because mastoparan, a Gi/o 

protein agonist, mimics it. 
GABABR facilitates in-vitro LTD by enhancing the mechanisms under

lying the induction but not maintenance of in-vitro LTD (Kamikubo et al., 
2007). The facilitation of in-vitro LTD is observed even when application of 
baclofen is restricted to the period of the conjunctive stimuli. By contrast, the 
facilitation is not observed when baclofen is applied after the conjunctive 
stimuli. 
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FIGURE 4 GABABR-mediated mGluR1 signaling augmentation may facilitate cerebellar 
LTD. (A) A relatively high dose of baclofen, which is shown to induce GABABR-mediated 
mGluR1 signaling augmentation, facilitates in-vitro LTD. Plots indicate the peak amplitudes of 
the glutamate-evoked currents as functions of time measured from cultured mouse cerebellar 
Purkinje cells in the normal and baclofen-containing saline. In-vitro LTD was induced by six 
sets of the conjunctive glutamate iontophoresis and depolarizing steps (see Fig. 3A). Thick bar 
indicates the period of the conjunctive stimuli. The bath solution always contained Ca2+o 

(2 mM). [Adapted from (Kamikubo et al., 2007)]. (B) and (C) GABABR also mediates a 
facilitative effect on LTD in situ. As schematically shown in (B), PF-PC EPSCs were recorded 
from the soma of a Purkinje cell in the cortical lamina VII or VIII of a cerebellar slice under 
voltage clamp. To induce LTD, 30 trains of high-frequency electrical pulses (100 Hz for 100 ms) 
were given extracellularly to the PFs in conjunction with somatic depolarizing voltage steps 
which mimic CF synaptic inputs. Such high-frequency stimulation of PFs is shown to induce 
GABA spillover from the terminals of the PF-innervated inhibitory interneurons. Spilt GABA is 
thought to facilitate LTD because CGP55845 (2 mM), a GABABR-selective antagonist, 
attenuates LTD (C). Plots indicate the peak amplitudes of PF-PC EPSCs recorded with or 
without CGP55845 in the bath as functions of time. The thick bar indicates the period of 
the conjunctive stimuli. [Adapted from (Kamikubo et al., 2007)]. 
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Among the sufficient factors to induce in-vitro LTD (see above), 
mGluR1-coupled intracellular signaling appears to be important for the 
facilitation (Kamikubo et al., 2007). Our fluorometry showed that baclofen 
augments DHPG-evoked, mGluR1-coupled Ca2+ release from the intracel
lular store. However, baclofen did not augment the amplitude of depolar
ization-evoked Ca2+ influx, the other factor for in-vitro LTD. These results 
suggest that GABABR-mediated mGluR1 signaling augmentation facilitates 
in-vitro LTD. 

Facilitation by a high dose of GABA may occur for cerebellar LTD 
under physiological conditions. In mouse cerebellar slices, we applied bursts 
of high-frequency electrical stimuli to PFs in conjunction with depolarizing 
steps to the soma, which mimic CF inputs (Kamikubo et al., 2007)(Fig. 4B). 
Such a burst is shown to induce GABA spillover from the terminals of the 
PF-innervated inhibitory interneurons and Gi/o protein-dependent mGluR1 
signaling augmentation in Purkinje cells (Dittman & Regehr, 1997; Hirono 
et al., 2001). In the absence of test drugs, the amplitude of PF-PC EPSC is 
depressed by �40% at �30 min of the conjunctive stimuli (Fig. 4C). In the 
presence of 2 mM of CGP55845, which is thought to block GABA binding at 
most of the GABABR proteins (see footnote 3), the amplitude is depressed by 
only �20%. This result indicates that Gi/o protein-dependent mGluR1 
signaling augmentation may regulate cerebellar LTD under physiological 
conditions. 

C.	 Balance Between the Effects Mediated by Pre- and 
Postsynaptic GABABR 

Under physiological conditions in vivo, ambient GABA may bind to 
both pre- and postsynaptic GABABR. Thus, for assessment of the physiolo
gical role of GABABR macroscopically at the level of whole cerebellum, it is 
important to consider synergy or interference between the effects mediated 
by pre- and postsynaptic GABABR. 

In mouse cerebellar slices, baclofen attenuates AMPAR-mediated fast 
PF-PC EPSCs over a wide dose range of 0.3–10 mM (Hirono et al., 2001). 
Because AMPAR itself is not sensitive to baclofen in cultured mouse Pur
kinje cells (Tabata et al., 2005), this attenuation can be ascribed to a 
decrease of glutamate release from the presynaptic terminals of the PFs. 
The microdialysis studies (Bist & Bhatt, 2009; Paredes et al., 2009) suggest 
that �120 nM of ambient GABA exists in unstimulated rodent cerebellum 
and that the concentration increases by 30–50% during eye-blink condition
ing. A study in rat cerebellar slices (Dittman & Regehr, 1997) suggests that 
spillover from the neighboring inhibitory synapses may elevate the local 
concentration of ambient GABA around Purkinje cells to �10 mM. Thus, 
GABABR in Purkinje cells may experience 0.1–10 mMof GABA  in vivo. This 
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dose range of GABA may exert a similar action to that of the above dose 
range of baclofen because potency for GABABR is similar between GABA 
and baclofen (see footnote 1). Therefore, presynaptic GABABR is thought to 
mediate a decrease of glutamate release from the PF terminals under phy
siological conditions. 

By contrast, baclofen induces different effects on mGluR1-mediated slow 
PF-PC EPSCs at lower and higher doses; that is, augmentation at doses of 
0.1–0.3 mM, while attenuation at doses of 1–30 mM (Hirono et al., 2001). 
This indicates that the postsynaptic GABABR-mediated mGluR1 signaling 
augmentation may be saturated with a relatively low concentration of ambi
ent GABA; the augmentation may be overwhelmed by the influence of the 
presynaptic GABABR-mediated decrease of glutamate with higher concentra
tions of ambient GABA. 

The relationship between the frequency or number of action potentials 
discharged by the PFs and the amount of GABA spilt over from the terminal 
of the PF-innerved inhibitory interneuron has not been extensively investi
gated. However, some studies in mouse cerebellar slices suggest at least that 
under certain conditions, the postsynaptic GABABR-mediated action over
whelms the presynaptic GABABR-mediated action and as a net, produces a 
facilitative effect on mGluR1-mediated responses. In one of the studies 
(Hirono et al., 2001), a burst of electrical pulses to PFs (100 Hz, 100 ms) 
was used to evoke fast and slow PF-PC EPSCs. Under this condition, an 
application of CGP34629, a GABABR-selective antagonist, augments fast 
EPSCs while attenuating slow EPSCs. This change of fast EPSCs suggests 
that a certain level of GABA is spilt over from the interneuron terminals and 
somewhat decreases glutamate release from the PF terminals before the drug 
application. However, this level of GABA may also induce a strong post
synaptic GABABR-mediated augmentation of mGluR1-mediated slow 
EPSCs, and this is thought to mask the influence of the decrease of glutamate 
release. In the other study (Kamikubo et al., 2007), similar bursts were given 
to PFs in conjunction with somatic depolarizing steps to induce LTD 
(Fig. 4B, C). Addition of CGP55845, a GABABR-selective antagonist to 
the bath solution decreases the depth of LTD (Fig. 4C). This result suggests 
that in the absence of the drug, spilt GABA induces GABABR-mediated 
mGluR1 signaling augmentation which facilitates LTD induction. 

VI. Conclusion 

In cerebellar Purkinje cells, GABABR resides around the postsynaptic 
membrane of the excitatory but not inhibitory synapses. GABABR at  such a  
site may respond to Ca2+o and ambient GABA. In response to lower con
centrations of these ligands, GABABR increases the ligand affinity of 
mGluR1 via Gi/o protein-independent pathway (GABABR-mediated 
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mGluR1 sensitization). This effect might enable slow PF-PC EPSPs to effi
ciently encode the motor commands and sensory information carried by the 
PFs and might contribute to precise motor control by Purkinje cells. 
GABABR-mediated mGluR1 sensitization might also contribute to securing 
LTD induction in Purkinje cells. On the other hand, in response to higher 
concentrations of GABA, GABABR augments mGluR1-coupled signaling 
via Gi/o protein (GABABR-mediated mGluR1 signaling augmentation). 
This effect may facilitate cerebellar LTD, a form of synaptic plasticity crucial 
for cerebellar motor learning. These findings provide a new insight into the 
physiological roles of GABABR in mammalian brains. 

Issues to be addressed in future studies include explorations of (i) how 
GABABR is closely associated with mGluR1, (ii) how Gi/o protein activated 
by GABABR modulates mGluR1-coupled intracellular signaling, and 
(iii) how GABABR modulates the ligand affinity of mGluR1 without the 
aid of Gi/o protein in cerebellar Purkinje cells. These explorations require 
detailed molecular dissection in native preparations such as cerebellar slices 
or cultures. The behavioral-level contributions of these GABABR-mediated 
effects also remain to be explored. There are several behavioral tasks that can 
assess motor learning that depends on mGluR1 activity in cerebellar Purkinje 
cells. These include rota-rod test, delayed eye-blink conditioning, and opto
kinetic reflex adaptation. Combination of such a task and pharmacological 
or genetic manipulation of functional interaction between GABABR, 
mGluR1, and their intermediate molecules would yield fruitful results. 
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Non-standard abbreviations 

A1R adenosine A1 receptor 
AMPAR amino-3-hydroxy-5-methyl-4

isoxazolepropionic acid-type 
glutamate receptor 

CaR Ca2+-sensing receptor 
CF climbing fiber 
DAG diacylglycerol 
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DHPG	 R,S-3,5
dihydroxyphenylglycine 

EPSC	 excitatory postsynaptic current 
EPSP	 excitatory postsynaptic 

potential 
GABA	 g-amino butyric acid 
GABAAR	 A-type GABA receptor 
GABABR	 B-type GABA receptor 
GIRK channel	 G protein-coupled inwardly 

rectifying K+ channel 
GPCR	 G protein-coupled receptor 
IP3	 inositol trisphosphate 
IP3R 	IP3 receptor 
IPSP	 inhibitory postsynaptic 

potential 
LTD	 long-term depression 
mGluR1	 type-1 metabotropic glutamate 

receptor 
PF	 parallel fiber 
PF-PC EPSC	 parallel fiber-Purkinje cell 

EPSC 
PF-PC EPSP	 parallel fiber-Purkinje cell EPSP 
PKC	 protein kinase C 
PLC	 phospholipase C 
R-PIA	 [R]-N6-(1-methyl-2

phenylethyl)adenosine 
TRPC3 channel	 transient receptor potential C3 

channel 
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Abstract 

The GABA transporter 1 (GAT1), the main plasma membrane GABA 
transporter in brain tissue, mediates translocation of GABA from the 
extracellular to the intracellular space. Whereas GAT1-mediated uptake 
could generally terminate the synaptic effects of GABA, recent studies suggest 
a more complex physiological role. This chapter reviews evidence suggest
ing that in hippocampal and neocortical circuits, GAT1-mediated GABA 
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transport regulates the electrophysiological effects of GABAB receptor 
(GABABR) activation by synaptically-released GABA. Contrasting with 
synaptic GABAA receptors, GABABRs display high GABA binding affinity, 
slow G protein-coupled mediated signaling, and a predominantly extrasy
naptic localization. Such GABABR properties determine production of slow 
inhibitory postsynaptic potentials (IPSPs) and slow presynaptic effects. Such 
effects possibly require diffusion of GABA far away from the release sites, 
and consequently both GABABR-mediated IPSPs and presynaptic effects 
are strongly enhanced when GAT1-mediated uptake is blocked. Studies are 
reviewed here which indicate that GABABR-mediated IPSPs seem to be 
produced by dendrite-targeting GABA neurons including specifically, 
although perhaps not exclusively, the neurogliaform cell class. In contrast, 
the GABA interneuron subtypes that synapse onto the perisomatic membrane 
of pyramidal cells mostly signal via synaptic GABAARs. This chapter reviews 
data suggesting that neurogliaform cells produce electrophysiological effects 
onto other neurons in the cortical cell network via GABABR-mediated 
volume transmission that is highly regulated by GAT1 activity. Therefore, 
the role of GAT1 in controlling GABABR-mediated signaling is markedly 
different from its regulation of GABAAR-mediated fast synaptic transmission. 

I. Introduction 

GABAB receptors (GABABRs) are prominent in hippocampal and neo
cortical circuits. Compared with receptors of the GABAA family (GABAARs), 
the distinctive properties of GABABRs suggest that these receptors play 
different roles in regulating the flow of neural activity in cortical circuits. 
The physiological role of GABABRs at the cellular level was identified in 
early studies [summarized in (Nicoll, 2004)] following the demonstration 
that GABA acts through receptors different from the bicuculline-sensitive 
sites (Bowery et al., 1980). Whereas substantial progress has been made in 
further defining the role of GABABRs (Ulrich & Bettler, 2007), the regulation 
of GABABR activation in physiological conditions is still poorly understood. 
Here, I review findings from experimental studies suggesting that in cortical 
microcircuits the activity of the GABA transporter 1 is an important deter
minant of GABABR activation. The review focuses on the interplay between 
GAT1-mediated GABA uptake and GABABRs which may play a role in 
determining the electrophysiological effects of synaptically-released GABA. 

II. The Plasma Membrane GABA Transporter 1 

The GABA transporter 1 (GAT1) is the predominant plasma membrane 
GABA transporter in cortical tissue (Guastella et al., 1990), where it is 
localized in neuronal and glial membranes near synapses (see Section III). 
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Below I review some of the properties of the GAT1 protein, its role in 
translocation of GABA across the plasma membrane, and some evidence 
on the mechanisms regulating GAT1 activity. 

A.	 Properties of the GAT1 Protein and Translocation of GABA 
by GAT1 

The gene encoding the amino acid sequence of GAT1 (slc6a1) belongs 
to the slc6 family of genes for plasma membrane transporters, together 
with transporters for dopamine, serotonin, norepinephrine, and glycine, as 
well as the GABA transporters GAT2, GAT3, and GAT4 (Gether et al., 
2006). The GAT1 slc6a1 gene encodes a 599 amino acid protein with 
12 transmembrane domains. To form functional transporter molecules, 
these proteins are probably assembled as dimers (Gether et al., 2006; 
Moss et al., 2009). 

As the other slc6 transporters, GAT1 translocates its substrate by co
transport with Na+ in a process that requires Cl– (Fig. 1A), although it is not 
clear whether Cl– itself is translocated or not (Bicho & Grewer, 2005; Chen 
et al., 2004). GABA translocation occurs with a relatively slow kinetics, in 
the order of tens of GABA molecules per second (Bicho & Grewer, 2005; 
Chen et al., 2004). Such kinetics is significantly slower than the rapid 
kinetics of synaptic GABA-receptor binding and receptor channel gating 
(Farrant & Kaila, 2007). Interestingly, basal levels of GAT1 expression in 
the plasma membrane suggest a density of 300–500 transporters/mm2 (Chiu 
et al., 2002; Wang & Quick, 2005). Therefore, depending on their exact 
membrane localization (see Section III.B. below), GAT1 molecules could 
provide ample high-affinity (IC50 ~6 nM) binding sites (Borden, 1996) to  
rapidly buffer synaptically-released GABA independently of its slow trans
location rate (Diamond & Jahr, 1997). 

GAT1 activity can be inhibited with various pharmacological compounds, 
some of which are highly selective to block GAT1 as opposed to other GABA 
transporters (Borden, 1996). Among the GAT1-selective commercially available 
inhibitors are NO711, also named NNC 711 (1,2,5,6-Tetrahydro-1-[2-[[(diphe
nylmethylene)amino]oxy] ethyl]-3-pyridinecarboxylic acid hydrochloride), and 
tiagabine ((R)-1-[4,4-bis(3-methylthiophen-2-yl)but-3-enyl] piperidine-3
carboxylic acid). Pharmacological inhibition of GAT1 activity is typically 
considered to decrease GABA uptake (Borden, 1996)—that is, the trans
location of extracellular GABA into the intracellular compartment 
(Fig. 1A). GAT1 in GABAergic nerve terminals may therefore provide 
cytosolic GABA to rapidly refill synaptic vesicles without need of GABA 
synthesis de novo. Glial GAT1-mediated uptake (Fig. 1B) may produce a 
pool of GABA that is transformed into glutamine and thus is not readily 
available for neuronal release (Schousboe & Waagepetersen, 2006). 



(A) 
Cl− 

GABA 

Na+ 
Cl− 

NO711 
Tiagabine 

Na+ 

GABA 

Outside Outside 

Inside Inside 

(B) 

Glia 

GABA 
nerve 

terminal 

Glia 

GAT1 
GAT1 

GAT1 

GAT1 

Extra-synaptic Synaptic Extra-synaptic 
GABARs GABARs GABARs 

178 Gonzalez-Burgos 

FIGURE 1 (A) Left, Scheme showing that GAT1 translocates GABA through the membrane 
via a process that requires Na+ and Cl–. Na+ is co-transported by GAT1, contributing to an ionic 
current typically associated with GABA transport across the membrane. Whether Cl– is 
transported as well, is not entirely clear. (A) Right, Several pharmacological compounds inhibit 
GABA transport in brain tissue, including NO711 and tiagabine, which are selective inhibitors of 
GAT1. GAT1 inhibitors are thought to mainly inhibit GABA uptake (that is, translocation 
through the plasma membrane from outside to inside), but can inhibit GABA translocation in 
the opposite direction as well, in conditions in which GAT1 mediates GABA release (see text). 
(B) Diagram showing a model, based on electron microscopy studies, for the localization of 
GAT1 at the ultrastructural level. The model suggests that GAT1 is expressed mainly in neurons, 
but some expression is observed in the glia as well. In neurons, GAT1 is apparently found mostly 
in the membrane of presynaptic GABA nerve terminals. The data regarding subcellular 
localization of GAT1 suggest that the transporter is found in extrasynaptic regions of the 
presynaptic nerve terminal membrane, relatively distant from the GABA release sites 
and postsynaptic receptors. This model assumes that neither GAT1-mediated uptake nor the 
binding of GABA to the transporters (before uptake begins) can effectively control the amount of 
GABA available to activate synaptic GABAA receptors after rapid release into the synaptic cleft. 

However, glial glutamine can be released and taken up by neurons to be 
converted into GABA, possibly entering the releasable pool (Cherubini & 
Conti, 2001). In any event, a clear role of GAT1-mediated GABA uptake is 
to reduce extracellular GABA levels. An outstanding question is whether 
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removal of extracellular GABA by GAT1-mediated uptake can influence 
the activation of GABA receptors by synaptically-released GABA, a topic 
that will be considered in sections below. 

Although GAT1 is thought to mainly mediate GABA uptake, some 
evidence suggests that GAT1 may translocate GABA in the opposite direc
tion, thus producing non-vesicular GABA release (Attwell et al., 1993). For 
instance, GAT1 may mediate GABA release when the intracellular Na+ 

concentration is increased (Wu et al., 2007). Moreover, the GABA translo
cation direction can be reversed quickly enough to produce GAT1-mediated 
GABA release in response to action potentials (Wu et al., 2007). GAT1
mediated release is Ca2+-independent and is insensitive to inhibitors of 
vesicular GABA release, but is inhibited by the pharmacological GAT1 
inhibitor NO711 (Wu et al., 2007). 

Under what conditions does GAT1-mediated uptake or release predo
minate? Whereas answering such question requires additional research, it 
is interesting to note that in humans, the GAT1 inhibitor tiagabine has 
antiepileptic effects (Borden, 1996; Laroche, 2007). GAT1 blockade with 
tiagabine also increases the tonic currents produced by either exogenous or 
endogenous GABA (Frahm et al., 2001). In addition, electrophysiological 
experiments in tissue from GAT1 knock-out mice are consistent with an 
increase in extracellular GABA concentration (Chiu et al., 2005; Jensen 
et al., 2003). These general observations suggest that in cortical networks 
GAT1 predominantly operates in the uptake direction (Fig. 1A). 

B. Regulation of GAT1-Mediated GABA Transport 

GAT1-mediated transport is regulated by controlling its membrane 
surface expression. Importantly, phosphorylation of several residues in its 
intracellular loops regulates trafficking of the GAT1 protein (Chen et al., 
2004; Quick et al., 2004). A crucial factor regulating phosphorylation-
dependent GAT1 trafficking is the extracellular concentration of GABA. 
A short-term (30 min) raise in extracellular GABA increases GAT1 surface 
expression by slowing the transporter internalization in a manner dependent 
on GAT1 phosphorylation on tyrosine (Bernstein & Quick, 1999). Con
versely, long-term elevation of extracellular GABA (24 h) reduces GAT1 
surface expression by a process involving GABAA receptor activation and 
GAT1 phosphorylation on serine (Hu & Quick, 2008). One possibility is 
that the chronic (hours-long) elevation of extracellular GABA is sensed as a 
sustained increase in the levels of GABA-mediated inhibition in the circuit. 
An increased demand for inhibition may then be transduced, by some 
homeostatic mechanism, into decreased GAT1 levels that potentiate tonic 
inhibition by increasing the levels of so-called ambient GABA (Ortinski 
et al., 2006). Regulation of GAT1 levels in the plasma membrane may be 
an important pathophysiological or compensatory mechanism in several 



180 Gonzalez-Burgos 

psychiatric and neurological disorders including schizophrenia (Lewis et al., 
2005), epilepsy (Fueta et al., 2003; Lee et al., 2006), cerebral ischemia 
(Frahm et al., 2004), and alcohol abuse (Hu et al., 2004). Not surprisingly, 
genetically-engineered GAT1 deficiency in mice produces several behavioral 
alterations (Cai et al., 2006; Chiu et al., 2005; Gong et al., 2009; Liu et al., 
2007). 

III.	 Cellular and Subcellular Localization of GABABRs and 
GAT1 

GABABRs and GAT1 are relatively ubiquitous and co-localize in multi
ple cortical and subcortical brain regions. However, a critical issue for 
understanding the potential functional interactions between GABABRs and 
GAT1 in cortical circuits is their localization at the ultrastructural level. 
Especially important is the localization of GABABRs and GAT1 relative to 
the GABA release sites. Whereas some ultrastructural studies, reviewed 
below, examined the localization of GABABRs or GAT1, no studies thus 
far examined whether these two proteins are co-localized, or found within 
short distance, at the ultrastructural level. 

A.	 Localization of GABABRs 

Functional GABABRs most likely are heteromers containing GABAB1 
and GABAB2 subunits (Mohler & Fritschy, 1999; Perez-Garci et al., 2006). 
Immunogold labeling electron microscopy studies show that GABAB1 and 
GABAB2 subunit proteins co-localize in the plasma membrane of neurons at 
both pre- and post-synaptic sites (Perez-Garci et al., 2006). 

GABABR subunits are found in the plasma membrane of nerve term
inals at GABAergic/symmetric and glutamatergic/asymmetric synapses 
(Gonchar et al., 2001; Kulik et al., 2003; Vigot et al., 2006), suggesting 
that GABABRs modulate GABA and glutamate release. Importantly, the 
plasma membrane of presynaptic nerve terminals in the central nervous 
system generally lacks excitatory or inhibitory synaptic contacts, raising 
questions about the source of GABA for presynaptic GABABR activation. 
In GABAergic terminals, some GABABRs are found close to the GABA 
release sites (Gonchar et al., 2001), suggesting those GABABRs act as auto-
receptors. The GABABRs localized in the plasma membrane of glutamater
gic nerve terminals are by definition extrasynaptic, and must be activated by 
GABA diffusing from nearby GABAergic synapses. 

In addition to nerve terminals, some GABABRs are found in the post
synaptic membrane of GABAergic/symmetric synapses (Gonchar et al., 
2001), where they may be directly activated by synaptically-released 
GABA. However, GABABRs are undetectable in the postsynaptic membrane 
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of many other GABA/symmetric synapses (Gonchar et al., 2001). GABABR 
subunits can also be found in the plasma membrane of dendritic shafts and 
spines in the vicinity of glutamate/asymmetric synapses (Gonchar et al., 
2001; Kulik et al., 2003; Kulik et al., 2006; Lopez-Bendito et al., 2002; 
Vigot et al., 2006). Although the dendritic membrane of pyramidal neurons 
(including the spines) may receive some GABA synapses (Andrasfalvy & 
Mody, 2006; Megias et al., 2001; Papp et al., 2001), GABAB1 subunits in 
dendritic spines and shafts are commonly found in regions of membrane 
lacking an inhibitory presynaptic partner (Kulik et al., 2003). This suggests 
that many of the dendritic GABABRs, which presumably regulate the exci
tatory effects of glutamate inputs, are extrasynaptic. The extrasynaptic 
GABABR subunits found in dendrites typically co-cluster with Kir3-type 
K+ channel proteins (Kulik et al., 2006). Importantly (see Section IV), 
GABABR activation is commonly coupled, via G protein activation, to 
Kir K+ channel gating, producing a hyperpolarizing K+ current (Luscher 
et al., 1997). 

B. Localization of GAT1 

Electron microscopy studies of cortical tissue demonstrated that the 
GAT1 protein is expressed in the plasma membrane of neurons and glial 
cells. More specifically, GAT1 is frequently found in presynaptic nerve 
terminals that are part of an inhibitory/symmetric synaptic contact, as well 
as in glial processes near inhibitory synapses (Fig. 1B) (Conti et al., 1998; 
Conti et al., 2004; Mahendrasingam et al., 2003; Minelli et al., 1995; 
Minelli et al., 1996; Ong et al., 1998; Vitellaro-Zuccarello et al., 2003; 
Yan et al., 1997). 

In contrast to the ultrastructural studies of GABABR localization 
reviewed in Section III.A. (which employed immunogold particle methods), 
most electron microscopy studies of GAT1 localization employed immuno
cytochemistry based on diaminobenzidine peroxidation for detection of 
GAT1-positive structures. Using this method, the oxidation reaction pro
duct is relatively well confined inside the immunoreactive structure, but does 
not reveal the specific membrane compartments where the protein of interest 
is localized. Therefore, unlike the case of the GABABR studies, the immu
noperoxidase studies of GAT1 localization do not accurately describe if 
GAT1 proteins are preferentially localized in synaptic or extrasynaptic 
compartments of the neuronal plasma membrane. The few studies employ
ing immunogold techniques to localize GAT1 in central nervous system 
tissue found label in the plasma membrane of glial process close to GABA/ 
symmetric synapses as well as in the plasma membrane of presynaptic 
terminals of GABA/symmetric synapses, where the GAT1 labels are found 
extrasynaptically, relatively far from the GABA release sites (Conti et al., 
1998; Mahendrasingam et al., 2003). 
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In summary, GAT1 proteins appear to be localized in GABAergic 
terminals as well as in glial processes near GABA synapses (Conti et al., 
2004). The limited data available from immunogold labeling studies show 
that GAT1 proteins do not localize in very close proximity to GABA release 
sites or postsynaptic GABA receptors, suggesting that GAT1 activity mainly 
regulates the GABA concentration in the extracellular space outside the 
synaptic cleft (Fig. 1B). 

IV.	 GABABR Activation by GABA Released from Endogenous 
Sources 

In hippocampal and neocortical circuits GABA is synthesized and 
released by GABAergic interneurons. While a minority (20–30% of all 
neurons), interneurons are nevertheless a highly heterogeneous cell type, 
probably constituted by multiple subtypes (Markram et al., 2004). A crucial 
question to understand GABABR function in cortical circuits is therefore 
whether GABABRs are typically activated by GABA released by all or only 
by specific subtypes of GABA neurons. Given their highly complex features, 
classification of GABA neurons is complicated and it is indeed still unclear 
how many different interneuron subtypes actually exist (Ascoli et al., 2008; 
Zaitsev et al., 2009). Before considering the importance of GAT1 activity for 
GABABR activation, in this Section I review the different types of electro
physiological responses produced by GABABRs, when possible identifying 
the interneuronal source of GABA producing the response. 

A.	 GABABR-Mediated Inhibitory Postsynaptic Potentials 

Inhibitory postsynaptic potentials (IPSPs) can be elicited using extracel
lular electrical stimulation. Using this approach, pioneer electrophysiologi
cal studies demonstrated that synaptic GABA release can elicit IPSPs by 
activation of GABABRs coupled to the gating of a K+ current (Connors 
et al., 1988; Dutar & Nicoll, 1988). These GABABR-mediated IPSPs 
(GABABR-IPSPs) thus differ in their ionic basis from IPSPs produced by 
GABAAR-gated Cl– currents. GABABR-IPSPs are significantly slower in rise 
and decay times than GABAAR-IPSPs (Fig. 2A) (Connors et al., 1988; Deisz, 
1999; Dutar & Nicoll, 1988; McCormick, 1989). Such slower kinetics is 
expected, since GABABRs belong to the G protein-coupled receptor family, 
gating K+ channels through the various molecular steps involved in signaling 
via G protein stimulation. 

Eliciting GABABR-IPSPs typically requires stronger extracellular stimu
lation compared with producing GABAAR-IPSPs (Bertrand & Lacaille, 
2001; Dutar & Nicoll, 1988; Scanziani, 2000). Stronger stimulus intensities 
increase the number of stimulated axons, and therefore the number of active 
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synapses. Stronger stimuli may be required to elicit GABABR-IPSPs if at 
most GABA synapses transmission is purely GABAAR-mediated and stimu
lating the uncommon GABABR-containing synapses is a low probability 
event. A second possibility is that many of the GABABRs activated by 
synaptically-released GABA are extrasynaptic, their activation requiring 
pooling of extracellular GABA released by multiple synapses. In this case, 
stronger stimuli may be needed because GABABR activation requires 
recruiting synapses above a threshold or minimal number. These two sce
narios are not mutually exclusive and actually are both supported by the 
electron microscopy data reviewed in Section III.A (Gonchar et al., 2001; 
Kulik et al., 2006; Vigot et al., 2006). 

Using extracellular electrical stimulation, the identity of the stimulated 
axons (that is, to what GABAergic neuron subtype such axons belong) cannot 
be determined. Importantly, interneuron subtypes are broadly divided into 
those synapsing at or near the pyramidal cell soma (perisomatic-targeting) 
versus those making synapses in more distal dendrites (dendritic-targeting). 
Do GABABRs mediate responses at specific compartments of the post
synaptic cell membrane? Applying focal extracellular stimulation, it is feasible 
to elicit in pyramidal cells IPSPs by selective activation of perisomatic-targeting 
versus dendritic-targeting GABAergic axons (Bertrand & Lacaille, 2001; 
Gonzalez-Burgos et al., 2009; Gulledge & Stuart, 2003). Using focal stimula
tion, we found recently that GABABR-IPSPs are preferentially evoked by 
stimulation of dendritic-targeting synapses (Gonzalez-Burgos et al., 2009). 
Importantly, such dendritic GABABR-IPSPs co-exist with dendritic 
GABAAR-IPSPs and are produced with the same stimulus strength (Gonza
lez-Burgos et al., 2009). These results suggest that GABABRs predominantly 
mediate signaling by interneurons that target pyramidal cell dendrites. 

B.	 Postsynaptic GABABR Activation During Unitary Synaptic 
Transmission 

Although synaptic stimulation with extracellular electrodes may in cases 
be targeted to specific membrane compartments, this approach still has 
multiple limitations. For instance, it cannot determine whether the 
GABAAR-IPSPs and GABABR-IPSPs originate at the same or separate 
synapse populations (Nurse & Lacaille, 1997). A state-of-the-art method 
to stimulate well-identified GABAergic synaptic connections is simultaneous 
recording from synaptically-connected pairs of neurons (Debanne et al., 
2008). In these experiments, current is injected into a neuron to elicit an 
action potential while recording membrane potential or current simulta
neously in another cell (Fig. 2B). Action potentials produced in a GABAergic 
interneuron synaptically-connected onto a postsynaptic cell produce 
responses called “single-axon” or “unitary” IPSCs/IPSPs. Unitary IPSCs/ 
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FIGURE 2 (A) Scheme comparing the fast time-course of GABAAR-IPSPs (black trace) with 
the significantly slower time-course of GABABR-IPSPs (gray trace). Note that relative to the 
stimulus (arrow), the onset of the GABABR-IPSPs is substantially delayed compared to the 
GABAAR-IPSP. In addition, the rising phase of the GABABR-IPSP is much slower and its decay 
time is at least ten-times slower compared with the GABAAR-IPSP. (B) A drawing illustrating 
the typical experimental arrangement used to obtain electrophysiological recordings from 
synaptically-connected pairs of neurons. In this example, a presynaptic GABA neuron makes 
a synaptic connection, composed of four synaptic contacts, onto a postsynaptic pyramidal cell. 
The glass electrode pipettes can be used to inject stimuli or to record membrane potential or 
current from either neuron. The IPSPs produced in this kind of study are called single-axon or 
unitary IPSPs, even though they involve multiple synaptic contacts. (C) Examples of GABAAR-
and GABABR-mediated unitary IPSPs observed in recordings from synaptically-connected pairs. 
The example on the left shows a case in which the presynaptic GABA neuron produces in the 
postsynaptic cell a unitary IPSPpurelymediatedbyGABAARs.The greatmajority ofGABAneuron 
subtypes identified thus far produce unitary IPSPs of this kind, including basket cells that target the 
perisomatic region of the pyramidal cell membrane, as well as some dendrite-targeting GABA 
neuron subtypes. The example on the right illustrates a unitary IPSP produced by the combined 
activation of GABAA and GABAB receptors. Only interneurons of the neurogliaform cell subtype 
have so far been clearly identified to produce unitary IPSPs with these characteristics. Note that the 
time-course of the GABAAR-IPSP produced by neurogliaform cells is substantially slower than the 
time-course of GABAAR-IPSPs produced by other interneuron subtypes. (D) Illustration of the 
autoreceptor effects producedonunitaryGABAAR-IPSPs bypresynapticGABABR in some types of  
GABA synapses. Note that, in control conditions, the strength of subsequent GABAAR-IPSPs 
produced by stimulus trains shows progressive depression. After application of a GABABR 
antagonist, the strength of subsequent GABAAR-IPSPs increases, showing that GABABRs 
contribute to the IPSP depression. The initial unitary IPSP in the train is, however, unaltered by 
the GABABR antagonist, showing that autoreceptor effects are produced by GABA released by a 
recently preceding stimulus. 
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IPSPs therefore result from activation of a single GABA neuron, although 
they typically involve multiple synaptic contacts between the presynaptic 
axon and the postsynaptic cell (Fig. 2B). In paired recordings, the recorded 
neurons can be identified by their morphology, biochemical and electrical 
properties. Moreover, using GABA receptor antagonists, whether GABABRs 
or GABAARs mediate the unitary IPSCs/IPSPs can be determined (Fig. 2C). 

In recordings from synaptically-connected pairs, GABAAR antagonists 
completely abolish the unitary responses evoked by a variety of interneuron 
subtypes (Fig. 2C, left), including the fast-spiking basket cells and chandelier 
neurons in the hippocampus (Ali et al., 1999; Bartos et al., 2002; Buhl et al., 
1994; Buhl et al., 1995; Buhl et al., 1995; Doischer et al., 2008; Thomson & 
Destexhe, 1999; Thomson et al., 2000) and neocortex (Gonzalez-Burgos et al., 
2005; Szabadics et al., 2006; Szabadics et al., 2007; Tamas et al., 1997; Tamas 
et al., 1998; Tamas et al., 2003; Thomson & Destexhe, 1999; Thomson et al., 
1996). Non-fast-spiking basket cells similarly produce fast unitary IPSCs/IPSPs 
consistent with being mediated by GABAARs (Galarreta et al., 2008; Glickfeld 
& Scanziani, 2006; Glickfeld et al., 2008; Hefft & Jonas, 2005). Basket cells  
(fast-spiking and non-fast spiking) and chandelier neurons innervate pyramidal 
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cells onto theperisomaticmembrane compartment (Somogyi et al., 1998).Thus, 
perisomatic-targetingGABAneurons in general transmit viaGABAARswithout 
significant contributionof postsynapticGABABRs (Freund&Katona, 2007). In 
addition, the unitary IPSCs/IPSPs produced by various dendrite-targeting inter
neuron subtypes in hippocampus and neocortex are similarly mediated by 
postsynaptic GABAAR activation (Ali & Thomson, 2008; Bertrand & Lacaille, 
2001; Kapfer et al., 2007; Murayama et al., 2009; Vida et al., 1998). 

Whereas most GABA neuron subtypes produce purely GABAAR-
mediated unitary IPSCs/IPSPs (Fig. 2C, left), recent studies identified an inter
neuron subtype producing unitary GABABR-IPSPs. In paired recordings, 
interneurons of the neurogliaform cell class produce in pyramidal neurons 
slow unitary IPSPs that are never completely abolished by GABAAR antago
nists (Fig. 2C, right)  (Tamas et al., 2003). Moreover, unitary IPSPs produced 
by neurogliaform cells after GABAAR blockade rise and decay slowly, have 
long onset latency and are blocked by GABABR antagonists (Tamas et al., 
2003). Therefore, neurogliaform cells produce unitary IPSPs simultaneously 
mediated by GABAARs and GABABRs (Fig. 2C, right). Interestingly, when 
stimulated repetitively, GABA release by neurogliaform cells exhausts quickly, 
eventually depressing almost completely the unitary IPSP (Tamas et al., 2003). 

Are neurogliaform cells the only interneuron subtype producing 
GABABR-IPSPs by synaptic GABA release? The quick and strong depression 
of GABA release observed during repetitive stimulation of neurogliaform 
cells differs from the finding that repetitive extracellular stimulation pro
duces GABABR-IPSPs more efficiently than single stimuli (Gonzalez-Burgos 
et al., 2009; Isaacson et al., 1993; Scanziani, 2000). These findings suggest 
that in addition to neurogliaform cells, other interneuron subtypes produce 
unitary GABABR-IPSPs. In one study, interneurons different from the 
neurogliaform cell class produced, exclusively during repetitive stimulation, 
slow unitary IPSPs insensitive to GABAAR antagonists (Thomson & 
Destexhe, 1999). Moreover, in some cases, the slow GABABR-IPSPs 
were observed in the absence of a GABAAR-mediated IPSP (Thomson & 
Destexhe, 1999), contrasting with the neurogliaform cell unitary IPSPs 
mediated by both GABABR and GABAARs (Tamas et al., 2003). Such 
results confirm that some non-neurogliaform interneurons produce 
GABABR-IPSPs, although the particular cell class remains to be identified 
(Thomson & Destexhe, 1999). Recently, it was reported that fast-spiking 
basket neurons, thought to produce exclusively GABAAR-mediated unitary 
IPSPs, can elicit GABABR-IPSPs (Oswald et al., 2009), although only if the 
interneuron is stimulated at high frequency (80 Hz) (Oswald et al., 2009). 

C. Presynaptic GABABR Effects 

As described in Section III.A., GABABRs are localized in presynaptic 
nerve terminals at both GABA and glutamate synapses. At inhibitory 
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synapses, presynaptic GABABRs may downregulate GABA release when 
activated by GABA released from the same nerve terminal—in other 
words, acting as autoreceptors (Fig. 2D). Alternatively, presynaptic 
GABABRs can be activated by GABA released from adjacent GABA 
synapses or by ambient GABA. The activation of presynaptic GABABRs at 
glutamate synapses must depend on heterosynaptic effects, given that gluta
mate synapses do not release GABA. An exception is the case of the mossy 
fiber synapses in the immature hippocampus, which are glutamatergic and 
also release GABA. Presynaptic effects of GABA at such synapses are mostly 
GABAAR-mediated (Alle & Geiger, 2007), but GABABRs may contribute as 
well (Safiulina & Cherubini, 2009). 

Presynaptic and postsynaptic effects of GABABR activation appear to 
be mediated by different mechanisms (Deisz et al., 1997). For instance, 
presynaptic GABABR effects are intact in synapses of Kir K+ channel 
knock-out mice that lack postsynaptic GABABR effects (Luscher et al., 
1997). Several studies have actually shown that GABABRs inhibit voltage-
dependent Ca2+ channels, an effect that may mediate presynaptic regulation 
of transmitter release by GABABRs (Mintz & Bean, 1993; Takahashi et al., 
1998; Thompson et al., 1993). At some GABA synapses, however, presy
naptic GABAB autoreceptors inhibit transmitter release but do not regulate 
action potential-evoked presynaptic Ca2+ transients (Price et al., 2008). 

Autoreceptor effects at GABA synapses are demonstrated by stimulating 
the synapses repetitively so that GABA released by a preceding stimulus 
regulates subsequent release (Fig. 2D). If presynaptic GABABRs inhibit 
transmitter release, then the size of subsequent responses relative to preced
ing ones should increase when GABABRs are blocked (Fig. 2D). Such an 
effect was demonstrated using extracellular stimulation of GABAergic 
axons eliciting GABAAR-mediated IPSCs in hippocampal pyramidal cells 
(Cobb et al., 1999; Davies & Collingridge, 1993; Davies et al., 1990). 
GABABR antagonists increase the amplitude of subsequent unitary IPSPs/ 
IPSCs produced by repetitive stimulation of neurogliaform cells, consistent 
with downregulation of release via autoreceptors (Olah et al., 2009; 
Price et al., 2005, 2008). In contrast, GABABR autoreceptor effects are 
absent at connections made by fast-spiking basket neurons (Olah et al., 
2009). 

Presynaptic GABABRs may also regulate GABA release when activated 
tonically—that is, independent of the effects of GABA released by a recently 
preceding stimulus. The sources of GABA for tonic effects are difficult to 
evaluate, but may include GABA released by other GABA synapses, ambient 
GABA, or eventually GABA released homosynaptically at low frequency 
(tonic autoreceptor effects). In the last case, the effects of GABA released 
by a previous stimulus must persist until the next stimulus arrives, even if 
the inter-stimulus interval is relatively long during low-frequency stimulation. 
Some studies showed that GABABR antagonists enhance GABAAR-mediated 
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IPSCs evoked with low-frequency stimulation (Buhl et al., 1994; Buhl et al., 
1995; Gonzalez-Burgos et al., 2009; Jensen et al., 2003; Lei & McBain, 2003; 
Price et al., 2008). However, in other cases GABABR antagonists failed to 
modulate GABAAR-IPSCs evoked at low frequency, even if the GABAAR-
IPSCs are strongly depressed by presynaptic effects of the GABABR agonist 
baclofen (Neu et al., 2007). These results suggest that tonic activation of 
presynaptic GABABRs by endogenous GABA is synapse type-specific and is 
not observed in some synapses at which presynaptic GABABRs are never
theless readily activated by exogenous agonists. 

As described in Section III.A., GABABRs are also localized in glutamate 
nerve terminals, where GABABRs may produce downregulation of gluta
mate release (Davies & Collingridge, 1996; Isaacson et al., 1993; Lei & 
McBain, 2003; Pan et al., 2009; Porter & Nieves, 2004). Glutamate release 
may be actually modulated by presynaptic GABABRs activated by endogen
ous GABA. For instance, burst stimulation of inhibitory inputs just prior to 
stimulation of glutamate inputs produces a depression of glutamate trans
mission that is reversed by a GABABR antagonist (Davies & Collingridge, 
1996; Isaacson et al., 1993). In the absence of prior stimulation of inhibitory 
inputs, GABABR antagonists do not affect EPSCs, showing absence of 
tonic activation of presynaptic GABABRs at glutamate terminals (Lei & 
McBain, 2003). Whereas various sources may provide endogenous GABA 
to activate presynaptic GABABRs at glutamate synapses, a recent study 
showed that GABA released by neurogliaform cells is a prominent source 
of GABA for such presynaptic effects (Olah et al., 2009). More specifically, 
properly timed stimulation of GABA release by neurogliaform cells 
depressed, via presynaptic GABABRs, excitatory transmission between 
pyramidal neurons or between pyramidal cells and interneurons (Fig. 3B) 
(Olah et al., 2009). 

V. GAT1 Activity and GABABR Activation 

The functional relevance of GAT1-mediated GABA transport has been 
assessed by either pharmacological blockade of GAT1 activity or in geneti
cally-engineered GAT1-deficient mice. Such mice have significant behavioral 
alterations (not reviewed here), which suggest that in cortical circuits 
GAT1 plays a crucial role that cannot be compensated by other GABA 
transporters (Cai et al., 2006; Chiu et al., 2005; Gong et al., 2009). 
Below, I review the evidence from studies addressing the functional signifi
cance of GAT1 activity for GABA-mediated inhibition in cortical circuits. 
The effects of GAT1-mediated transport on GABAAR-IPSCs are reviewed 
first, since they are crucial to understand the role of GAT1 for GABABR 
activation. 
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A.	 GAT1-Mediated Uptake Prevents GABA Spillover onto 
Synaptic GABAARs 

A functional role typically assigned to GABA transporter-mediated 
uptake is the termination of the postsynaptic effect of GABA following 
presynaptic transmitter release. However, GABAAR-IPSCs produced at 
single synapses are not altered in time-course or amplitude after GAT1 
blockade with NO711 or in GAT1-deficient mice (Bragina et al., 2008; 
Gonzalez-Burgos et al., 2009; Jensen et al., 2003; Overstreet & Westbrook, 
2003). These results are opposed to the prediction that if GAT1 normally 
controls the time-course and magnitude of GABAAR activation then GAT1 
blockade would enhance and prolong IPSCs. 

Unitary IPSCs produced by individual fast-spiking GABA neurons 
typically are not altered by GAT1 blockade (Overstreet & Westbrook, 
2003; Szabadics et al., 2007). However, if a fast-spiking GABA neuron 
unitary IPSC is specifically mediated by adjacent synapses, it is significantly 
prolonged by GAT1 blockade (Fig. 3A), suggesting that proximity of the 
synapses involved is a critical determinant of GAT1 effects (Overstreet & 
Westbrook, 2003). Interestingly, GABAAR-IPSCs/IPSPs evoked by extracel
lular stimulation, which activates multiple axons (and therefore multiple 
synapses) together, are prolonged by GAT1 blockade or in GAT1-deficient 
mice (Bragina et al., 2008; Caillard et al., 1998; Gonzalez-Burgos et al., 
2009; Keros & Hablitz, 2005; Overstreet & Westbrook, 2003; Thompson 
& Gahwiler, 1992). Importantly, GAT1 blockade or knock-out increase 
the duration of GABAAR-IPSCs evoked by multiple-synapse stimulation, 
but do not increase their amplitude (Fig. 3A) (Bragina et al., 2008; Gonza
lez-Burgos et al., 2009; Overstreet & Westbrook, 2003). 

The absence of GAT1 effects on single-synapse responses is consistent 
with the idea that GAT1 does not regulate the time-course of synaptic 
GABAAR activation following GABA release into an individual synaptic 
cleft. Possibly, within-synapse GABA diffusion and GABAAR channel gating 
are significantly faster than the relatively slow speed of GABA uptake by 
GAT1 (see Section II). Via high-affinity binding, GAT1 potentially could 
rapidly buffer GABA molecules released into the synaptic cleft independent 
of a slow translocation rate. However, ultrastructural studies suggest an 
extra- or peri-synaptic localization of GAT1 (Figs. 1B and 3A) which may 
preclude effective GABA buffering by binding. 

The prolongation by GAT1 blockade of GABAAR-IPSC duration when 
multiple adjacent synapses are stimulated together may be the consequence 
of GAT1-controlled GABA diffusion between synapses, or spillover 
(Fig. 3A). Possibly, GABA spillover prolongs the GABAAR-IPSCs but does 
not increase their peak amplitude because IPSC amplitude is determined by 
rapid within-synapse GABA diffusion (Farrant & Kaila, 2007; Mozrzymas, 
2004). In contrast, diffusion of GABA between adjacent synapses when 



190 Gonzalez-Burgos 

GAT1 is blocked, probably is not rapid enough to contribute to the IPSC 
peak (Barbour, 2001), thus only increasing the IPSC decay time. 

Overall, GAT1 may help preventing the effects of GABA spillover, thus 
preserving synapse independence—that is, the temporal and spatial specifi
city of fast GABAAR-mediated transmission. In addition, GAT1 may pre
vent the densensitization of synaptic GABAARs that in the absence of GAT1 
activity may be exposed to ambient GABA. For groups of GABA synapses 
that are sufficiently distant, spillover is unlikely and GABAAR-IPSCs 

(A) GABAAR-IPSP 

Control 
Glia GAT1 blocker 

Adjacent 
synapses 

Distant 
synapses 

GABAAR GABAAR 

FIGURE 3 (A) Left, A scheme showing the effects of GAT1-mediated uptake on GABAAR 
activation when GABA is released by two adjacent synapses. Note that, under this model, at each 
synapse GABAARs are readily activated by GABA released into the synaptic cleft by release sites 
directly opposed to the synaptic receptors. GAT1 localized in the nerve terminals, and possibly in 
the glia as well, uptakes most of the GABA that otherwise may diffuse and reach the adjacent 
synapse. This model suggests that the main function of GAT1 is controlling the effects on 
synaptic GABAARs of GABA diffusing between synapses. (A) Right, Example traces showing 
the effect of GAT1 blockade on IPSPs produced by stimulation of adjacent synapses. Note that 
GAT1 blockade prolongs the decay time of the IPSPs when the synapses are adjacent. However, 
if the stimulated synapses are distant, the likelihood of spillover effects is very low and the IPSPs 
are insensitive to GAT1 blockade. Note that the duration, measured in control conditions, of 
IPSPs produced by adjacent synapses (thus prolonged by GAT1 blockade) is identical to the 
duration of IPSPs produced by distant synapses (that are insensitive to GAT1 blockade). (B) Left, 
A model for GABABR activation by synaptically-released GABA based on data suggesting that 
GABABR activation is mainly produced by GABA released by dendrite-targeting neurogliaform 
cells. These cells have been actually suggested to activate GABABRs and GABAARs via GABA 
spillover given that most of their terminals do not form actual synaptic junctions (see text). Such 
absence of synaptic junctions is represented in the scheme as a wider space separating release sites 
and the receptors activated by GABA. Note that GAT1 localized in the neurogliaform cell 
terminals, in terminals of other GABA neurons as well (not shown in the scheme) and in glia, 
significantly regulates activation of GABA receptors by GABA released by neurogliaform cells. 
Such GABA may also reach, under GAT1 control, presynaptic GABABRs localized in excitatory 
glutamatergic synapses. (B) Right, Example traces showing that, under GAT1 control, 
neurogliaform cell-released GABA produces slow IPSPs by activation of GABABRs, as well as 
downregulation of EPSPs via presynaptic GABABR activation. Note that, as suggested by recent 
data, when a neurogliaform cell is activated shortly before EPSPs are elicited, the release of 
GABA mostly affects, via presynaptic GABABR activation, subsequent EPSPs but not the initial 
EPSP. This suggests very specific mechanisms of action that have not been yet investigated. 
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produced by activation of such synapses are not affected by GAT1 blockade 
(Fig. 3A). Conversely, GAT1-mediated uptake may be critical to prevent the 
effects of GABA spillover and GABAAR-IPSCs mediated by adjacent 
synapses are thus prolonged by GAT1 blockade (Fig. 3A). Interestingly, 
we have recently reported that GAT1-mediated uptake may completely 
prevent the effects of spillover on GABAAR-IPSPs (Gonzalez-Burgos et al., 
2009). For instance, we found that IPSPs that are sensitive to GAT1 block
ade (thus probably mediated by adjacent synapses susceptible of spillover), 
when measured with GAT1 activity intact, have similar duration compared 
with IPSPs that are GAT1 blockade-insensitive (thus probably mediated by 
distant synapses not susceptible to spillover). 

B. GAT1 Activity and GABABR-Mediated IPSPs 

The data reviewed in Section V.A suggest that GAT1 activity prevents 
the activation of synaptic GABAARs by GABA released at heterologous 
nearby synapses. Although GAT1 may completely prevent the heterosynap
tic effects of GABA diffusion (Gonzalez-Burgos et al., 2009), it is possible 
that GAT1 does not completely decrease GABA spillover, but reduces it to 
levels below those necessary to activate synaptic GABAARs, which have low 
affinity for GABA (Mozrzymas, 2004). If so, a basal level of GABA diffusion 
out of the synaptic cleft may normally occur with GAT1 activity intact, and 
could activate high-affinity receptors such as the extrasynaptic GABAARs 
(Glykys & Mody, 2007) and the GABABRs (Bowery & Enna, 2000). 
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Consistent with such possibility is the finding that tonic GABAAR-mediated 
currents, typically mediated by extrasynaptic GABAARs, are measurable 
with GAT1 activity intact and, moreover, are increased by GAT1 blockade 
or in GAT1-deficient mice (Bragina et al., 2008; Glykys & Mody, 2007; 
Jensen et al., 2003). Surprisingly, GABABRs do not seem to produce tonic 
currents either with GAT1 activity intact or when this activity is reduced in 
GAT1-deficient mice (Jensen et al., 2003). 

Considering the role of GAT1 in regulating GABAAR activation, a crucial 
question is whether similar mechanisms regulate GABABR activation. As 
reviewed in Section IV, GABABR-IPSPs have much slower decay time-course 
(decay time >>100 ms) than GABAAR-IPSPs (decay time < 20 ms). Therefore, 
GABABR-IPSPs are less likely to contribute to temporally precise fast synaptic 
transmission and GAT1-mediated control of GABABR-IPSP decay may be less 
critical for the rapid flow of neural activity in cortical circuits. 

Production of fast GABAAR-IPSCs requires rapid gating of the 
GABAARs which in synapses is achieved by exposure of the receptors to 
a brief and high concentration transient of GABA in the synaptic cleft 
(Farrant & Kaila, 2007; Mozrzymas, 2004). However, the high affinity of 
GABABRs and the slow kinetics of their postsynaptic effects suggest that 
production of GABABR-IPSPs does not require exposure of GABABRs to 
GABA released into the synaptic cleft. Indeed, whereas an ultrastructural 
study found some GABABRs concentrated postsynaptically at symmetric 
synapses (Gonchar et al., 2001), other studies using three-dimensional quan
titative immunogold particle electron microscopy suggest that GABABR 
subunits are localized mainly extra- or peri-synaptically in dendritic shafts 
and extrasynaptically near glutamate synapses in dendritic spines (Kulik et al., 
2003, 2006). 

As reviewed in Section IV, neurogliaform cells are the only interneuron 
subtype thus far identified to produce unitary GABABR-IPSPs (Price et al., 
2005; Tamas et al., 2003). Neurogliaform cells mainly target the dendritic 
spines and shafts of pyramidal cells (Olah et al., 2009; Szabadics et al., 
2007; Tamas et al., 2003), and in addition to producing slow unitary 
GABABR-IPSCs, produce unusually slow GABAAR-IPSCs (Olah et al., 
2009; Szabadics et al., 2007; Tamas et al., 2003). Such properties of the 
IPSCs lead others to hypothesize that the GABA receptors mediating neu
rogliaform cell responses are extra- or peri-synaptic (Fig. 3B) (Szabadics 
et al., 2007). For instance, neurogliaform cell-mediated unitary IPSCs 
have pharmacological properties similar to those of extrasynaptic 
GABAARs (Szabadics et al., 2007). In addition, the effects of low-affinity 
GABAAR antagonists on neurogliaform cell-mediated unitary IPSCs are 
consistent with receptor activation by spillover (Szabadics et al., 2007). 
Notably, both GABAAR- and GABABR-mediated unitary IPSCs produced 
by neurogliaform cells are extremely sensitive to GAT1 blockade by NO711 
(Szabadics et al., 2007). NO711 application substantially prolongs the 
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GABABR-IPSPs and, in addition, significantly increases their amplitude 
(Gonzalez-Burgos et al., 2009; Isaacson et al., 1993; Szabadics et al., 
2007). These finding suggests that, contrasting with GABAAR-IPSPs, 
GAT1 regulates the strength of the GABABR-IPSPs, represented by their 
peak amplitude, possibly by regulating the number of GABABRs bound to 
GABA (Fig. 3B). 

Electrophysiological studies therefore suggest that vesicular GABA 
release from neurogliaform cell terminals produces, under GAT1 control, 
slow activation of extra- or peri-synaptic GABAARs and GABABRs by 
spillover. Only one study thus far examined whether GABABRs are post
synaptic to neurogliaform cell release sites, but did not provide detailed 
quantitative analysis of the receptor localization (Price et al., 2005). Impor
tantly, an ultrastructural analysis of neurogliaform cell nerve terminals 
showed that most (78%) of the synaptic vesicle-containing varicosities in 
the neurogliaform cell axon do not form actual synaptic junctions (Olah 
et al., 2009). Moreover, the nerve terminals apparently connecting indivi
dual neurogliaform cells onto postsynaptic neurons to produce slow unitary 
IPSPs lack clear synaptic junctions (Olah et al., 2009). This observation 
confirms that neurogliaform cells produce responses in their target cells 
without involving synaptic junctions and possibly by activation of extra-
or peri-synaptic receptors by spillover (Fig. 3B). 

An important morphological property of neurogliaform cells described 
by Santiago Ramon y Cajal more than 100 years ago is that their axonal 
arborization branches profusely near the cell body (Kawaguchi & Kubota, 
1997; Olah et al., 2007, 2009; Povysheva et al., 2007; Zaitsev et al., 2009). 
Such profuse branching and a high density of boutons per unit of axon length 
(Olah et al., 2009) increase the probability of GABA spillover between 
neurogliaform cell terminals, potentially overcoming the GABA uptake sys
tem. The fact that GAT1 blockade with NO711 significantly enhances the 
neurogliaform cell-mediated GABABR- and GABAAR-IPSPs (Szabadics et al., 
2007) demonstrates that GAT1-mediated GABA uptake critically controls 
the postsynaptic response to GABA released by these neurons. 

Whereas neurogliaform cell-mediated GABA release shows rapid 
exhaustion during repetitive stimulation (Tamas et al., 2003), several studies 
(see Section IV) showed that repetitive stimulation applied extracellularly or 
to non-neurogliaform cells is more efficient than single stimuli to produce 
GABABR-IPSPs (Gonzalez-Burgos et al., 2009; Isaacson et al., 1993; 
Oswald et al., 2009; Scanziani, 2000; Thomson & Destexhe, 1999). More
over, the GABABR-IPSPs produced by repetitive stimulation are significantly 
enhanced by GAT1 blockade (Gonzalez-Burgos et al., 2009; Isaacson et al., 
1993; Scanziani, 2000). These results support the conclusion that GAT1
mediated uptake strongly regulates GABABR-IPSPs produced by interneurons 
of other subtypes in addition to neurogliaform cells. Such conclusion raises 
the question of whether GAT1 controls the activation, by other interneuron 
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subtypes, of GABABRs that are normally targeted by neurogliaform cell-
released GABA (Fig. 3B). For example, some paired recordings studies have 
shown that single-pulse or repetitive stimulation of an interneuron may not 
produce GABAAR-IPSPs or GABABR-IPSPs in a simultaneously recorded 
neuron, but that subsequent inhibition of GAT1 revealed a substantial 
GABABR-IPSP (Scanziani, 2000). Whether such GABABR effects observed 
only after GAT1 is blocked reflect activation of GABABRs normally activated 
by neurogliaform cells remains to be determined. 

C. GAT1 Activity and Presynaptic GABABR Activation 

As reviewed in previous sections, some GABABRs have been localized 
to presynaptic nerve terminals at GABA and glutamate synapses, and 
electrophysiological experiments have demonstrated that presynaptic 
GABABRs regulate transmitter release. Does GAT1-mediated uptake con
trol activation of presynaptic GABABRs? Some studies have shown that 
GABABR antagonists fail to produce presynaptic effects at GABA 
synapses, suggesting that the amount of GABA normally accessing pre
synaptic sites is too small to produce significant autoreceptor activation 
(Caillard et al., 1998; Gonzalez-Burgos et al., 2009; Neu et al., 2007; Olah 
et al., 2009). However, GAT1 blockade reveals presynaptic effects of 
GABABRs, possibly by increasing the exposure of such presynaptic recep
tors to GABA (Caillard et al., 1998; Gonzalez-Burgos et al., 2009; Lei & 
McBain, 2003). Why presynaptic GABABRs at some GABA synapses do 
not produce autoreceptor effects (Caillard et al., 1998; Gonzalez-Burgos 
et al., 2009; Neu et al., 2007; Olah et al., 2009) but can be activated by 
exogenous agonists or by endogenous GABA following GAT1 blockade is 
a puzzling issue that remains to be resolved. 

Activation of presynaptic GABABRs localized in glutamate synapses 
requires GABA diffusion for some distance in the extracellular space 
(Fig. 3B). It is therefore reasonable that GAT1 blockade enhances inhibi
tion of glutamate release by such presynaptic receptors (Isaacson et al., 
1993; Lei & McBain, 2003; Olah et al., 2009). An identified source of 
GABA for activation of presynaptic GABABRs localized in glutamate 
nerve terminals are the neurogliaform cells (Olah et al., 2009). Interest
ingly, neurogliaform cells elicit presynaptic effects within a volume of 
tissue closely matching the distribution of their axon, which gives rise to 
a high density of branches around their soma (Olah et al., 2009). The 
presynaptic GABABR-mediated modulation of glutamate release by neu
rogliaform cells is enhanced by GAT1 blockade with NO711 (Olah et al., 
2009). In contrast, NO711 does not reveal presynaptic GABABR effects 
at glutamate synapses by GABA released by fast-spiking basket neurons 
(Olah et al., 2009). 
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VI. Conclusions 

This chapter reviews studies suggesting that in cortical circuits GAT1
mediated GABA transport is important for the cellular electrophysiological 
responses produced by GABABR activation by endogenous GABA. 
GABABRs produce slow hyperpolarizing IPSPs in pyramidal cells and also 
regulate GABA and glutamate release via presynaptic effects (Figs. 2 and 
3B). These physiological effects of GABABR activation are enhanced by 
pharmacological inhibition of GAT1 activity, showing that GAT1 tightly 
regulates the amount of GABA available for GABABR activation (Fig. 3). 

GAT1 critically controls the activation of GABAARs, playing a “pro
tective” role by preventing the stimulation of GABAARs at a given synapse 
by GABA released at other synapses (Fig. 3A). Does GAT1 also protect 
GABABRs from inter-synaptic cross-talk by GABA diffusion between 
synapses? If, as indicated by several studies, a majority of the GABABRs 
are actually localized extra- or peri-synaptically, GABABRs are therefore 
normally activated by GABA diffusing far away from the release sites 
(Fig. 3B). Therefore, instead of playing such a protective role, GAT1
mediated uptake may be a physiological mechanism regulating GABABR 
activation. 

The experimental observations reviewed here are consistent with the 
idea that GABABRs signal via volume transmission. Such mechanism oper
ates when a neurotransmitter is released into extracellular space compart
ments that are not directly opposed to membranes containing postsynaptic 
receptors (Fuxe et al., 2007). The properties of neurogliaform cell-mediated 
responses reviewed in this chapter, including their control by GAT1 activity, 
are actually consistent with GABABR-mediated volume transmission. 
Whether additional interneuron subtypes produce GABABR-mediated 
responses remains to be established. If so, then GAT1 may play two different 
functions: first, regulating the strength of physiological GABABR-mediated 
responses by controlling the amount of GABA reaching those receptors and, 
second, preventing the activation of GABABRs normally targeted by a 
particular interneuron subtype, for instance neurogliaform cells, by GABA 
released by other interneurons (Fig. 3B). 

If GABABRs exclusively mediate signaling by neurogliaform interneur
ons, then their general role in cortical circuits is tightly linked to the 
neurogliaform cell function. Neurogliaform cells are present in various 
cortical areas and their physiological properties are being characterized in 
the cortex and hippocampus of rodents (Kawaguchi & Kubota, 1997; Price 
et al., 2005; Tamas et al., 2003), monkeys (Krimer et al., 2005; Povysheva 
et al., 2007; Zaitsev et al., 2009), and humans (Olah et al., 2007). Impor
tantly, a main function of interneurons is the production of synchronized 
oscillations in hippocampal and cortical circuits (Klausberger & Somogyi, 
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2008). Interneurons involved in the mechanisms of network oscillations 
may fire at frequencies within the 30–80 Hz range (gamma oscillations) or 
4–10 Hz (theta oscillations). Because GABA release from neurogliaform cells 
strongly depresses during repetitive activity, if these interneurons participate 
in network oscillations, then their repetitive firing would produce severe 
depression of GABA release. Since neurogliaform cells actually fire coupled 
to theta oscillations (Fuentealba et al., 2010), an interesting question is 
therefore whether during high-frequency firing that depresses GABA rele
ase, these interneurons release neuromodulators such as neuropeptide Y 
(Karagiannis et al., 2009) that could complement the GABABR-mediated 
signaling. Importantly, neurogliaform cell activity is decreased by neuroster
oids (Olah et al., 2009) and enhanced by norephinephrine (Kawaguchi & 
Shindou, 1998), and thus can be modulated by the slow paracrine effects of 
these endogenous substances. 

As highlighted elsewhere (Olah et al., 2009), solitary spikes in neuro
gliaform cells would fill, with a “cloud” of GABA, a volume of tissue 
closely matching the geometry of their axonal arbor. Following such 
spike, GABABR activation via volume transmission would produce long-
lasting GABABR-IPSPs in a relatively large group of pyramidal neurons and 
also would decrease excitation between pairs of pyramidal cells connected 
via synapses located in the same volume of tissue. Interestingly, the time-
courses of presynaptic effects of GABABRs on excitatory transmission and 
of GABABR-IPSPs are very similar (Isaacson et al., 1993). If so, then 
neurogliaform cell spikes would create a time-window of several hundred 
milliseconds during which pyramidal cell excitability is reduced by the 
GABABR-IPSP and pyramidal cell excitation is reduced by the inhibition 
of glutamate release by presynaptic GABABRs. Such an effect may contri
bute to terminating persistent activity in cortical networks (Mann et al., 
2009), an activity pattern that may be essential for cognitive function 
dependent on working memory. The data reviewed in this chapter show 
that up- or down-regulating GAT1-mediated uptake could potentiate or 
weaken the strength and duration of such GABABR-mediated effects. 
Furthermore, regulation of GAT1-mediated uptake could potentially 
expand or contract the effective volume of tissue in which neurogliaform 
cells produce GABABR-mediated volume transmission. 
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Non-standard abbreviations 

Ca2+	 calcium ion 
Cl–	 chloride ion 
GABAAR	 GABA A receptor 
GABABR	 GABA B receptor 
GAT1	 plasma membrane GABA 

transporter 1 
IPSC	 inhibitory postsynaptic current 
IPSP	 inhibitory postsynaptic 

potential 
K+	 potassium ion 
Kir	 inward-rectifying potassium 

channel 
Na+	 sodium ion 
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Abstract 

Temporally-structured cortical activity in the form of synchronized 
network oscillations and persistent activity is fundamental for cognitive 
processes such as sensory processing, motor control, working memory, 
and consolidation of long-term memory. The roles of fast glutamatergic 
excitation via AMPA, kainate, and NMDA receptors, as well as fast 
GABAergic inhibition via GABAA receptors, in such network activity have 
been studied in great detail. In contrast, we have only recently begun 
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to appreciate the roles of slow inhibition via GABAB receptors in the 
control of cortical network activity. Here, we provide a framework for 
understanding the contributions of GABAB receptors in helping mediate, 
modulate, and moderate different types of physiological and pathological 
cortical network activity. We demonstrate how the slow time course of 
GABAB receptor-mediated inhibition is well suited to help mediate the 
slow oscillation, to modulate the power and spatial profile of gamma 
oscillations, and to moderate the relative spike timing of individual 
neurons during theta oscillations. We further suggest that GABAB recep
tors are interesting therapeutic targets in pathological conditions 
where cortical network activity is disturbed, such as epilepsy and 
schizophrenia. 

I. Introduction 

The many billions of neurons in the neocortex of the mammalian brain 
are heavily interconnected through chemical synapses, thereby creating a 
vast neuronal network. This network is arranged into many individual 
processing units known as microcircuits, allowing massive parallel proces
sing of information. Microcircuits comprise sets of precisely intercon
nected excitatory and inhibitory neurons, and it is a fundamental 
challenge to understand how these microcircuits operate. 

Cortical microcircuits form feedforward and feedback loops that gen
erate spontaneous oscillatory activity, such as the slow oscillation during 
slow-wave sleep and the fast gamma oscillation during attention. It is likely 
that these oscillatory modes of network activity are fundamental to the 
normal function of these local microcircuits. Conversely, when these net
work activities are disturbed, pathology arises. Interference with the slow 
oscillation, for example, can lead to memory deficits and generalized 
epilepsy, and schizophrenia is associated with changes in gamma 
oscillations. 

Thus, it is imperative that we study the normal synaptic function of 
microcircuits. To date, most studies  have  focused on the  roles of fast  
excitation mediated by AMPA, kainate, and NMDA receptors and fast 
inhibition mediated by GABAA receptors in the control of network activ
ity. Much less is understood about the roles of GABAB receptors. In this 
chapter, we will discuss recent findings that attribute a significant role of 
slow inhibition via GABAB receptors to the control of cortical network 
activity. We will first briefly review the functional properties of GABAB 

receptor-mediated inhibition, and then discuss its involvement in mediat
ing, modulating, and  moderating cortical network activity, before relating 
these functions to pathological network events. 
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II. GABAB Receptors in Cortical Microcircuits 

A. Localization of GABAB Receptors 

In the 1980s, a series of elegant studies by Norman Bowery (Bowery, 
1993; Bowery et al., 1980; 1981a; 1981b; Bowery et al., 1982, 1983; Wilkin 
et al., 1981) suggested the existence of a second GABA receptor with a 
distinct pharmacology from the classical GABAA receptor. This bicuculline
insensitive GABA receptor was called the GABAB receptor and was later 
shown to consist of a heterodimer made up of two G-protein-coupled 
receptor subunits, GABAB1a/b and GABAB2 (Jones et al., 1998; Kaupmann 
et al., 1998; White et al., 1998; for review see Bowery et al., 2002). The 
GABAB1a/b subunit is thought to be the site of agonist binding, whilst the 
GABAB2 subunit activates the G-protein signaling system (Galvez et al., 
2001; Robbins et al., 2001), and neither subunit is functional in isolation 
(Agnati et al., 2003; Bowery et al., 2002). 

Immunohistochemical studies have localized GABAB receptors to both 
pre- and postsynaptic elements at both excitatory and inhibitory synapses and 
mainly in the perisynaptic and extrasynaptic plasma membrane (Gonchar & 
Burkhalter, 1999; Lopez-Bendito et al., 2002, 2004). The requirement of 
strong or repetitive extracellular stimulation to induce a GABAB receptor-
mediated inhibitory postsynaptic potential (IPSP; Connors et al., 1988; Dutar 
& Nicoll, 1988; Thomson & Destexhe, 1999), and the absence of a GABAB 

receptor-mediated IPSP in paired recordings between synaptically-connected 
GABAergic interneurons and postsynaptic pyramidal cells (Buhl et al., 1994; 
Thomson et al., 1996), led to the suggestion that GABAB receptors are 
activated by spillover of synaptically-released GABA from neighboring 
synapses (for an early review, see Mody et al., 1994). However, it was later 
shown that activation of individual cells of a specific subclass of interneuron, 
the neurogliaform cell, could indeed elicit unitary GABAB receptor-mediated 
IPSPs (Tamás et al., 2003), although it was recently suggested that these cells 
still provide mostly non-synaptic, spatially non-specific input to the target 
cells (Oláh et al., 2009). 

GABAB receptors exert their inhibitory effect by various means. 
Postsynaptically, GABAB receptors can open G-protein-coupled inwardly-
rectifying potassium (GIRK) channels controlling a slow hyperpolarizing 
potassium conductance (Fig. 1A; Dutar & Nicoll, 1988; Lüscher et al., 
1997). They can also directly inhibit postsynaptic calcium channels (Mintz 
& Bean, 1993), thereby controlling the generation of dendritic calcium 
spikes in cortical pyramidal cells (Fig. 1B; Pérez-Garci et al., 2006). On the 
presynaptic side, GABAB receptors have been found to reduce neurotrans
mitter release, as originally shown by Bowery and colleagues (Bowery et al., 
1980). This was seen both at inhibitory synapses, mediated by synaptically-
released GABA acting on presynaptic GABAB autoreceptors (Fig. 1C; 
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FIGURE 1 GABAB receptor effects through three different mechanisms. (A) Postsynaptically 
located GABAB receptors can open slow potassium conductances by acting on GIRK channels. 
The GABAB receptor antagonist phaclofen abolishes the associated slow IPSP. (B) Postsynaptic 
GABAB receptors can also inhibit postsynaptic dendritic calcium channels. A depolarizing 
voltage step applied in dendritic voltage-clamp during pharmacological Na+ and K+ channel 
block reveals calcium currents that are inhibited by the GABAB receptor agonist baclofen. 
(C) Presynaptically located GABAB autoreceptors can close presynaptic calcium channels and 
directly inhibit the vesicle release machinery. The GABAB receptor antagonist 2-hydroxy
saclofen prevents GABAB receptor-mediated paired-pulse depression. Traces in (A), (B), and 
(C) are modified, with permission, from Dutar & Nicoll (1988), Pérez-Garci et al. (2006), and 
Davies et al. (1990), respectively. 

Davies et al., 1990; Davies et al., 1993), and at excitatory synapses, at which 
GABA “spillover” from neighboring inhibitory synapses was suggested to 
mediate heterosynaptic depression of excitatory synaptic transmission 
(Isaacson et al., 1993; Lei & McBain, 2003). Presynaptic inhibition of 
transmitter release upon activation of GABAB receptors appears to 
be mediated primarily through the inhibition of calcium channels (Takahashi 
et al., 1998), though an additional effect directly on the release apparatus is 
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also possible (Dittman & Regehr, 1996; Sakaba & Neher, 2003). Presynap
tic and postsynaptic inhibition appears to be mediated via GABAB receptors 
with distinct GABAB1 subunits, GABAB1a and GABAB1b, respectively (Pérez-
Garci et al., 2006; Ulrich & Bettler, 2007; Vigot et al., 2006). 

B. Functional Role of GABAB Receptors 

To understand the functional roles of GABAB receptor-mediated inhibi
tion in network function, it is useful to appreciate the conditions under 
which GABAB receptors are activated. 

1. Conditions That Lead to Presynaptic GABAB Receptor Activation 

Presynaptic GABAB receptors are found on many feedforward inhibi
tory neurons where they act as autoreceptors (Thompson et al., 1993; Vigot 
et al., 2006). They have also been found on glutamatergic terminals where 
they are thought to exert heterosynaptic effects. 

Paired pulse activation of inhibitory synapses in the rat hippocampus at 
10 Hz was shown to result in a depression of the second IPSP that was 
partially reversed by GABAB receptor antagonists (Fig. 1B; Davies et al., 
1990). This effect was dependent on the stimulus strength, suggesting that 
GABAB autoreceptor activation requires a sufficient amount of synaptically-
released GABA to accumulate (Lambert & Wilson, 1994). Given the higher 
affinity of GABAB receptors for GABA when compared to GABAA receptors, 
this suggests an extrasynaptic location of GABAB autoreceptors. Subsequently, 
various other cortical interneurons and hippocampal neurogliaform cells were 
found to modulate their own axon terminals through the activation of GABAB 

autoreceptors (Oláh et al., 2009; Price et al., 2005, 2008). 
In contrast, presynaptic receptors on glutamatergic terminals were 

shown to be activated by GABA spillover from neighboring inhibitory 
synapses. Isaacson and colleagues were the first to show that repetitive, 
but not single, stimulation of inhibitory synapses resulted in a slow presy
naptic inhibition of excitatory synaptic transmission that was blocked by 
GABAB receptor antagonists (Isaacson et al., 1993; Oláh et al., 2009). 

2. Conditions That Lead to Postsynaptic GABAB Receptor Activation 

Early studies in the hippocampus suggested that only strong stimulation 
could evoke GABAB receptor-mediated slow IPSPs (Dutar & Nicoll, 1988). 
In paired recordings from interneurons and pyramidal cells, only GABAA 

receptor-mediated events could be evoked (Buhl et al., 1994; Thomson et al., 
1996), even with repetitive stimuli (Scanziani, 2000). Yet, addition of a 
GABA uptake blocker revealed a slow IPSC (Scanziani, 2000). Given the 
higher affinity of GABAB receptors for GABA, it is conceivable that post
synaptic GABAB receptors are also located extrasynaptically. 
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These findings suggest that in order to activate GABAB receptors, 
cooperativity among release sites is required. This, however, means that 
postsynaptic GABAB receptors are only activated during periods of synchro
nous activity under physiological conditions. Such synchronous activity 
occurs during network oscillations and studies have shown that the synaptic 
activation of GABAB receptors during cholinergically-induced theta rhythm 
in hippocampal slices modulates this oscillation (Scanziani, 2000). Similarly, 
prolonged burst firing in ferret perigeniculate neurons produced GABAB 

receptor-mediated slow IPSPs in neurons of the lateral geniculate nucleus 
(Kim et al., 1997). 

However, whereas only fast GABAA receptor-mediated events were 
observed following unitary activation of perisomatic-targeting interneurons 
(Buhl et al., 1994; Thomson et al., 1996), dendritic-targeting neurogliaform 
cells have been shown to elicit GABAB receptor-mediated IPSPs following 
single action potentials in both neocortex (Tamás et al., 2003) and hippocam
pus (Price et al., 2008), and it has recently been demonstrated that this effect is 
possibly mediated by volume transmission through the synchronous release of 
GABA from many boutons of neurogliaform cells (Oláh et al., 2009). 

In conclusion, it is becoming clear that activation and action of GABAB 

receptors are very distinct from those of GABAA receptors. GABAB recep
tors usually require sustained activity for activation, and GABAB receptor-
mediated effects, whether mediated by enhancing potassium conductances 
or inhibiting calcium channels, are typically long-lasting. 

III.	 Control of Network Activity by GABAB Receptors 

The sustained synaptic activity required for GABAB receptor activation 
is usually met during rhythmic network activity or burst firing. This, in 
combination with GABAB receptor-mediated strong and long-lasting inhi
bitory effects, implicates GABAB receptors in the regulation of cortical net
work activity. 

Depending on the temporal properties of network activity, GABAB 

receptors can (A) directly mediate slow network activity, (B) modulate the 
strength of fast network activity, and (C) moderate the relative spike timing 
of individual cells during network oscillations. 

A.	 GABAB Receptor-Mediated Direct Control of Slow Network 
Activity 

1. Cortex 

In the early 1990s, Steriade and colleagues identified a slow oscillation 
(<1 Hz) in the cortex in vivo during anaesthesia and sleep (Steriade et al., 
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1993a; Steriade et al., 1993c, 1993d). These slow oscillations show alter
nating persistently active “Up states” and quiescent “Down states,” each 
about 1–2 s in duration. Slow oscillations survived extensive thalamic lesions 
as well as the transection of the corpus callosum (Steriade et al., 1993a, 1993c, 
1993d). Furthermore, fully deafferented cortical slabs also exhibited slow 
oscillations (Timofeev et al., 2000), suggesting that such cortical activity can 
be generated independently of subcortical input. 

The finding that slow oscillations are generated intrinsically in the 
cortex and can persist without thalamic input (Steriade et al., 1993d; 
Timofeev et al., 2000) enabled the introduction of reduced cortical prepara
tions in vitro that allowed the study of the mechanisms underlying such 
persistent activity (Sanchez-Vives & McCormick, 2000; Shu et al., 2003). 

McCormick and colleagues were the first to develop an acute slice 
model of the slow oscillation using ferret prefrontal and visual cortex 
exhibiting spontaneous Up and Down states (Sanchez-Vives & McCormick, 
2000; Shu et al., 2003). Subsequently, spontaneous slow oscillations were 
also observed in thalamocortical slices (MacLean et al., 2005; Rigas & 
Castro-Alamancos, 2007) and in slices from the rodent entorhinal cortex 
(Cunningham et al., 2006; Mann et al., 2009). Using these preparations, it 
was found that the recurrent connectivity in the cortex is sufficient to drive 
persistent activity (Up states). Fast excitation (AMPA/kainate receptors) and 
inhibition (GABAA receptors) were found to scale proportionally, prevent
ing run-away excitation that could otherwise lead to epileptiform activity 
(Mann et al., 2009; Shu et al., 2003). 

However, the mechanisms underlying the termination of Up states are 
less clear. Cell-intrinsic properties and currents have been suggested to form 
the basis for Up-to-Down-state transitions (Bazhenov et al., 2002; Compte 
et al., 2003; Hill & Tononi, 2005; Milojkovic et al., 2005). However, the 
Up-and-Down-state transitions were found to be highly synchronous across 
the whole cortex, suggesting that a long-range synaptic mechanism might be 
at play (Volgushev et al., 2006). Using a model of Up and Down states in the 
rat entorhinal cortex, it was found that GABAB receptors are likely to be 
part of this mechanism. GABAB receptor block was found to increase Up
state duration and prevent stimulus-induced Down-state transitions (Mann 
et al., 2009; Fig. 2A). Over the course of the Up state, the membrane 
potential steadily dropped and input conductance increased. Additionally, 
following the Up state, Mann and colleagues observed a pronounced hyper
polarization, which was associated with a refractory period of up to 10 s 
during which new Up states could not be initiated. These time courses fit 
well with a GABAB receptor-mediated IPSP. The GABAB receptor-mediated 
Up-state termination might be due to presynaptic inhibition, postsynaptic 
hyperpolarizing currents, and/or the direct inhibition of postsynaptic cal
cium influx (Pérez-Garci et al., 2006), which could be necessary for the 
maintenance of Up states. The slow kinetics of GABAB receptors would 
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FIGURE 2 GABAB receptor mediation of slow oscillations. (A) GABAB receptors contribute 
to the termination of Up states. GABAB receptor block with CGP55845 reversibly increases the 
duration of Up states (left panel) and prevents Up-state termination by extracellular stimulation 
(arrowhead) in the superficial layers. (B) Slow oscillatory input from the cortex activates 
thalamic reticular neurons, whose reciprocal inhibition via GABAB receptor-mediated slow 
IPSPs facilitates rebound bursting. (C) Strong burst activity in thalamic reticular neurons 
activates GABAB receptors, which produce slow IPSPs in thalamocortical relay neurons 
(upper trace). The resultant hyperpolarization de-inactivates T-type calcium channels leading 
to calcium spikes (lower trace) that integrate with the ongoing slow oscillation in the cortex to 
produce sleep spindles and delta waves. Traces are modified, with permission, from Mann et al. 
(2009) (A), Steriade et al. (1996) (B), Roy et al. (1984) (C, upper trace) and Vincenzo Crunelli 
& Hughes (2010) (C, lower trace). 

seem to match the slow time course of Up and Down states, allowing 
GABAB receptors to exert a strong synaptic effect and thereby control the 
frequency and synchronization of the slow oscillation. 
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2. Thalamus 

The slow cortical oscillation provides rhythmic input to thalamic nuclei 
through corticothalamic projections. Such slow rhythmic input is thought to 
drive synchronized network activity through reciprocally-connected excita
tory and inhibitory cells in the thalamus. These oscillations can in turn 
instruct cortical physiological network activity such as delta waves and 
sleep spindles, as well as pathological spike-and-wave discharges during 
generalized absence epilepsy. 

Thalamocortical neurons and interneurons in the reticular formation 
both express T-type calcium channels, which mediate a low-threshold Ca2+ 

current. This Ca2+ current promotes the generation of low-threshold Ca2+ 

spike-mediated bursts of action potentials. Strong hyperpolarization of these 
thalamic neurons facilitates the de-inactivation of T-type calcium channels, 
thereby enhancing the generation of rebound action potential bursts. These 
bursts are characteristic for thalamic neurons and critical to the generation 
of normal thalamocortical rhythms, such as spindle waves during slow-wave 
sleep (Fig. 2B and C). 

The rebound Ca2+ spike burst activity in thalamic reticular neurons has 
been shown to depend on recurrent inhibition amongst reticular neurons. 
This inhibition is mediated by GABAB receptors, which provide sufficient 
hyperpolarization to drive rebound Ca2+ spike burst activity (Ulrich & 
Huguenard, 1996). In turn, this burst activity coordinates the generation 
of rhythmic activity in thalamocortical neurons. 

Using paired recordings from interneurons in the perigeniculate 
nucleus (PGN) and thalamocortical neurons in the dorsal lateral geniculate 
nucleus in acute slices from ferrets, Kim and colleagues dissociated the 
roles of GABAA and GABAB receptors in the generation of rebound burst 
activity (Kim et al., 1997). They showed that low-frequency (<100Hz) 
discharge of PGN neurons recruits mainly GABAA receptor-mediated 
fast inhibition controlling the dendritic processing and probability of 
action potential generation in thalamocortical neurons. In contrast, high-
frequency burst activity in PGN neurons resulted in large GABAA receptor-
mediated compound IPSPs that were effective in eliciting rebound Ca2+ 

spike burst activity. These bursts of action potentials in thalamocortical 
neurons are essential for the generation of normal thalamocortical 
rhythms, such as spindle waves (for review, see Steriade et al., 1993b), 
and, through reciprocal connections, can excite more PGN and thalamic 
reticular neurons. Finally, prolonged and high-frequency burst discharge 
of PGN neurons, or perhaps the simultaneous activation of a number of 
PGN cells, was shown to result in the strong activation of GABAB recep
tors on thalamocortical neurons (Bal et al., 1995a, 1995b; Huguenard & 
Prince, 1994). The slow kinetics and prolonged time course of the GABAB 

receptor-mediated IPSPs (Fig. 2C, lower trace) resulted in the entrainment 
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of slow synchronized oscillations, similar to those associated with the 
generation of spike-and-wave discharges during absence seizures (Crunelli 
& Leresche, 1991). 

In summary, activity patterns in thalamocortical cells depend on the 
amplitude and duration of IPSPs received from thalamic reticular 
and perigeniculate interneurons. Slow-frequency tonic discharge results 
in GABAA receptor-mediated IPSPs of small amplitude. Burst activity 
triggers larger GABAA receptor-mediated IPSPs that enable the generation 
of rebound Ca2+ spike burst activity in thalamocortical neurons, which is 
thought to be essential for the generation of normal thalamocortical 
rhythms. Very strong burst activity in thalamic reticular and perigeniculate 
GABAergic neurons additionally recruits longer-lasting IPSPs in thalamo
cortical neurons through the activation of GABAB receptors. This strong 
inhibition results in the generation of slow synchronized oscillations that 
may underlie pathological network activity such as spike-and-wave 
discharges during generalized absence epilepsy (Crunelli & Leresche, 
1991). 

B. GABAB Receptors Modulate Fast Oscillations 

Fast network activity occurs at too rapid a time scale for GABAB 

receptors to mediate this activity directly. However, through their long-
lasting effects, GABAB receptors are capable of modulating the amplitude 
of fast oscillations such as gamma oscillations. 

Gamma oscillations (30–70 Hz) have been associated with a wide range 
of cognitive processes, ranging from sensory processing (Gray, 1994; Singer, 
1993) to memory formation (Fell et al., 2001; Sederberg et al., 2007) and 
selective attention (Fries et al., 2001), and even consciousness (Llinás et al., 
1998). At the cellular level, gamma oscillations appear to be important for 
the temporal regulation of synaptic activity in the cortex and hippocampus 
and have thus been associated with a spike timing-dependent form of 
synaptic plasticity (Traub et al., 1998; Wespatat et al., 2004). Spontaneous 
gamma oscillations rely on recurrently connected excitatory networks, 
which can be found in the neocortex, amygdala, and CA3 region of the 
hippocampus. 

Gamma oscillations can be induced in vitro by high-frequency stimula
tion (Sohal et al., 2009; Song et al., 2005; Whittington et al., 1995) and by 
pharmacological means (Brown et al., 2006; Buhl et al., 1998; Cunningham 
et al., 2003; Fisahn et al., 2004) in cortical (Cunningham et al., 2003; Sohal 
et al., 2009; Traub et al., 2005) and hippocampal slices (Brown et al., 2006; 
Buhl et al., 1998; Fisahn et al., 1998; Hormuzdi et al., 2001; Traub et al., 
2000), allowing experimenters to investigate the underlying pharmacological 
mechanisms. 
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1. Hippocampus 

In the hippocampus, gamma oscillations can be recorded in vivo nested 
within the theta rhythm during exploratory behavior (Bragin et al., 1995; 
Chrobak & Buzsáki, 1998; Csicsvari et al., 2003; Fell et al., 2001). They 
have been suggested to contribute to the encoding and retrieval of memory 
(Bauer et al., 2007; Hasselmo et al., 1996; Montgomery & Buzsáki, 2007; 
Varela et al., 2001). 

The mechanisms of hippocampal gamma oscillations have been studied 
in detail using a number of in vitro models (Fisahn et al., 1998; Fischer et al., 
2002; Hájos et al., 2000; Lebeau et al., 2002; Palhalmi et al., 2004; 
Whittington et al., 1995). It is becoming apparent that rhythmic inhibition 
provided by fast-spiking, perisomatic-targeting interneurons is crucial for 
entraining the hippocampal network in the gamma frequency band. Periso
matic-targeting interneurons are synchronized primarily by collaterals from 
their targets, CA3 pyramidal cells. It is this recurrent feedback loop that 
allows local gamma oscillations to control the firing of CA3 pyramidal cells, 
both spatially and temporally (Mann & Paulsen, 2005). 

Fast, phasic inhibition through GABAA receptors seems to be an essen
tial ingredient for the precise control of gamma oscillations. But recent data 
also implicate GABAB receptors in the control of generating such network 
activity. GABAB receptor block was shown to prolong stimulus-induced 
gamma oscillations, suggesting that they could serve as a synaptic control 
mechanism for fast inhibition-driven network oscillations (Whittington 
et al., 1995). This idea was expanded by studies using a kainate-based 
gamma oscillation model (Brown et al., 2007). In this model, transient 
stimulation was found to suppress re-emergent gamma oscillations for sev
eral hundred milliseconds, reminiscent of the time course of the GABAB 

receptor-mediated slow IPSP (Davies et al., 1990; Dutar & Nicoll, 1988; 
Isaacson et al., 1993). When applying paired pulses (1–3.3 Hz), this suppres
sive effect was smaller for the second pulse, suggesting a further role of 
GABAB autoreceptors in shaping the postsynaptic GABAB receptor-
mediated inhibition. It has been suggested that the pro-cognitive effects of 
GABAB receptor antagonists (Getova & Bowery, 1998; Stäubli et al., 1999) 
could, at least in part, be mediated by the inhibition of GABAB receptor-
mediated suppression of gamma oscillations. 

2. Neocortex 

Similar mechanisms control the emergence of gamma oscillations in the 
neocortex. Experimental (Atencio & Schreiner, 2008; Buhl et al., 1998; 
Cardin et al., 2009; Sohal et al., 2009) and computational studies (Börgers 
et al., 2005; Brunel & Wang, 2003; Cunningham et al., 2004) have shown 
that coupled networks consisting of interneurons and pyramidal cells can 
support synchronous network activity. Fast-spiking interneurons have a 
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very high probability of connecting to pyramidal cells and thus present a 
major source of intracortical inhibition (Beierlein et al., 2003; Gonchar & 
Burkhalter, 1999; Holmgren et al., 2003; Thomson et al., 1996). Paired 
recordings from fast-spiking interneurons and pyramidal cells in the audi
tory cortex have shown that pairs with intersomatic distances of less than 
50 mm have a very high probability of being reciprocally connected (Oswald 
et al., 2009). In contrast, at intersomatic distances of 50–100 mm, only about 
half the pairs were reciprocally connected (Fig. 3A). Selective stimulation of 
the inhibitory neurons showed that GABAB receptor-mediated inhibition 
was stronger for the non-reciprocally connected pairs that were further 

FIGURE 3 GABAB receptor modulation of gamma oscillations. (A) In the auditory cortex, 
simultaneous whole-cell recordings from fast-spiking interneurons (FS) and pyramidal cells (PC) 
reveal that for intersomatic distances <50 mm, most inhibitory connections occur in 
reciprocally-connected (RC) pairs whilst at greater distances, inhibitory connections are 
equally likely in RC and non-reciprocally connected (nRC) pairs. (B) 80 Hz stimulation of 
presynaptic FS cells produces a slow IPSP in nRC pyramidal cells, which is mediated by 
GABAB receptors. (C) A biophysical model shows that FS-induced feedforward gamma 
oscillations are strongest when the network inputs are confined to a small area and 
attenuated in distal pyramidal cells through the activation of GABAB receptors. (B) and (C) 
are modified, with permission, from Oswald et al. (2009). 
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apart (Fig. 3B). Consistent with other experimental data (Cardin et al., 
2009), a computer model based on these data showed that local inputs 
elicited strong gamma oscillations (Oswald et al., 2009). In contrast, spa
tially more distributed activity recruited more GABAB receptor-mediated 
inhibition, resulting in a suppression of the self-emergent gamma activity 
(Fig. 3C; Oswald et al., 2009). 

These data suggest that GABAB receptors allow local network activity 
to be modulated depending on the spatial distribution of afferent sensory 
input. This is of significance given the topographic mapping of afferent 
inputs in the sensory cortices. The precise mechanisms by which GABAB 

receptor activation is spatially segregated is not clear, but different activity 
patterns in reciprocally connected and non-connected pairs could result in 
different levels of activity-dependent internalization (Balasubramanian 
et al., 2004), (de)phosphorylation (Fairfax et al., 2004), or a decrease in 
expression levels (Vargas et al., 2008). 

From these data, it becomes clear that GABAB receptor-mediated 
responses can have a strong modulatory effect on gamma activity in hippo
campal and neocortical networks. 

C.	 GABAB Receptors Moderate Spike Timing During 
Hippocampal Theta Activity 

Theta oscillations (4–10 Hz) have been recorded in the hippocampus 
and associated cortical regions; they are most consistently present during 
REM sleep (Jouvet, 1969), as well as during various types of locomotor 
activities described by the subjective terms “voluntary,” “preparatory,” 
“orienting,” or “exploratory” (Vanderwolf, 1969). 

Theta oscillations are thought to provide a temporal metric, enabling the 
sequential activation of hippocampal and cortical cell assemblies, which is 
necessary for processes such as memory acquisition, recollection, and spatial 
orientation (Hasselmo, 2005; Lisman & Buzsáki, 2008). Whilst the circuit 
elements required to generate theta oscillations are already present in the 
hippocampus and cortex (Goutagny et al., 2009), theta oscillations are 
thought to be orchestrated by inhibitory input from subcortical structures. 
It has been shown that lesions and inactivation of the medial septum and 
diagonal band of Broca (MS-DBB), structures that provide cholinergic and 
GABAergic input to the hippocampus and entorhinal cortex, both resulted 
in the abolition of theta oscillations in all cortical targets, suggesting a major 
pacemaker role for the MS-DBB (Petsche et al., 1962). Similarly, stimulation 
of other subcortical nuclei was capable of inducing theta (for review, see 
Bland, 1986; Buzsáki, 2002). 

The studies outlined above suggest that GABAA receptor-mediated 
inhibition is involved in the generation of theta oscillations. This leaves 
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GABAB receptors to moderate other tasks during theta activity. However, 
the precise roles of GABAB receptors in theta oscillations is not clear. 
Since at least 60% of inhibitory basket cells discharge synchronously 
during the theta cycle (Csicsvari et al., 1999), it is conceivable that the 
amount of GABA released could be sufficient to activate GABAB recep
tors (Dvorak-Carbone & Schuman, 1999; Scanziani, 2000). Indeed, 
GABAB receptor block during theta oscillations generated in hippocam
pal slices by muscarinic activation was found to increase the power of the 
theta oscillation (Konopacki et al., 1997). Similarly, in vivo administra
tion of the GABAB receptor blocker CGP35348 was shown to increase 
the power of theta oscillations during walking, and septal GABAB recep
tor block resulted in an increase in theta harmonics during walking 
(Leung & Shen, 2007). Since in vivo recordings from hippocampal pyr
amidal cells have shown that theta oscillations have an amplitude mini
mum and phase reversal between �75 and �60 mV (Soltesz & 
Deschênes, 1993; Ylinen et al., 1995), it has been suggested that the 
hyperpolarization during theta is mediated by chloride rather than potas
sium currents. This finding makes it likely that, at least in part, the 
GABAB receptor-mediated effect on theta oscillations is due to presynaptic 
inhibition. 

GABAB receptors might also help hippocampal pyramidal cells to keep 
intrinsic and extrinsic afferent inputs separate. During ongoing theta oscil
lations synaptic inputs can advance or delay action potentials depending on 
whether the input arrives at the ascending or descending phase of the theta 
cycle (Kwag & Paulsen, 2009). Hippocampal CA1 pyramidal cells receive 
two major inputs: intrinsic input from the CA3 area (Schaffer collaterals) 
and extrinsic input from the entorhinal cortex (tempero-ammonic input) 
(Fig. 4A). The tempero-ammonic pathway was found to recruit more 
GABAB receptor-mediated inhibition resulting in a more pronounced 
spike delay than for the Schaffer collateral input (Kwag & Paulsen, 2009; 
Fig. 4B and C). In this way, GABAB receptors might enable pyramidal cells 
to integrate intrinsic and extrinsic input differently during ongoing theta 
network activity (Otmakhova & Lisman, 2004). 

Moreover, various in silico models have emphasized a role for slow 
inhibition mediated by GABAB receptors during network activity. For 
instance, a detailed computational model of the CA3 region by Wallenstein 
and Hasselmo (1997) showed that learning and recall performance is poor 
in the absence of GABAB receptor-mediated inhibition. They found that 
GABAB receptors predominantly suppress intrinsic, but not afferent, excita
tory and inhibitory transmission during the early phases of the theta cycle, 
allowing for afferent input carrying information about location to be domi
nant before the waning of this suppression towards the end of the cycle. This 
would favor recall of the location sequence (Wallenstein & Hasselmo, 
1997). 
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FIGURE 4 GABAB receptor moderation of spike timing during theta oscillations. 
(A) Hippocampal CA1 pyramidal cells receive two major excitatory input pathways: Schaffer 
collaterals (SC) from CA3 pyramidal cells and tempero-ammonic input (TA) from the 
entorhinal cortex. Feedforward inhibition in SC input is mediated by GABAA receptors whilst 
feedforward inhibition in TA input is additionally mediated by GABAB receptors. (B) During 
ongoing theta oscillations, CA1 cells spike reliably at the peak of the oscillation. Synaptic input 
during the ascending phase of the oscillation advances postsynaptic spikes, whilst input during 
the descending phase delays the spike (arrow). (C) The slower, but stronger feedforward 
inhibition mediated by GABAB receptors in TA input results in a larger spike delay than that 
in SC input. (B) and (C) are modified, with permission, from Kwag & Paulsen (2009). 

D.	 GABAB Receptors in Pathological Network Activity 

It is becoming apparent that GABAB receptors are essential for the 
stability of cortical network activity by mediating, modulating, and  moder
ating such activity. 

This notion is emphasized by the fact that high doses of GABAB receptor 
antagonists disrupt normal hippocampal and cortical oscillations and 
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eventually lead to epiletiform activity (Leung et al., 2005; Vergnes et al., 
1997). Similarly, GABAB receptor knock-out mice are prone to developing 
spontaneous seizures (Prosser et al., 2001; Schuler et al., 2001). 

Because GABAB receptor activation can directly or indirectly exert a 
wide range of stimulating and dampening effects on excitatory and inhibitory 
synaptic transmission, it is not surprising that GABAB receptor antagonism 
can also have beneficial effects. For instance, in genetically seizure-prone 
animals, GABAB antagonists can block absence seizures (Hosford et al., 
1992; Liu et al., 1992). 

To understand the role of GABAB receptors in pathology and identify 
possible therapeutic targets, we will first have to elucidate the precise 
mechanisms of action. We have seen that GABAB receptors are instrumental 
in mediating the control of slow cortical and thalamic oscillations, including 
delta waves and sleep spindles, which are thought to coordinate the reacti
vation and redistribution of hippocampus-dependent memories to neocor
tical sites (Diekelmann & Born, 2010). Disturbances to these slow 
oscillations are known to produce sleeps disorders and associated memory 
deficits (for review, see Diekelmann & Born, 2010). 

Severe disruption of the thalamic oscillator can even result in epileptiform 
activity and is thought to underlie juvenile absence seizures. The defining 
electroencephalogram activity during absence seizures is a large 3 Hz spike-
and-wave complex. The circuitry underlying this spike-and-wave discharge 
involves the activation of GABAB receptors and is relatively well understood. 
Recent work using a genetic rat model of absence epilepsy has traced the 
origin of these seizures to increased excitation in the sensory cortices (Meeren 
et al., 2005). This activity spreads through the cortex and, via corticothalamic 
neurons, triggers bursts of action potentials in a large number of inhibitory 
reticular thalamic neurons. This burst results in a pronounced hyperpolariza
tion of thalamocortical neurons in the ventrobasal nucleus via GABAB recep
tors, which, through the deinactivation of T-type calcium currents, results in a 
slower, more synchronized output that triggers the spike-and-wave discharges 
in the cortex. These discharges further excite reticular cells, rapidly resulting 
in the generalization of paroxysmal activity in the whole cortex (for review, 
see Crunelli & Leresche, 2002). 

Using biophysical models of the thalamic and cortical neurons during 
spike-and-wave discharges, it has been shown that the cortical spike part 
coincides with thalamic burst and the wave component is generated by the 
GABAB receptor-mediated slow potassium current (Destexhe, 1998). The 
unique properties of GABAB receptor-mediated inhibition are also thought 
to underlie the characteristic 3 Hz spike-and-wave discharge. Consistent 
with these simulations, GABAB receptor agonist application in the ventro
basal and reticular thalamic nuclei of a rat with spontaneous absence 
seizures was shown to intensify the cortical discharges (Marescaux et al., 
1992). Furthermore, blocking GABAB receptors in the ventrobasal 
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thalamus, but also in the reticular nucleus (Hosford et al., 1992; Liu et al., 
1992) and even in the cortex (Prosser et al., 2001), prevents spike-and-wave 
discharges in experimental models and thus presents a possible pharmaco
logical target. Indeed, it is thought that the anti-absence drug clonazepam 
acts by diminishing GABAB receptor-mediated IPSPs in thalamocortical 
neurons, thereby reducing their tendency to burst in synchrony (Gibbs 
et al., 1996; Huguenard & Prince, 1994). 

These data all suggest a significant role for GABAB receptors in the 
generation and control of epileptiform activity. This identifies the GABAB 

receptor as a promising therapeutic target for the treatment of seizures. 
Furthermore, we have seen that GABAB receptors are also involved in 

modulating fast network activity, such as gamma oscillations, which in turn 
are implicated in cognitive processes. Psychiatric disorders such as schizo
phrenia are linked to changes in gamma activity (Uhlhaas & Singer, 2010), 
making the modulatory effect of GABAB receptor activation a possible 
therapeutic target here as well (Kantrowitz et al., 2009). Based on the 
beneficial effects of weak GABAB receptor antagonism on gamma and 
theta oscillations, a couple of behavioral studies have reported enhancement 
of cognitive performance in several different animal species following block
ade of GABAB receptors (Carletti et al., 1993; Mondadori et al., 1993). 
Further studies are required to elucidate a possible link between the control 
of fast oscillations through GABAB receptors and psychiatric disorders 
associated with disturbed fast oscillations. 

IV. Conclusion 

Since Norman Bowery’s seminal experiments in the 1980s, we have 
learned a great deal about the effect of GABAB receptor activation at the 
cellular level. However, the functional role of GABAB receptors at the network 
level is only just starting to emerge. Here, we have outlined a framework for 
understanding the contributions of GABAB receptors in helping to mediate, 
modulate, and moderate different types of physiological and pathological 
cortical network activity. We have reviewed how GABAB receptor activation 
in cortical and subcortical structures can help mediate the slow oscillation. 
Since the disturbance of the slow oscillation is associated with sleep disorders, 
memory deficits, and the generation of epileptiform activity, GABAB receptors 
present an attractive therapeutic target for the treatment of these conditions. 
Moreover, we have reviewed recent literature that implicates GABAB receptors 
in the modulation of the power and spatial profile of fast network oscillations. 
These fast oscillations have been associated with cognitive functions, implicat
ing the GABAB receptor in potential treatments of cognitive disorders. Finally, 
we also present evidence for a role of GABAB receptors in the moderation of 
the relative spike timing of individual neurons during theta oscillations, 
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thereby attributing GABAB receptors a significant role in the synaptic integra
tion during large-scale network activity. The diffuse nature of many GABAB 

receptor-mediated effects presents challenges to the experimental study of the 
physiological role of these receptors in cortical microcircuits. Recent develop
ments of optogenetic tools promise to deliver new powerful experimental 
techniques that will enable more precisely targeted studies of GABAB receptor 
function in both physiological and pathological cortical network activity. 
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Abstract 

GABAB receptors are the G-protein-coupled receptors (GPCRs) for 
g-aminobutyric acid (GABA), the main inhibitory neurotransmitter in the 
central nervous system. GABAB receptors are implicated in the etiology of a 
variety of psychiatric disorders and are considered attractive drug targets. 
With the cloning of GABAB receptor subunits 13 years ago, substantial pro
gress was made in the understanding of the molecular structure, physiology, 
and pharmacology of these receptors. However, it remained puzzling 
that native studies demonstrated a heterogeneity of GABAB responses 
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that contrasted with a very limited diversity of cloned GABAB receptor sub
units. Until recently, the only firmly established molecular diversity consisted 
of two GABAB1 subunit isoforms, GABAB1a and GABAB1b, which assemble 
with GABAB2 subunits to generate heterodimeric GABAB(1a,2) and GABAB(1b,2) 

receptors. Using genetic, ultrastructural, biochemical, and electrophysiologi
cal approaches, it has been possible to identify functional properties that 
segregate with these two receptors. Moreover, receptor modifications and 
factors that can alter the receptor response have been identified. Most impor
tantly, recent data reveal the existence of a family of auxiliaryGABAB receptor 
subunits that assemble as tetramers with the C-terminal domain of GABAB2 

subunits and drastically alter pharmacology and kinetics of the receptor 
response. The data are most consistent with native GABAB receptors mini
mally forming dimeric assemblies of units composed of GABAB1, GABAB2, 
and a tetramer of auxiliary subunits. This represents a substantial departure 
from current structural concepts for GPCRs. 

I. Introduction 

GABA is the main inhibitory transmitter in the vertebrate central 
nervous system. GABAergic neurotransmission relies on two classes of 
receptors. Ionotropic GABAA receptors mediate fast GABA responses by 
triggering chloride channel openings. Metabotropic GABAB receptors are 
members of the family 3 (or family C) G-protein-coupled receptors (GPCRs) 
and mediate slower GABA responses by activating G-proteins and influen
cing second messenger systems (Bettler & Tiao, 2006; Bowery, 2006; Couve 
et al., 2000; Kornau, 2006; Ulrich & Bettler, 2007). These two classes of 
receptors were originally discriminated based on pharmacological differ
ences (Bowery et al., 1980; Hill & Bowery, 1981). It was observed that 
the evoked release of adrenaline, dopamine, and serotonin was decreased by 
GABA acting on a receptor different from the known GABAA receptors. 
This decrease of evoked neurotransmitter release was surprisingly indepen
dent of the GABAA antagonist bicuculline but sensitive to baclofen. The 
terms GABAA and GABAB were introduced to distinguish bicuculline- from 
baclofen-sensitive receptors (Hill & Bowery, 1981). Since then, kinetic 
and pharmacological differences between native GABAB responses further 
suggested the existence of molecularly distinct GABAB receptor subtypes. 
However, cloning of GABAB receptors revealed an unexpectedly low 
structural diversity, unlike what is observed with the sequence-related 
metabotropic glutamate receptors (mGluRs). Only two heteromeric 
GABAB receptors consisting of GABAB1a or GABAB1b subunits in combina
tion with GABAB2 subunits were identified. It was therefore important 
to address how such a limited structural diversity leads to a variety of 
pharmacologically and kinetically distinct native GABAB responses. Here, 



Functions and Diversity of GABAB Receptors 233 

we review evidence for heterogeneous native GABAB responses and discuss 
mechanisms that generate functional and pharmacological diversity in the 
GABAB receptor system. 

II. Physiological Functions of GABAB Receptors 

GABAB receptors influence their effectors via the Ga and Gbg subunits 
of the activated G protein. The first GABAB effector characterized 
was adenylate cyclase whose activity was shown to be inhibited via the 
Gai/Gao subunits (Xu & Wojcik, 1986). Unfortunately, the physiological 
consequences of this modulation are poorly understood but include effects 
on transcription factors, kinases and intracellular Ca2+ signaling (Couve 
et al., 2002; New et al., 2006; Ren & Mody, 2003; Steiger et al., 2004). 
In comparison to Ga-mediated signaling, Gbg-mediated signaling is much 
better understood. The main Gbg-dependent effectors of presynaptic 
GABAB receptors are P/Q- and N-type voltage-dependent Ca2+ channels 
(Barral et al., 2000; Bussieres & El Manira, 1999; Chen & van den Pol, 
1998). GABAB receptors inhibit these Ca

2+ channels at excitatory and 
inhibitory terminals, thereby restricting neurotransmitter release. By defini
tion, GABAB autoreceptors inhibit GABA release while GABAB heterore
ceptors decrease the release of other neurotransmitters, including, for 
example, glutamate, dopamine, adrenaline, or serotonin. Depending on 
whether the terminal releases an inhibitory or excitatory neurotransmitter, 
presynaptic GABAB receptors increase or decrease the excitability of the 
postsynaptic neuron. Presynaptic GABAB receptors restrict neurotransmitter 
release not only by inhibiting Ca2+ channels but also by retarding 
the recruitment of synaptic vesicles (Sakaba & Neher, 2003). Recent evi
dence also suggests that presynaptic GABAB receptors couple to inwardly 
rectifying Kir3-type K+ channels (also designated GIRK channels) to inhibit 
glutamate release (Fernandez-Alacid et al., 2009; Ladera et al., 2008). 
However, Kir3 channels are generally considered the main effectors of 
postsynaptic GABAB receptors (Luscher et al., 1997; Wagner & Dekin, 
1993). GABAB-mediated activation of Kir3 channels produces slow inhibi
tory postsynaptic potentials (IPSPs) by inducing K+ efflux, which hyperpo
larizes the membrane and shunts excitatory currents. Postsynaptic GABAB 

receptors also down-regulate Ca2+ channels, which inhibits dendritic 
Ca2+-spike propagation (Perez-Garci et al., 2006). 

Interestingly, GABAB receptor activation not only modulates neuronal 
firing but also triggers long-term changes in synaptic strength (Davies et al., 
1991; Huang et al., 2005; Patenaude et al., 2003). Postsynaptic GABAB 

receptors limit the induction of long-term potentiation (LTP) by pro
moting blockade of N-methyl-D-aspartate (NMDA) receptors by Mg2+ 

(Otmakhova & Lisman, 2004). In contrast, autoreceptors facilitate LTP 
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by restricting postsynaptic inhibition (Davies & Collingridge, 1996; Davies 
et al., 1991). GABAB heteroreceptors mediate heterosynaptic depression of 
glutamate release at hippocampal synapses (Guetg et al., 2009; Vogt & 
Nicoll, 1999). This was shown to modulate the expression of LTP at 
synapses in the hippocampus and the lateral amygdala (LA) (Shaban et al., 
2006; Vigot et al., 2006). GABAB receptors were also identified on glial 
cells, including astrocytes in the hippocampus, where they contribute to 
heterosynaptic depression (Oka et al., 2006; Serrano et al., 2006) and  to  
activity-dependent modulation of synaptic transmission (Kang et al., 1998). 

Electrophysiological detection of GABAB receptor activity often neces
sitates strong stimulation intensities (Scanziani, 2000). This suggests that 
GABAB receptors are located at a certain distance from release sites, thus 
necessitating pooling of synaptically released GABA for receptor activation. 
Accordingly, ultrastructural studies detect presynaptic GABAB receptors 
mostly at extrasynaptic sites. GABAB heteroreceptors are enriched on the 
rim of glutamate release sites (Guetg et al., 2009; Kulik et al., 2003, 2006; 
Lacey et al., 2005) where they are activated under conditions of high GABA 
release (Chandler et al., 2003; Guetg et al., 2009; Vogt & Nicoll, 1999). 
Postsynaptic GABAB receptors are present on dendritic shafts and on the 
extrasynaptic membrane of spines (Guetg et al., 2009; Kulik et al., 2003). 
Presumably, GABAB-mediated activation of Kir3 channels in the spines 
balances excitatory inputs by hyperpolarizing the membrane and inducing 
shunting inhibition (Isaacson, Solis, & Nicoll, 1993). Dendritic GABAB 

receptors also play a role in delaying and inhibiting back-propagating action 
potentials and Ca2+ spikes (Perez-Garci et al., 2006; Zilberter et al., 1999). 

III.	 Heterogeneity of Native GABAB Responses 

As highlighted in the previous section, GABAB receptors are involved in 
a variety of neuronal functions. During the past 20 years, heterogeneous 
native GABAB responses suggested the existence of multiple receptor sub
types (Bonanno & Raiteri, 1993b; Raiteri, 2006, 2008). Below, we review 
some of the pharmacological and functional evidence for differences 
between (A) pre- and postsynaptic GABAB receptors, (B) presynaptic 
GABAB auto- and heteroreceptors, and (C) postsynaptic GABAB receptors 
on different cell types. 

A.	 Heterogeneity between Pre- and Postsynaptic GABAB 

Responses 

Differences in native GABAB responses were first observed between 
pre- and postsynaptic receptors (Bowery, 1993; Nicoll, 2004). Electro
physiological studies in the neocortex and hippocampus showed different 
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sensitivities of pre- and postsynaptic GABAB receptors to the antagonist 
phaclofen and to pertussis toxin, which suggested the existence of distinct 
receptors (Colmers & Williams, 1988; Deisz et al., 1993; Dutar & Nicoll, 
1988; Harrison, 1990). However, studies in other brain regions or hippo
campal cultures using more potent GABAB receptor antagonists did not 
detect any pharmacological difference between pre- and postsynaptic 
receptors (Seabrook et al., 1990; Thompson & Gahwiler, 1992; Yoon 
& Rothman, 1991). Still, several studies showed divergence in the potency 
of GABAB receptor agonists and antagonists in a variety of preparations 
(Chan et al., 1998; Colmers & Williams, 1988; Cruz et al., 2004; Deisz 
et al., 1993; Pozza et al., 1999; Yamada et al., 1999). For instance, 
an electrophysiological study determined the half-maximal inhibitory 
concentration (IC50) of various GABAB antagonists needed to inhibit the 
GABAB-mediated inhibitory postsynaptic potential (IPSPB) and  the paired
pulse widening of a-amino-3-hydroxy-5-methylisoazol-4-proprionate
mediated (AMPA) excitatory postsynaptic potentials (EPSPs) in the CA1 
region of hippocampus (Pozza et al., 1999). The authors showed that 5
to 10-fold higher concentrations of antagonists were required to block 
presynaptic versus postsynaptic GABAB receptors (Table I). In addition, 
other studies showed that the selective GABAB receptor agonist baclofen 
inhibits inhibitory and excitatory postsynaptic currents (IPSCs and EPSCs, 
respectively) with a lower half-maximal effective concentration (EC50) than  
the one required to activate postsynaptic K+ currents in the ventral tegmen
tal area (VTA) and in the CA3 region of the hippocampus (Cruz et al., 
2004; R. Seddik unpublished observation). This indicates that baclofen more 
efficiently activates presynaptic GABAB receptors (Table 1). Importantly, 
differences in agonist potency can be due to differences in the expression 
level of receptor or effector protein, the coupling efficiency as well as the 
threshold for effector activation. Differences in agonist potency therefore do 
not necessarily reflect molecularly distinct receptor subtypes. Only differ
ences in the rank order of drug potencies would clearly argue for receptor 
subtypes but no such differences were reported. 

B. Heterogeneity between Presynaptic GABAB Responses 

Considerable evidence has accumulated over the years to support differ
ences between GABAB auto- and heteroreceptors (Bowery et al., 2002; Raiteri, 
2006, 2008). This is predominantly supported by studies investigating the 
effects of various GABAB receptor antagonists on neurotransmitter release in 
different preparations (Bonanno et al., 1996, 1997, 1999; Fassio et al., 1994). 
As shown in Table II, different antagonist potencies were reported for auto-
and heteroreceptors but also for heteroreceptors from rat and human neocor
tex. Additional studies showed pharmacological differences between autore
ceptors in cerebral cortex and spinal cord suggesting extensive heterogeneity in 



TABLE I Potency of Antagonists and Baclofen at Pre- and Postsynaptic GABAB 

Receptors 

Region Drug Read-out IC50 or Reference 
EC50 (�M) 

CA1 hippocampus CGP36742 IPSPB 
a 23 Pozza et al., 1999 

CGP52432 PPW of EPSPb 239 
CGP55845A IPSPB 0.12 

PPW of EPSP 0.68 
IPSPB 0.11 
PPW of EPSP 0.74 

Dopaminergic Baclofen K+ currenta 14.8 Cruz et al., 2004 
neurons, VTA 

GABA releaseb 0.5 
(IPSCA inhibition) 

CA3 hippocampus Baclofen K+ currenta 55 R. Seddik, 
unpublished 

Glutamate releaseb 0.4 
(EPSC inhibition) 

VTA, ventral tegmental area; IPSPB, GABAB-mediated inhibitory postsynaptic potential; IPSCA, 
GABAA-mediated inhibitory postsynaptic current; PPW, paired-pulse widening; EPSP, exci
tatory postsynaptic potential; EPSC, excitatory postsynaptic current. 

a Postsynaptic GABAB receptor read-out. IC50 values of GABAB antagonist tested against 
synaptically released GABA. 

b Presynaptic GABAB receptor read-out. 

TABLE II Potencies of Antagonists at Presynaptic GABAB Receptors in Neurotrans
mitter Release Studies with Rat and Human Neocortical Tissue 

Drug Neurotransmitter released 

GABA Glutamate Somatostatin Cholecystokinin 

Rat neocortex	 Phaclofen 79.2 >300 62.6 66.1 
CGP35348 >300 4.2 3.6 3.5 
CGP52432 0.08 9.3 3.4 0.11 
CGP47656 3.1 Partial agonist Agonist >300 
CGP36742 >100 >100 0.14 >100 

Human neocortex	 Phaclofen �100 >300 N.D. N.D. 
CGP35348 >100 �10 24.4 13.9 
CGP52432 <<1 >1; <30 0.06 0.08 
CGP47656 <10 N.D. Agonist Agonist 
CGP36742 >100 >100 �5 >100 

Values are IC50 (mM) of GABAB receptor antagonists tested against (–)baclofen. N.D., not 
determined. Reproduced from Bowery et al., 2002. 
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presynaptic GABAB receptors (Bonanno & Raiteri, 1993a; Bonanno et al., 
1998). However, the notion of distinct presynaptic GABAB receptors has been 
open to dispute since other release studies detected no pharmacological differ
ence between GABAB auto- and heteroreceptors (Waldmeier et al., 1994). 
Waldmeier and colleagues showed that the antagonists CGP35348 and 
CGP52432, which previously were reported to have distinct potencies at 
auto- and heteroreceptors, regulate GABA and glutamate release with similar 
potencies. Still, pharmacologically distinct presynaptic GABAB receptors were 
also suggested by electrophysiological experiments. In the dorsolateral septal 
nucleus, the agonist CGP44533 inhibited glutamate-mediated postsynaptic 
currents with higher efficacy and potency than GABAA-mediated currents. 
This suggests a pharmacological difference between GABAB receptors at glu
tamatergic and GABAergic terminals (Yu et al., 1999). Thus, despite some 
conflicting data, it appears that presynaptic GABAB receptors exhibit pharma
cological differences. Based on such differences, some investigators proposed 
the existence of molecularly distinct GABAB receptor subtypes (Bonanno & 
Raiteri, 1993b; Raiteri, 2008). 

In addition to differences in drug potencies, presynaptic GABAB recep
tors also differ in their distribution and desensitization properties. A striking 
example of a differential distribution of the GABAB receptors is observed in 
the glutamatergic afferents projecting to principal neurons and to interneur
ons in the LA (Pan et al., 2009). Preembedding immunogold labeling and 
electron microscopy showed that GABAB receptors in terminals contacting 
interneurons are located further away from active zones than those in 
terminals contacting principal neurons. Consequently, baclofen more effi
ciently inhibits glutamate release at terminals projecting to principal neurons 
than at terminals projecting to interneurons, suggesting that GABAB-
mediated control of release in the LA is differentially regulated. Distinct 
kinetic properties between presynaptic GABAB responses were also 
reported, in line with GABAB receptor heterogeneity. In CA3 neurons, 
GABAB-mediated inhibition of GABA but not glutamate release desensitizes 
during continuous agonist application (Tosetti et al., 2004). It was suggested 
that the specific loss of GABAB-mediated inhibition of GABA release, 
induced by receptor desensitization, triggers persistent epileptiform dis
charges in the neonatal hippocampus (Tosetti et al., 2004). Although far 
from being conclusive, a significant body of data suggests the existence of 
pharmacologically and functionally distinct GABAB receptors at glutama
tergic and GABAergic terminals. 

C. Heterogeneity of Postsynaptic GABAB Responses 

A remarkable example of heterogeneous postsynaptic GABAB responses 
is found in the VTA, a brain structure involved in the rewarding effects of 
drugs of abuse (Luscher, 2009). The VTA contains GABAergic interneurons 
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as well as dopaminergic (DA) neurons implicated in the reward circuitry. 
Using patch-clamp electrophysiology, Cruz and colleagues found that 
GABAergic and DA neurons produce GABAB-mediated Kir3 currents with 
distinct pharmacological and kinetic properties (Cruz et al., 2004). At 
GABAergic neurons, baclofen induced a high-potency nondesensitizing cur
rent while it evoked a low-potency desensitizing current in DA neurons. 
Accordingly, GABAB agonists have bidirectional effects on the excitability 
of DA neurons. Low agonist concentrations selectively inhibit GABAergic 
neurons and thereby increase the firing frequency of DA neurons. High 
agonist concentrations directly inhibit DA neurons and hence reduce their 
firing frequency. Low-affinity GABAB agonists like the recreational drug 
g-hydroxybutyrate (GHB) therefore carry an abuse liability while high-
affinity agonists, such as baclofen, are of potential therapeutic benefit 
in the treatment of addiction. GABAB responses with distinct susceptibilities 
to antagonists were also observed by studying the inhibition of cAMP 
production in cerebral cortical slices (Cunningham & Enna, 1996). It was 
therefore proposed that distinct GABAB receptor subtypes regulate adenylyl 
cyclase activity. 

IV. Functions of the Cloned GABAB Receptor Subtypes 

Given the heterogeneity observed with native GABAB responses, 
many researchers in the field expected the existence of multiple GABAB 

receptor subtypes. However, cloning efforts only produced two molecular 
subtypes of GABAB receptors (Marshall et al., 1999). Molecular diversity 
in the GABAB system is based on the subunit isoforms GABAB1a and 
GABAB1b, both of which combine with GABAB2 to form heteromeric 
GABAB(1a,2) and GABAB(1b,2) receptors. Recombinant experiments 
showed that heteromerization is mandatory for cell surface expression 
and G-protein coupling of the receptor. Specifically, it was shown that 
GABAB2 is critical for the transport of GABAB1 to the cell surface and 
activation of the G-protein while GABAB1 contains the agonist binding 
site (Fig. 1; Calver et al., 2001; Couve et al., 1998; Duthey et al., 2002; 
Galvez et al., 2001; Havlickova et al., 2002; Margeta-Mitrovic et al., 
2001; Pagano et al., 2001; Robbins et al., 2001). Structurally, GABAB1a 

and GABAB1b differ in their N-terminal ectodomain by a pair of sushi 
domains (SDs) that are unique to GABAB1a (Fig. 1; Blein et al., 2004). 
SDs, also known as short consensus repeats, were originally observed in 
proteins of the complement cascade and mediate protein interactions in a 
wide variety of adhesion proteins (Lehtinen et al., 2004). 

Since only two structurally distinct GABAB receptors with essentially 
identical functional and pharmacological properties in recombinant 
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FIGURE 1 Schematic representation of the GABAB(1a,2) heterodimer and its downstream 
effectors. Native GABAB receptors are formed by the heteromerization of GABAB1 and 
GABAB2 subunits, which interact via C-terminal coiled-coil domains. Two GABAB1 

subunit isoforms, GABAB1a and the GABAB1b, are generated by differential promoter 
usage from the GABAB1 gene. GABAB1a (represented in the figure) and GABAB1b differ in 
their N-terminal ectodomain by a pair of SDs (SD1 and SD2) that are unique to GABAB1a. 
Auxiliary subunits (Aux) associate as tetramers with the C-terminus of GABAB2 subunit and 
determine the pharmacology and kinetics of the receptor response. GABAB1a-containing 
heteroreceptors are retained in proximity of the presynaptic release machinery via 
interaction of their SDs with a protein that may additionally be involved in the selective 
delivery of GABAB1a-containing receptor to glutamatergic terminals. The GABAB1 subunit is 
essential for GABA binding whereas the GABAB2 subunit is critical for G-protein coupling 
and receptor surface trafficking. The Gbg subunits of the activated G-protein trigger 
inwardly rectifying Kir3 channels and inhibit voltage-gated Ca2+ channels. The Ga subunit 
inhibits adenylyl cyclase (AC). 
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expression systems were described, it became important to clarify whether 
the cloned subunits account for all classical GABAB functions. 

A.	 GABAB1 and GABAB2 Subunits Are Essential for Classical 
GABAB Responses 

Although largely overlapping, some differences in the distribution of 
GABAB1 and GABAB2 subunits were reported in various brain regions. 
Specifically, GABAB2mRNAwas shown to be barely detectable in the caudate 
putamen, the medial basal hypothalamus, septum, and brainstem while 
GABAB1 mRNA was abundant there (Clark et al., 2000). Additionally, 
immunohistochemical studies demonstrated that the expression of GABAB1 

and GABAB2 protein differs in the rat striatum and in large interneurons of the 
human hippocampus (Billinton et al., 2000; Ng & Yung, 2001; Regard, Sato, 
& Coughlin, 2008). It is thus conceivable that in a neuronal context, GABAB1 

and GABAB2 participate in distinct receptors, either alone or in association 
with additional proteins. Accordingly, the functions of GABAB subunits were 
studied in the absence of their partner subunit in GABAB1- and GABAB2
deficient mice (GABA�=� and GABA�=� mice). The analysis of these mice B1 B2 
showed a significant down-regulation of GABAB2 and GABAB1 protein in 
GABA�=� and GABA�=� mice, respectively (Gassmann et al., 2004; Schuler B1 B2 
et al., 2001). This suggests that GABAB1 and GABAB2 subunits cross-stabilize 
each other. In agreement with biochemical studies (Benke et al., 1999), this 
corroborates the predominantly heteromeric nature of native GABAB recep
tors. In addition, electrophysiological experiments showed that GABAB-
mediated inhibition of glutamate and GABA release is lost in GABA�=� andB1 
GABA�=� mice (Gassmann et al., 2004; Schuler et al., 2001). Postsynaptic B2 
GABAB-mediated Kir3 currents were absent in GABA�=� mice but atypical B1 
GABAB1-mediated responses persisted in GABA�=� mice. In GABA�=� mice, B2	 B2 
GABAB1 mediates a G-protein-dependent inhibition of constitutively active 
K+ channels as opposed to the normal activation of Kir3 channels (Gassmann 
et al., 2004). In the absence of GABAB2, GABAB1 may therefore couple to 
different G-proteins than heteromeric GABAB(1,2) receptors. However, the 
existence of homomeric GABAB1 receptors remains controversial since 
numerous in vitro experiments showed that GABAB2 is necessary for activat
ing the G-protein and for receptor trafficking to the cell surface (Bettler & 
Tiao, 2006; Couve et al., 1998; Duthey et al., 2002; Galvez et al., 2001; 
Havlickova et al., 2002; Margeta-Mitrovic et al., 2000, 2001; Pagano et al., 
2001; Robbins et al., 2001). Therefore, it remains unclear whether atypical 
GABAB1 responses in GABA�=� mice are of physiological relevance or a B2 
consequence of the knockout situation. Overall, the studies with GABA�=� 

B1 
andGABA�=� mice clearly demonstrate that classical GABAB responses in the B2 
brain depend on the presence of both GABAB1 and GABAB2 subunits. 
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B.	 Localization and Functions of GABAB1a and GABAB1b 

Subunits 

As outlined above, the only established molecular diversity in the 
GABAB receptor system is based on the GABAB1a and GABAB1b sub
unit isoforms that differ by a pair of SDs (Blein et al., 2004; Kaupmann 
et al., 1997). The two isoforms do not produce pharmacological or physio
logical differences in heterologous expression systems (Brauner-Osborne & 
Krogsgaard-Larsen, 1999; Ulrich & Bettler, 2007). The absence of isoform
specific GABAB1 antibodies has prevented studying the synaptic localiza
tions of GABAB1a and GABAB1b. Moreover, most neurons express both 
GABAB1 isoforms, which further complicates the identification of potential 
physiological or pharmacological specificities. The demonstration that 
GABAB1a and GABAB1b contribute to distinct native GABAB functions 
was made possible by the generation of mice deficient in GABAB1a 

(GABA�=� 
B1b ) subunits (Vigot et al., 2006). GABAB1aB1a ) or GABAB1b (GABA�=� 

and GABAB1b transcripts are generated from a single GABAB1 gene by 
differential promoter usage (Bischoff et al., 1999; Steiger et al., 2004). 
By individually converting the GABAB1a or GABAB1b initiation codons 
into stop codons using a knock-in approach, one GABAB1 isoform at the 
time was inactivated. The resulting GABA�=� and GABA�=� mice were B1a B1b 
analyzed using pharmacological or physiological activation of GABAB 

receptors. Either approach led to similar conclusions regarding the localiza
tion and functions of GABAB1 subunit isoforms. 

1.	 GABAB1 Isoform-Specific Functions in Response to Pharmacological 
Activation 

Using GABA�=� and GABA�=� mice, Vigot and colleagues showed that B1a B1b 
GABAB1a and GABAB1b mediate distinct functions as a result of their distinct 
localization within neurons (Vigot et al., 2006). At the Schaffer collateral to 
CA1 pyramidal neuron synapse, GABAB1a was predominantly localized at 
glutamatergic terminals. In contrast, GABAB1b was mostly localized in den
dritic spines juxtaposed to glutamate release sites. The axonal versus dendri
tic distribution of GABAB1a and GABAB1b subunits was also studied in 
transfected organotypic hippocampal slice cultures and cultured hippocam
pal neurons (Guetg et al., 2009; Vigot et al., 2006). This confirmed 
the predominant localization of GABAB1a at glutamatergic terminals. 
In addition, these experiments revealed that both GABAB1a and GABAB1b 

are expressed in the dendrites but that only GABAB1b efficiently enters 
spine heads. These observations were further supported by whole-cell 
patch-clamp recordings from CA1 pyramidal neurons. Stimulation of the 
Schaffer collateral-commissural fibers generates EPSCs in the pyramidal cells. 
The amplitude of these EPSCs is reduced after activation of GABAB hetero
receptors due to the ensuing inhibition of glutamate release (Schuler et al., 
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2001). Vigot and colleagues (2006) showed that this EPSC amplitude reduc
tion is impaired in GABA�=� mice, implicating GABAB1a-containing recepB1a 
tors in heteroreceptor function. Vigot and colleagues also recorded IPSCs in 
pyramidal cells to address which isoform(s) serve(s) as autoreceptors. Baclo
fen reduced IPSC amplitude to a similar extent in GABA�=� and GABA�=� 

B1a B1b 
mice, which supports that GABAB1a as well as GABAB1b subunits assemble 
into autoreceptors. Finally, the contribution of GABAB1 subunit isoforms to 
postsynaptic inhibition was addressed by recording Kir3 currents. The ampli
tudes of K+ currents in response to baclofen application were normal in wild-
type and GABA�=� mice. However, baclofen-induced currents were reduced B1a 
in GABA�=� mice suggesting that the principal isoform mediating postsyB1b 
naptic inhibition in CA1 neurons is GABAB1b. 

Postsynaptic GABAB receptors and GABAB autoreceptors were shown to 
restrict and promote LTP, respectively (Davies & Collingridge, 1996; Davies 
et al., 1991). Vigot and colleagues (2006) studied LTP at the CA3–CA1 
synapse of GABA�=� and GABA�=� mice. While LTP was normal in B1a B1b 
GABA�=� mice, LTP was clearly impaired in GABA�=� mice. This LTP B1b B1a 
deficit was also reflected in hippocampus-dependent memory tasks where 
GABA�=� mice exhibited a decreased performance in the recognition of B1a 
known versus novel objects. Of note, GABA�=� mice with no GABAB1B1 
subunits at all did not exhibit any LTP either. However, acute blockade of 
GABAB receptors with an antagonist was not sufficient to prevent the induc
tion of LTP, suggesting that the constitutive absence of GABAB1a receptors in 
GABA�=� mice triggers adaptive changes that prevent LTP. To clarify this B1a 
issue, the paired-pulse ratio of evoked EPSCs and the miniature excitatory 
postsynaptic current (mEPSC) amplitude and frequency were monitored in 
GABA�=� mice. While no differences were observed in the paired-pulse ratio B1a 
and mEPSC amplitude, there was a significant increase in the mEPSC 
frequency. The increase in mEPSC frequency was likely caused by an increase 
in the number of functional synapses. In support of this, GABA�=� miceB1a 
exhibited an increased coefficient of variation of the AMPA receptor compo
nent of EPSCs (CVAMPA) while the CVNMDA remained normal, suggesting an 
unmasking of silent synapses by insertion of AMPA receptors (Kullmann, 
1994). This not only reveals a compensatory mechanism by which the 
absence of the GABAB1a isoform leads to altered synaptic functions but 
also demonstrates a role for GABAB heteroreceptors in synaptic plasticity 
processes. In conclusion, it appears that heteroreceptor activation by spil
lover of GABA is important to prevent loss of silent synapses and saturation 
of LTP (Vigot et al., 2006). As discussed below, the lack of GABAB1a at 
glutamatergic terminals also strongly influences LTP processes in the amyg
dala (Shaban et al., 2006). 

In addition to data from CA3 to CA1 pyramidal neuron synapses, a 
prevalence of the GABAB1a isoform at glutamatergic terminals was also 
observed at other synapses. Ulrich and colleagues showed that at the 
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corticothalamic fibers to thalamocortical relay synapse, glutamate release is 
exclusively controlled by GABAB1a-containing receptors (Ulrich et al., 
2007). They also showed that both GABAB1a and GABAB1b are expressed 
at postsynaptic sites and at GABAergic terminals. Likewise, baclofen 
reduced glutamate release in GABA�=� but not in GABA�=� mice atB1b	 B1a 
mossy fiber (MF)–CA3 pyramidal neuron synapses and at cortical afferents 
projecting to the amygdale (Guetg et al., 2009; Shaban et al., 2006). This 
supports that the selective association of GABAB1a with glutamatergic term
inals is a feature that is conserved at most synapses. 

2.	 GABAB1 Isoform-Specific Functions in Response to Physiological 
Activation 

The aforementioned studies on GABAB1 isoform-specific functions 
all used pharmacological activation of GABAB receptors. Isoform-specific 
functions were also observed under conditions of physiological receptor 
activation. Pérez-Garci and colleagues (2006) studied GABAB receptors at 
synaptic inputs on layer 5 neocortical pyramidal cells using a physiological 
paradigm. L5 pyramidal cells extend their dendritic tufts to layer L1 where 
they receive excitatory and inhibitory synaptic inputs from converging L1 
fibers and from several classes of interneurons (Hestrin & Armstrong, 
1996; Perez-Garci et al., 2006). Excitatory synaptic inputs often occur 
hundreds of microns away from the site of action potential (AP) genera
tion in the axon initial segment (Radnikow et al., 2002; Somogyi et al., 
1998). Therefore, the excitatory signals transmitted by these remote inputs 
contribute little to the generation of APs (Stuart et al., 1997). It was 
suggested that these inputs instead modulate the generation of Na+/Ca2+ 

APs or Ca2+ spikes in the dendritic tree (Larkum et al., 1999). Inhibitory 
inputs to the apical tufts produce a long-lasting inhibition of dendritic Ca2+ 

spikes (Larkum et al., 1999). Perez-Garci et al. (2006) studied the con
tribution of GABAB1 subunit isoforms to the inhibition of Ca2+ spikes 
induced by extracellular stimulation in L1. Using the mice developed by 
Vigot et al. (2006), they showed that selectively GABAB1b is involved in 
Ca2+-spike inhibition. Moreover, they showed that this inhibition was 
caused by a GABAB-mediated down-regulation of dendritic Ca2+ channel 
activity and not by hyperpolarization through Kir3 channels. Interestingly, 
Pérez-Garci et al. (2006) also showed that physiological activation 
of GABAB1a autoreceptors inhibits GABA release. This clearly demon
strates that synaptically released GABA controls a number of physiological 
functions by activating GABAB receptors assembled from specific GABAB1 

isoforms. 
Physiological activation of GABAB heteroreceptors at glutamatergic 

terminals was studied at hippocampal MF–CA3 pyramidal neuron 
synapses. Heterosynaptic depression at this synapse relies on the activation 
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of heteroreceptors by synaptically released GABA (Chandler et al., 2003; 
Isaacson et al., 1993; Vogt & Nicoll, 1999). Using GABA�=� and GABA�=� 

B1a B1b 
mice, Guetg and colleagues (2009) showed that GABAB1a is more abundant 
than GABAB1b at MF terminals, consistent with findings at other glutamater
gic terminals (Ulrich & Bettler, 2007). Heterosynaptic depression in response 
to endogenously releasedGABAwas absent inGABA�=� mice, demonstrating B1a 
that under physiological conditions only GABAB1a-containing receptors 
assume heteroreceptor function. 

Yet, another study reinforces the notion that selectively the GABAB1a 

isoform is involved in the physiological control of glutamate release. Projec
tion neurons of the LA, which are important for classical fear conditioning, 
receive convergent inputs from thalamic and cortical sensory afferents 
(LeDoux, 2000; Rumpel et al., 2005). Coincident stimulation of both 
thalamic and cortical afferents induces LTP at cortical afferents through a 
presynaptic NMDA receptor-dependent mechanism (Humeau et al., 2003). 
Conversely, a tetanic stimulation of the cortical afferents alone only induces 
LTP at cortical afferents when GABAB receptors are antagonized (Shaban 
et al., 2006). This form of LTP is expressed presynaptically and is associated 
with a decrease in the paired-pulse ratio (Shaban et al., 2006). Considering 
the strong modulation of LA synaptic activity by local GABAergic inhibition 
(Bissiere et al., 2003; Li et al., 1996; Sugita et al., 1993), this suggests an 
involvement of presynaptic GABAB heteroreceptors. Activation of GABAB 

heteroreceptors on cortical afferents may explain the failure to induce LTP 
by the unique stimulation of cortical afferents. Indeed, induction of LTP was 
possible in GABA�=� mice lacking heteroreceptors (Shaban et al., 2006). In B1a 
contrast, the GABAB1b subunit was responsible for postsynaptic inhibition. 
At thalamic afferents to projection neurons LTP is induced and expressed 
postsynaptically and therefore facilitated in GABA�=� mice. This studyB1b 
reinforces that GABAB1a and GABAB1b regulate pre- and postsynaptic inhi
bition, respectively. In further support of this, ultrastructural studies show 
that GABAB1a is predominantly localized at glutamatergic terminals while 
GABAB1b is most abundant in the dendritic spines of projection neurons. 
The behavioral consequence of a selective loss of GABAB1a heteroreceptors 
in the LA is a generalization of conditioned fear to unconditioned stimuli. 
Presumably, the lack of GABAB heteroreceptors in GABA�=� mice allows B1a 
LTP induction at the cortical afferent in the absence of coincident thalamic 
afferent activity, thus inappropriately potentiating synaptic inputs and lead
ing to a generalization of fear (Shaban et al., 2006). 

The studies mentioned above shed light on specific functions of GABAB1 

isoforms. They also reveal that these specific functions are a consequence of a 
differential distribution of GABAB1 isoforms to axonal and dendritic sites. 
Most interestingly, the available data also highlight similarities in the distri
bution of GABAB1 isoforms at different synapses. In Fig. 2, we summarize the 
distribution of GABAB isoforms at glutamatergic and GABAergic synapses. 
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FIGURE 2 Distribution of GABAB1 subunit isoforms to neuronal compartments. Schematic of 
a glutamatergic terminal contacting a dendritic spine and a GABAergic terminal contacting the 
dendritic shaft. GABAB receptors are localized presynaptically on glutamate and GABA terminals 
and postsynaptically on dendritic shafts and spines. Presynaptic GABAB receptors prevent 
neurotransmitter release by inhibiting voltage-sensitive Ca2+ channels. Specifically, GABAB 

autoreceptors inhibit the release of GABA whereas GABAB heteroreceptors inhibit the release of 
other neurotransmitters such as glutamate. Postsynaptic GABAB receptors mediate slow IPSPs by 
activating Kir3 channels and inhibit voltage-sensitive Ca2+ channels. GABAB1a assumes 
heteroreceptor function at glutamatergic terminals. These heteroreceptors are activated by GABA 
spillover from neighboring inhibitory terminals. Both GABAB1a and GABAB1b assume autoreceptor 
function at inhibitory terminals impinging on CA1 pyramidal and amygdala neurons. However, 
only GABAB1a assumes autoreceptor function at inhibitory terminals contacting the apical tufts of 
L5 cortical neurons. Dendritic GABAB receptors coupled to Kir3 channels of CA1 neurons mostly 
contain GABAB1b. Dendritic GABAB receptors that inhibit dendritic Ca

2+ channels at the apical 
tufts of L5 cortical neurons exclusively contain GABAB1b. GABAB1a and GABAB1b are present in 
the spine neck and in dendritic shafts but only GABAB1b enters spine heads. 

3. Mechanisms Involved in the Selective Axonal Targeting of GABAB1a 

The prevalence of GABAB1a at glutamatergic terminals is interesting 
from a trafficking point of view. GABAB1a and GABAB1b differ by a pair 
of SDs that is selectively present in GABAB1a (Blein et al., 2004). It is 
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therefore reasonable to speculate that these SDs are involved in protein 
interactions that are required for trafficking and/or retention of GABAB1a 

at glutamatergic terminals. The role of the SDs in axonal targeting was 
studied using cultured hippocampal neurons as an experimental system 
(Biermann et al., 2010). Mutation of cysteines into serines in the SDs 
precludes axonal localization of GABAB1a, presumably by impairing 
binding of the SDs to an axonally destined protein. Fusion of SDs to 
uniformly (CD8) or somatodendritically (mGluR1a) localized proteins 
redirects these proteins to the axon. Interestingly, surface expression of 
GABAB1a is not mandatory for axonal delivery. This suggests that GABAB1a 

reaches the terminal via intracellular vesicles rather than via lateral diffusion 
at the cell surface. A model explaining axonal targeting of GABAB1a was 
proposed. In this model both the GABAB1a and GABAB1b isoforms are 
targeted to the dendrites via C-terminal targeting signal(s) present in 
GABAB1 and/or GABAB2. A subpopulation of GABAB1a is then redistributed 
to the axonal compartment via the association of the SDs with axonally 
destined proteins. In support of this, the SDs of GABAB1a recognize binding 
sites in neuronal membrane preparations with low nanomolar affinity (Tiao 
et al., 2008). However, the specific binding partners remain to be identified. 
The expression level of these SD-binding partners potentially modulates 
axonal expression of GABAB1a and thus presynaptic GABAB-mediated inhi
bition. Interestingly, the GABAB1a and GABAB1b subunits are themselves 
independently regulated at the transcriptional level (Steiger et al., 2004). 
This allows for an isoform-specific adjustment of GABAB1 levels in axons 
and dendrites. The differential distribution of GABAB1 isoforms to axonal 
and dendritic compartments exposes them to effector systems with distinct 
thresholds of activation, which may underlie some of the differences in 
agonist potencies that were observed with native GABAB responses. 

V. Additional Mechanisms of Diversity 

Pharmacological and kinetic differences between native GABAB 

responses may additionally arise from proteins influencing receptor proper
ties, the G-protein cycle, or the effector system. GPCRs are commonly 
modulated via phosphorylation of their intracellular domains resulting in a 
decrease in receptor to effector coupling and/or a reduction of surface expres
sion (Tobin et al., 2008; Tsao & von Zastrow, 2000). Desensitization of 
GPCRs is primarily mediated by G-protein kinases (GRKs) and arrestins. 
According to the prevailing model for desensitization, GRK phosphorylation 
of the agonist-bound receptor recruits arrestins, which precludes coupling to 
the G-protein and leads to receptor internalization (Ferguson et al., 1996). 
Little is known about modulation of GABAB receptors by phosphorylation. 
However, the available data tend to disagree with the generally accepted 
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model predicting that phosphorylation increases receptor desensitization. 
While it was proposed that GRK4 promotes agonist-dependent desensitiza
tion of GABAB receptors the mechanism surprisingly does not involve phos
phorylation (Perroy et al., 2003). Other kinases were also proposed to 
modulate GABAB responses. Couve and collaborators showed that protein 
kinase A (PKA)-dependent phosphorylation of serine 862 in the cytoplasmic 
tail of GABAB2 alleviates GABAB receptor desensitization, in clear contrast to 
the generally accepted view that phosphorylation leads to internalization of 
GPCRs (Couve et al., 2002). The mechanisms responsible for reducing 
GABAB receptor desensitization upon serine 862 phosphorylation involve 
increased receptor stability at the cell surface (Couve et al., 2002; Fairfax 
et al., 2004). Similarly, it was shown that AMP kinase directly binds to 
GABAB1 and phosphorylates serine 783 in the cytoplasmic tail of GABAB2 

to enhance Kir3 channel coupling (Kuramoto et al., 2007). GABAB receptor 
phosphorylation therefore appears to influence desensitization and effector 
coupling, which additionally may explain some of the kinetic and pharma
cological differences observed with native GABAB responses. 

Regulators of G-protein signaling (RGS) are members of a multifunc
tional family of GTPase-accelerating proteins (GAPs) promoting GTP hydro
lysis and hence accelerating termination of Gbg signaling at effectors. This 
influences the EC50 of agonist-mediated responses (Shea & Linderman, 
1997). RGS proteins comprise a large family of proteins, including RGS2, 
a modulator of Kir3 channel coupling (Doupnik et al., 2004). Accordingly, 
RGS proteins were shown to increase GABAB-mediated desensitization of 
the Kir3.2 channel response in transfected HEK293 cells (Mutneja et al., 
2005). GABAB receptors on DA and GABAergic neurons in the VTA couple 
to Kir3 channels with low and high efficacy, respectively (Cruz et al., 2004). 
According to Labouebe and colleagues, a selective expression of RGS2 in DA 
neurons is partly responsible for the low coupling efficiency (Labouebe et al., 
2007). They showed that RGS2 inactivation increases GABAB receptor to 
Kir3 channel coupling in DA neurons, monitored as a decrease in the EC50 

for baclofen activation. Hence, the presence of RGS2 in DA neurons 
restrains G-protein activation of the Kir3 channels. Interestingly, they further 
showed that the drug of abuse GHB increases the coupling efficiency in DA 
neurons by inhibiting RGS2 transcription (Labouebe et al., 2007). Yet, the 
low coupling efficiency observed in DA neurons was also explained by the 
subunit composition of Kir3 channels. Four different Kir3 (Kir3.1–3.4) sub
units assemble to form functional homo- or heteromeric channels. Using 
single-cell RT PCR, it was shown that DA neurons exclusively express 
heteromeric Kir3.2/3.3 channels while GABAergic neurons also express 
Kir3.1, thus enabling the formation of Kir3.1/3.2 and Kir3.1/3.3 channels. 
Apparently, Kir3.1/3.2 and Kir3.1/3.3 channels are responsible for the 
higher coupling efficiency of GABAB receptors in GABAergic neurons 
(Cruz et al., 2004). Noteworthy, modulation of the coupling efficiency by 
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RGS2 is unique to Kir3.2/3.3 channels (Labouebe et al., 2007) further 
explaining the lower coupling efficiency in the DA neurons. Contribution 
of RGS proteins to GABAB signaling was also investigated using fluorescence 
resonance energy transfer (FRET), which revealed interactions between 
RGS4 and GABAB1 or GABAB2 (Fowler et al., 2007). In addition to 
GABAB receptors coupling to distinct channel subtypes, the extent of recep
tor–effector colocalization may also influence agonist potency (Koyrakh 
et al., 2005; Ulrich & Bettler, 2007). Pharmacological and functional diver
sity of native GABAB responses may therefore arise from direct receptor 
modifications, differences in effector coupling, as well as effector diversity. 

A proteomic analysis was performed to test the hypothesis that 
functional diversity of native GABAB responses results from yet unknown 
subunits (Schwenk et al., 2010). Antibodies against GABAB1 and GABAB2 

were used to affinity-purify receptor complexes from native tissue. The 
constituents of these complexes were then identified by high-resolution 
nanoflow liquid-chromatography tandem mass spectrometry. This revealed 
the existence of four sequence-related cytosolic proteins that bind as tetra
mers to the C-terminal domain of the GABAB2 subunit (Fig. 1). These 
proteins exhibit distinct but overlapping distribution patterns in the brain. 
Expression of these proteins in heterologous cells or hippocampal neurons 
revealed that they determine both the pharmacology and the kinetics of the 
receptor response. Specifically, these proteins alter agonist potency, onset, 
and desensitization of the GABAB response. Most if not all GABAB receptors 
in the brain are associated with these proteins. Since these proteins tightly 
bind to the receptor and alter its kinetic and pharmacological properties, 
they qualify as auxiliary subunits of GABAB receptors. The data are most 
consistent with native GABAB receptors minimally forming dimeric assem
blies of units composed of GABAB1, GABAB2, and a tetramer of auxiliary 
subunits. This represents a substantial departure from current structural 
concepts for GPCRs. Much of the heterogeneity observed with native 
GABAB responses may relate to these auxiliary subunits. Importantly, the 
association of the core GABAB(1,2) subunits with distinct auxiliary subunit 
combinations is expected to further expand the functional and pharmaco
logical repertoire of GABAB receptors. 

VI. Conclusions 

Cloning of GABAB receptors in 1997/98 identified two GABAB(1a,2) 

and GABAB(1b,2) receptors with essentially indistinguishable properties in 
recombinant expression systems. However, a significant body of literature 
supports that native GABAB responses differ in their pharmacological and 
kinetic properties. It is emerging that some of these differences relate to a 
differential distribution of GABAB(1a,2) and GABAB(1b,2) receptors to 
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axonal and dendritic compartments, which will expose them to effectors 
with distinct coupling efficiencies. This coupling may further be influenced 
by receptor phosphorylation, proteins that influence the G-protein cycle 
and effector diversity. An exciting new development in the field is the 
discovery of a family of auxiliary subunits that tightly associate with the 
core GABAB(1a,2) and GABAB(1b,2) receptors and markedly alter their 
G-protein signaling. It is expected that these auxiliary subunits are respon
sible for much of the observed heterogeneity of native GABAB responses. 
The existence of auxiliary GABAB subunits imparting distinct pharmaco
logical and kinetic properties to the receptor will hopefully spark drug 
discovery efforts aiming at a more selective therapeutic interference with 
the GABAB receptor system. 
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Abstract 

GABAB receptors belong to family III G protein-coupled receptors 
(GPCRs) and are widely distributed in the peripheral and central nervous 
systems. The GABAB receptor is one of the most important therapeutic 
targets in the treatment for spasticity. GABAB agonists, such as baclofen, 
are used as muscle relaxants clinically and are effective for the treatment of 
anxiety, depression, epilepsy, and cognitive disorders (Caddick & Hosford, 
1996; Dichter, 1997; Enna & Bowery, 1997). In addition, GABAB receptors 
regulate neurotransmitter release and neuronal excitability in the brain 
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TABLE I GABA Receptor Subtypes 

Receptor 
subtypes 

GABAA GABAB GABAC 

Effector Chloride channel Gi/o, GIRK current (K+ channel) Chloride 
channel 

Agonists 
Antagonists 

Muscimol 
Bicuculline, 

gabazine 

Baclofen 
Saclofen, CGP55845, 
CGP52432, etc. 

CACA 
TPMPA 
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regions involved in the autonomic nervous system. Recent studies have led 
to a better understanding of the role of GABAB in the regulation of the 
autonomic nervous system, especially in disease conditions such as hyper
tension. Here, we provide an overview of the recent progress, a discussion of 
disparate and contradictory findings, and a description of theories used to 
explain various cardiovascular effects of GABAB receptor drugs. Particular 
emphasis is placed on the role of GABAB receptors in the neural plasticity of 
brain regions related to the control of sympathetic outflow in cardiovascular 
disorders. 

I. Introduction 

g-Aminobutyric acid (GABA) is a ubiquitous inhibitory neurotransmit
ter and is widely distributed throughout the central nervous system (CNS). 
The responses to GABA are mediated by the activation of membrane recep
tors and by specific uptake mechanisms that control the spatial and tem
poral pattern of GABAergic transmission. GABA activates three 
pharmacologically distinct types of receptors: ionotropic GABAA and 
GABAC receptors and G protein-coupled GABAB receptors (Table I) 
(Bowery, 1993; Bowery & Enna, 2000). The early component of GABA 
inhibition is mediated by GABAA receptors (Macdonald & Olsen, 1994). 
These receptors belong to the ion channel superfamily and typically produce a 
rapid, chloride-mediated membrane hyperpolarization in response to GABA 
and GABAA receptor agonists. The late component of inhibitory transmis
sion, first identified in sympathetic neurons, is slower and not affected by 
GABAA receptor antagonists (Hill & Bowery, 1981; Mott & Lewis, 1994). 
Three decades ago, the receptors responsible for the late component of 
inhibition were named GABAB (Hill & Bowery, 1981). Upon being 
activated, GABAB receptors mediate hyperpolarization of postsynaptic mem
branes and inhibition of presynaptic neurotransmitter release (Misgeld et al., 
1995). Also, GABAB receptors play important roles in regulating long-term 
potentiation (Davies et al., 1991), neuroblast migration (Behar et al., 1995), 
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and rhythmic activity in the hippocampus (Scanziani, 2000). GABAB recep
tors are family III G protein-coupled receptors (GPCRs) and activation of 
these receptors results in GDP/GTP exchange in the associated G proteins and 
diffusion of Ga and Gbg subunits for the activation of a wide variety of 
intracellular effector systems (Kubo & Tateyama, 2005; Mott & Lewis, 
1994). Activation of GABAB receptors leads to either an increase or a decrease 
in the intracellular level of cyclic AMP, depending upon the types of adenylyl 
cyclases in the cell (Bowery & Enna, 2000). 

Numerous GABAB receptor subunit isoforms have been identified. 
Initial studies indicated that fully functional GABAB receptors must be 
composed of a GABAB1 and a GABAB2 protein (Bowery & Enna, 2000; 
Chronwall et al., 2001; Jones et al., 1998; Kaupmann et al., 1998). The 
cDNA for GABAB1 has been cloned (Kaupmann et al., 1997) and this gene 
produces two predominant amino-terminal splice variants: GABAB1a and 
GABAB1b. Expression of either GABAB1a or GABAB1b alone does not pos
sess a fully functional GABAB receptor. In addition, the GABAB2 cDNA was 
cloned and characterized (Jones et al., 1998; Kaupmann et al., 1998; Kuner 
et al., 1999; White et al., 1998). Coexpression of GABAB1 and GABAB2 

proteins represents the similar form of heteromeric dimers of the wild-type 
GABAB receptors (Jones et al., 1998; Kaupmann et al., 1998; Kuner et al., 
1999; White et al., 1998). The dimers result from a physical interaction 
between the GABAB1 and GABAB2 proteins within their carboxyl-terminal 
cytoplasmic tails (Kuner et al., 1999). GABAB2 receptors act as chaperons 
for the trafficking and insertion of GABAB1 proteins into the cell membrane 
(White et al., 1998). However, it is essential that GABAB2 attach to GABAB1 

after membrane insertion for the complete expression of GABAB receptor 
function. However, more recent findings suggest that GABAB1 alone or 
GABAB1 homodimers can display some activity as well (Gassmann et al., 
2004). 

In the past decades, increasing evidence demonstrated that GABAB 

receptors play important roles in the regulation of the autonomic nervous 
system including sympathetic output, cardiovascular reflexes (e.g., baro
and chemoreflexes), and energy balance (Amano & Kubo, 1993; Avanzino 
et al., 1994; Lemus et al., 2008; Persson, 1981; Suzuki et al., 1999; Sved & 
Sved, 1989; Sved & Sved, 1990). Furthermore, alterations of GABAB recep
tor expression and function in autonomic centers have been reported in 
cardiovascular disease conditions such as hypertension (Durgam et al., 
1999; Li & Pan, 2006, 2007a; Li et al., 2008a; Sved & Sved, 1989; Sved 
& Tsukamoto, 1992; Takenaka et al., 1996; Tsukamoto & Sved, 1993; 
Zhang & Mifflin, 2010b). However, it is not clear that the plasticity of 
GABAB receptors in hypertension is a cause of elevated sympathetic activity 
or an adaptive change to high level of blood pressure. This chapter sum
marizes the latest findings about the role of GABAB receptors in the regula
tion of cardiovascular function. 
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II. Overview of Autonomic Nervous System 

The autonomic nervous system controls essential physiological func
tions such as circulation, respiration, body temperature, visceral functions, 
metabolism, water and electrolyte balance, and body fluid balance (Dampney, 
1994). The autonomic nervous system has two main divisions: the sympa
thetic and the parasympathetic. The afferent and efferent nerves linked by 
autonomic neurons in the CNS regulate many physiological functions such 
as the stability of blood pressure (Guyenet, 2006; Spyer, 1990). The neurons 
involved in the regulation of cardiovascular functions are located mainly 
in the spinal cord, brainstem, and hypothalamus. Generally, the primary 
afferent nerves that sense blood pressure and visceral signals project to 
the nucleus tractus solitarii (NTS) (Andresen et al., 2001; Andresen et al., 
2004; Dampney, 1994). The second-order NTS neurons convey this 
information to other nuclei such as rostral ventrolateral medulla (RVLM), 
caudal ventrolateral medulla (CVLM), and hypothalamus. The autonomic 
neurons with a cardiovascular function (controlling the heart, blood vessels, 
and adrenal medulla) project to and control the activity of the preganglionic 
neurons in the intermediolateral cell column in the spinal cord (Dampney, 
1994). The baroreceptor reflex is the principal neural mechanism involved 
in blood pressure regulation. Baroreceptors in the carotid arteries, cardiac 
chambers, and the aortic arch are activated by beat-to-beat fluctuations 
in systemic blood pressure. The baroreceptors relay information to the 
NTS and the ventrolateral medulla and is further processed in the insula, 
medial prefrontal cortex, cingulate cortex, amygdala, hypothalamus, thala
mus, and cerebellum (Dampney, 1994; Henderson et al., 2004). Activation 
of baroreceptors by a rise in blood pressure leads to an increase in cardi
oinhibitory vagal outflow and a decrease in sympathetic vasomotor tone, 
leading to a decrease in peripheral vascular and cardiac tone. This results in 
a lower heart rate, decreased cardiac contractility, decreased vascular resis
tance, and venous return (Dampney, 1994). It has been shown that 
increased sympathetic outflow is an important pathophysiological charac
teristics of hypertension and chronic heart failure (Allen, 2002; Anderson 
et al., 1989; Cohn et al., 1984; Judy et al., 1976; Zucker et al., 1995). 
Sympathetic nerve activity is elevated in animal models of hypertension 
including spontaneously hypertensive rats (SHRs), renin transgenic rats, 
Dahl salt-sensitive rats, and deoxycorticosterone acetate (DOCA)-salt 
rats (Cabassi et al., 2002; Judy et al., 1976; Takeda & Bunag, 1980). 
There is also evidence of elevated sympathetic nerve activity in hypertensive 
patients (Anderson et al., 1989; Grassi, 1998; Greenwood et al., 1999; 
Mancia et al., 1999). The central alterations in hypertensive animals 
have focused on the hypothalamus and brainstem (Allen, 2002; Ciriello 
et al., 1984; de Wardener, 2001; Esler & Kaye, 2000; Ito et al., 2002). 
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The three central control regions—the RVLM, NTS, and hypothalamus— 
that regulate the barosensitive sympathetic efferents and consequently BP 
are described, together with their potential contributions to various forms of 
hypertension. 

III.	 Distribution of GABAB Receptors in CNS Autonomic 
Centers 

GABAB receptors are widely distributed in the CNS including regions 
related to autonomic functions (Bowery et al., 1987; Hill & Bowery, 1981). 
GABAB receptor-binding sites, measured by [3H]GABA quantitative auto
radiography, are uniformly distributed in several brain nuclei related to 
autonomic functions such as the hypothalamus, RVLM, NTS, periaqueduc
tal gray, parabrachial nucleus, and medullary raphe nucleus (Bowery et al., 
1987; Chu et al., 1990; Ichida & Kuriyama, 1998; Ichida et al., 1995). 
Furthermore, immunochemical labeling study using the antibody against 
GABAB1 reveals that GABAB1 immunoreactivity distributes throughout the 
CNS, with distinct distribution patterns (Margeta-Mitrovic et al., 1999). 
The distribution of GABAB1 immunoreactivity is overlapped with GABAB 

receptor-binding sites measured by [3H]GABA quantitative autoradiogra
phy, especially in the autonomic center such as hypothalamus, periaqueduc
tal gray, RVLM, NTS, and medullary raphe nucleus. A high density of 
GABAB1 is present in the brainstem monoaminergic neurons and cholinergic 
regions in the CNS (Margeta-Mitrovic et al., 1999). 

IV.	 GABAB Receptor Function in the RVLM 

The putative pressor area RVLM is a pivotal brainstem region in main
taining tonic sympathetic nerve activity and basal arterial blood pressure 
(Madden & Sved, 2003; Sapru, 2002; Willette et al., 1983a). Stimulation of 
the RVLM by microinjection of glutamate or kainic acid produces massive 
sympathoexcitation in both anesthetized and conscious rats (Bachelard 
et al., 1990; Dampney & Moon, 1980; McAllen, 1986; Ross et al., 
1984b). On the other hand, bilateral destruction or inhibition of the 
RVLM results in the virtual elimination of sympathetic vasomotor tone 
(Feldberg & Guertzenstein, 1976; Guertzenstein & Silver, 1974; Willette 
et al., 1983b). Not only is this region of critical importance in the main
tenance of baseline sympathetic vasomotor activity, it is also involved in 
mediating many cardiovascular reflexes such as baroreceptor reflex, che
moreceptor reflex, cardiopulmonary reflex, and somato-sympathetic reflex 
(Dampney, 1994; Gordon, 1995; Guyenet et al., 1996; Madden & Sved, 
2003; Sapru, 2002). The RVLM is a heterogeneous brain region that 



262 Li and Pan 

contains many projection neurons and has reciprocal connections with other 
areas of the CNS that are involved in the regulation of autonomic functions. 
Electrophysiological and anatomic evidence has shown that the RVLM 
premotor neurons send monosynaptic projections to the intermediolateral 
cell column of the spinal cord (Brown & Guyenet, 1985; Dampney et al., 
1987; Guyenet et al., 1996; Milner et al., 1988; Ross et al., 1984a). The 
vasomotor neurons in the RVLM provide a major source of tonic excitatory 
drive to the preganglionic neurons in the spinal cord and control sympa
thetic nerve discharges to the heart and blood vessels (Dampney, 1994; 
McAllen & Dampney, 1990; Morrison et al., 1991; Ross et al., 1984b). 
Many of these RVLM vasomotor neurons use glutamate as a transmitter in 
the spinal cord (Deuchars et al., 1995; Guyenet et al., 1996) and most of 
them are C1 adrenergic neurons containing the enzymes tyrosine hydroxy
lase and phenylethanolamine N-methyltransferase (Milner et al., 1988). 
These RVLM neurons are tonically active and are powerfully inhibited by 
GABAergic innervation upon activation of baroreceptors (Brown, 1984; 
Dampney, 1994; Guyenet, 2006; Verberne et al., 1999). 

The involvement of GABAergic mechanisms in the central control of 
cardivovascular function has been known for many years (Antonaccio & 
Taylor, 1977; DiMicco et al., 1987). Particularly, the role of GABA in 
mediating inhibition of RVLM vasopressor neurons has been shown in 
several studies (Blessing, 1988; Lovick, 1988; Ruggiero et al., 1985; Willette 
et al., 1984). In addition to GABAA receptor-mediated inhibition in the 
RVLM (Meeley et al., 1985; Ruggiero et al., 1985), GABA influences 
neuronal functions by activating GABAB receptors (Amano & Kubo, 
1993; Avanzino et al., 1994). For example, microinjection of the GABAB 

receptor agonist baclofen into the RVLM produces a profound drop in 
blood pressure in anesthetized rats, whereas injection of the GABAB recep
tor antagonists 2-hydroxysaclofen and CGP35348 produces opposite effects 
(Amano & Kubo, 1993; Avanzino et al., 1994). These data clearly suggest 
that functional GABAB receptors are present in the RVLM and play an 
important physiological role in controlling blood pressure. Also, baclofen 
produces hyperpolarization and inhibitory effects on the majority of RVLM 
neurons in brain slices from neonatal rats (Li & Guyenet, 1995). The 
GABAB antagonists CGP55845 or 2-hydroxysaclofen abolish the inhibition 
induced by baclofen but has no effect on inhibition caused by the GABAA 

receptor agonist muscimol (Li & Guyenet, 1995). Furthermore, baclofen 
induces outward currents in retrogradely labeled spinally projecting RVLM 
vasomotor neurons. The baclofen-induced currents exhibit a reversal poten
tial close to potassium current equilibrium potential and is abolished by Ba2+ 

and the GABAB receptor antagonist CGP55845 (Li & Guyenet, 1996a). 
Interestingly, all histologically verified tyrosine hydroxylase immunoreactive 
neurons are inhibited by baclofen. These data provide information about 
ionic mechanisms of activation of GABAB receptors in the RVLM. Baclofen 
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could exert its effect by a combination of pre and postsynaptic actions. Since 
baclofen also inhibits the discharge activity of RVLM vasomotor neurons 
when it is administered through iontophoresis (Li & Guyenet, 1996b), it is 
likely that baclofen acts on the postsynaptic site in the RVLM vasomotor 
neurons. 

V. GABAB Function in the NTS 

The NTS, located within the dorsomedial medulla oblongata, is a 
critical region involved in the integration of visceral sensory information. 
Thus, the NTS is an important site in the regulation of multiple autonomic 
reflexes related to cardiovascular, respiratory, gastrointestinal, hepatic, and 
renal functions (Aicher et al., 1995; Dias et al., 2003; Kannan & Yamashita, 
1985; Lawrence & Jarrott, 1996; Wilson et al., 1996; Zhang & Mifflin, 
1993). Stimulation of the NTS with the excitatory amino acid L-glutamate 
produces decreases in sympathetic outflow and blood pressure, an effect 
mimicking the baroreflex (Reis et al., 1981; Talman et al., 1980; Yin et al., 
1994). On the other hand, lesions of the NTS cause elevation of sympathetic 
vasomotor tone, fulminating hypertension, and loss of baroreflex control of 
blood pressure and heart rate in both humans (Montgomery, 1961) and 
experimental animals (Doba & Reis, 1973, 1974). Furthermore, the impor
tance of the NTS in the baroreflex in humans is demonstrated in a case 
report of a patient with baroreflex damage evidenced by a complete lack of 
reflex tachycardia following a hypotensive dose of nitroprusside. Postmor
tem examination of the patient’s brain revealed that he had bilateral infarc
tions and gliosis of the NTS, but no damage to other medullar 
cardiovascular control such as the RVLM (Biaggioni et al., 1994). The 
baroreceptor afferent fibers terminate in the intermediate portion of the 
NTS (Ciriello, 1983; Donoghue et al., 1984; Housley et al., 1987) and 
form asymmetric (excitatory) synaptic contacts with second-order NTS 
neurons (Aicher et al., 1999). GABAergic mechanisms are responsible for 
monosynaptic connections from the CVLM to the RVLM and for the 
inhibition of vasomotor neurons in the RVLM (Agarwal & Calaresu, 
1991; Agarwal et al., 1989). 

The baroreceptor reflex plays a critical role in the normal regulation of 
arterial blood pressure (Spyer, 1990). The baroreceptive region of the NTS 
contains a high density of GABA-containing nerve terminals (Blessing, 
1990; Hwang & Wu, 1984; Lasiter & Kachele, 1988; Maley & Newton, 
1985; Maqbool et al., 1991; Meeley et al., 1985; Pickel et al., 1989) and a 
high density of both GABAA and GABAB receptors (Bowery et al., 1987; 
Singh & Ticku, 1985). GABAergic neurons, terminals, and GABA receptors, 
including GABAA and GABAB receptors, are highly expressed in the NTS 
(Bowery et al., 1987; Izzo et al., 1992; Torrealba & Muller, 1999). 
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Stimulation of GABAB receptors with baclofen in the NTS elicits a marked 
pressor response (Bousquet et al., 1982; Florentino et al., 1990; Persson, 
1981; Sved & Sved, 1989; Sved & Sved, 1990). The cardiovascular response 
elicited by microinjections of nipecotic acid, a GABA uptake blocker, into 
the NTS of rats is antagonized by the GABAB receptor antagonist phaclofen 
(Sved & Sved, 1989; Sved & Sved, 1990), but not by the GABAA receptor 
antagonist bicuculline (Catelli et al., 1987). However, controversies exist as 
to which GABA receptor subtype is involved in the cardiovascular regula
tion in the NTS (van Giersbergen et al., 1992). For example, microinjection 
of GABAA receptor agonists and antagonists into the NTS produces depres
sor and pressor responses, respectively (Bousquet et al., 1982; Catelli et al., 
1987). On the other hand, injection of baclofen into the NTS elicits pressor 
and tachycardic responses (Florentino et al., 1990; Sved & Sved, 1989). 
However, it is possible that both GABAA and GABAB receptors are involved 
in the inhibition of the baroreceptor reflex (Suzuki et al., 1993) and sponta
neous discharges of the NTS baroreceptive neurons (Ruggeri et al., 1996). In 
addition to influencing baroreflex, GABAB receptors are also involved in 
modulation of other reflexes. In this regard, microinjection of baclofen into 
the commissural subnucleus of the NTS attenuates pressor response elicited 
by carotid chemoreceptor stimulation, an effect blocked by the GABAB 

antagonist 2-OH-saclofen (Suzuki et al., 1999). Also, GABAB receptor 
activation is involved in the inhibition of NTS neurons induced by stimulat
ing vagal afferents (Wang et al., 2010). In addition to being involved in the 
regulation of cardiovascular reflexes, GABAB receptors in the NTS is impor
tant in the regulation of blood glucose concentration (Lemus et al., 2008). 
Microinjection of baclofen into the NTS elicits significant decreases in blood 
glucose concentrations, while GABAB receptor antagonists phaclofen or 
CGP55845A have an opposite effect. However, microinjection of GABAA 

agonist muscimol or GABAA receptor antagonist bicuculline fails to elicit 
significant changes in blood glucose concentrations (Lemus et al., 2008). 

Increasing line of evidence suggests that the GABAB receptor expression 
and function in control of blood pressure are altered in pathological states 
such as chronic hypertension. The pressor response to activation of GABAB 

receptors with baclofen in the NTS is enhanced in SHR (Catelli & Sved, 
1988; Sved & Sved, 1989; Sved & Tsukamoto, 1992; Tsukamoto & Sved, 
1993) and DOCA-salt hypertension rats (Tsukamoto & Sved, 1993). In this 
regard, microinjection of baclofen into the NTS elicits an exaggerated 
depressor response in SHR compared with Wistar Kyoto (WKY) rats, 
whereas the pressor response to stimulation of GABAA receptors by micro
injection of muscimol is not different between WKY and SHR (Catelli & 
Sved, 1988). Furthermore, in a rat model of chronic renal-wrap hyperten
sion, microinjection of baclofen into the NTS causes an enhanced depressor 
response compared with the response in sham-operated normotensive rats 
(Durgam et al., 1999). These data suggest that the GABAB receptor in the 



GABAB Receptors and Autonomic Nervous System 265 

NTS is upregulated in chronic hypertensive state. One would expect that 
blocking GABAB receptors in this region will produce opposing responses to 
activation of GABAB receptors. However, blocking GABAB receptors in the 
NTS produces inconsistent responses in different models of hypertension. 
For instance, microinjection of the GABAB receptor antagonist CGP35348 
into the NTS produces a greater depressor response in SHR and DOCA-salt 
hypertensive rats than in their normotensive controls (Tsukamoto & Sved, 
1993). However, in the renal-wrap hypertensive rats, the cardiovascular 
response to microinjection of the GABAB antagonist CGP55845 and 
GABA reuptake inhibitor nipecotic acid are not different compared with 
normotensive sham-operated rats (Durgam et al., 1999). Thus, it seems that 
GABAB receptors are tonically activated in certain models of hypertension 
but not in the renal hypertension. 

In supporting the notion that GABAB receptor function is increased in 
the NTS in hypertension, Singh and Ticku (1985reported the number of 
GABAB receptors in the NTS is increased by comparison of the [3H]-baclo
fen-binding sites in the NTS in WKY and SHR. Consistently, the GABAB 

receptor mRNA levels in the caudal NTS shows a 3-fold increase in chronic 
renal-wrap hypertension compared with that in sham-operated normoten
sive rats (Durgam et al., 1999). It is unclear whether the increase in GABAB 

mRNA levels occurs in all NTS neurons or in a subpopulation of neurons 
with either distinct function or specific biochemical markers. However, it 
has been shown that in normotensive rats, NTS neurons receiving mono
synaptic inputs from aortic depressor nerve are only slightly inhibited by 
baclofen, whereas neurons receiving polysynaptic inputs are markedly 
inhibited by baclofen (Zhang & Mifflin, 1998). Furthermore, in renal-
wrap hypertensive rats, baclofen-induced inhibition of NTS neurons receiv
ing monosynaptic inputs is greater than that in NTS neurons receiving 
polysynaptic aortic nerve input at 4 weeks of hypertension (Mei et al., 
2003). These data suggest that the GABAB receptor is predominantly upre
gulated in second-order NTS neurons that receives monosynaptic inputs 
from the aortic depressor nerve in hypertension. 

Baclofen can act both presynaptically to inhibit glutamate release from 
synaptic terminals and postsynaptically to induce outward potassium cur
rents to reduce neuronal excitability in the NTS (Brooks et al., 1992; Zhang 
& Mifflin, 2010a). It is difficult to determine the role of presynaptic and 
postsynaptic mechanisms underlying baclofen-induced pressor responses in 
hypertension using whole-animal preparation. By taking advantage of elec
trophysiological recording in anatomically identified NTS neurons receiving 
aortic nerve (baroreceptor) inputs, Zhang et al. (2007) reported that baclo
fen-induced postsynaptic outward currents in the NTS second-order baror
eceptor neurons are significantly greater in renal-wrap hypertensive rats 
than in sham-operated rats. This finding is consistent with in vivo data 
showing that bacofen-induced pressor response in the NTS is exaggerated 
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in renal-wrap hypertension (Durgam et al., 1999). Also, the EC50 for baclo
fen-induced outward currents is significantly lower in hypertensive rats than 
in normotensive rats, suggesting that the response to activation of postsynap
tic GABAB receptors is enhanced in NTS second-order baroreceptor neurons 
in renal-wrap hypertension. These data are consistent with previous data 
showing that GABAB receptor mRNA is increased in the NTS in renal-wrap 
hypertensive rats (Durgam et al., 1999). Also, the [3H]-baclofen-binding sites 
in the NTS are increased in SHR compared with the control strain (Singh & 
Ticku, 1985). Therefore, the increased baclofen-induced currents could be 
due to increased GABAB receptor numbers in NTS neurons in hypertension. 
Furthermore, presynaptic GABAB receptor inhibition of glutamate and GABA 
release is also altered in hypertension. After blocking postsynaptic action of 
GABAB receptors with including cesium in the recording pipette solution, 
baclofen-induced inhibition of synaptic glutamate release is significantly 
greater in NTS second-order baroreceptor neurons in hypertensive rats than 
normotensive rats (Zhang & Mifflin, 2010b). 

Little is known about the mechanisms underlying the alteration of 
GABAB receptor function in the NTS in hypertension. It has been shown 
that activation of GABAA receptors in cerebellar granule cells increases the 
number of binding sites for [3H]-baclofen (Kardos et al., 1994; Schousboe, 
1999). Furthermore, recent studies have shown that angiotensin II increases 
GABAB receptor function and GABAB1 expression in the NTS (Yao et al., 
2008; Zhang et al., 2009). In this regard, intracerebroventricular infusion of 
angiotensin II causes a significant increase in blood pressure and an increase 
in GABAB1, but not GABAA, receptor expression in the NTS (Zhang et al., 
2009). However, the GABAB receptor expression does not differ after treat
ment with the nitric oxide synthase inhibitor NG-nitro-L-arginine methyl 
ester (L-NAME) (Zhang et al., 2009). Because treatment of L-NAME or 
angiotensin II produces similar increases in blood pressure, the increased 
expression of GABAB receptors is not due to elevation of blood pressure, but 
specifically attributes to angiotensin II treatment. Furthermore, GABAB1 

mRNA is increased by chronic treatment of NTS neuronal cultures with 
angiotensin II, and the inhibitory effect of baclofen on the excitability of the 
NTS neurons is exaggerated after chronic treatment of angiotensin II (Yao 
et al., 2008). These results provide evidence that increased angiotensin II 
may be responsible for the enhanced pressor response to microinjection of 
baclofen into the NTS in hypertensive rats (Durgam et al., 1999; Mei et al., 
2003; Tsukamoto & Sved, 1993; Vitela & Mifflin, 2001; Zhang et al., 
2007). Angiotensin II is a potent effector of the renin–angiotensin system 
and plays an important role in the control of hydromineral and fluid 
volume, and autonomic function (Swanson & Sawchenko, 1983). It is well 
known that increased angiotensin II activity contributes to the pathogenesis 
of hypertension (Raizada et al., 2000; Tan et al., 2005). Angiotensin II 
activity is increased in the central regions regulating cardiovascular function 
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in hypertensive animals (Brooks et al., 2001; Katsunuma et al., 2003), which 
could consequently increase GABAB1 expression and enhance GABAB recep
tor function in hypertension. Increased GABAB receptor function in the NTS 
may elicit an inhibitory action on baroreflex input signals and result in an 
increase in sympathetic outflow and elevation of blood pressure. It has been 
reported that the inducible GABAB receptors have functional and pharma
cological properties, which seem to differ from those exhibited by the 
constitutively expressed receptors (Kardos et al., 1994; Vale et al., 1998). 
It is not clear whether there is a differential change of expression of the two 
isoforms of the GABAB receptors (GABAB1 and GABAB2), because the 
functional properties of GABAB receptors are dependent on the formation 
of heterooligomeric complexes of GABAB1 and GABAB2 (Jones et al., 1998; 
Kaupmann et al., 1998; White et al., 1998). 

What is the physiological role of upregulation of GABAB receptors in 
the NTS in hypertension? Upregulation of GABAB receptors may enhance 
the GABAergic inhibition and serve as a protective mechanism in the NTS in 
hypertension. Activation of baroreceptor afferent inputs elicits a negative 
feedback inhibitory pathway that limits the initial excitatory inputs (Mifflin, 
1996; Mifflin et al., 1988). It has been suggested that this feedback inhibi
tion is primarily mediated by activation of both GABAA and GABAB recep
tors (Edwards et al., 2009), although other mechanisms could also be 
involved. Alternatively, increased GABAB receptor function in the NTS in 
hypertension might serve to dampen excitatory inputs and maintain normal 
baroreflex buffering upon increased arterial pressure. 

VI. GABAB Receptor Function in the Hypothalamus 

The hypothalamic paraventricular nucleus (PVN) is closely involved in 
the regulation of various neuroendocrine and autonomic functions (Cui 
et al., 2001; Imaki et al., 1998; Pyner & Coote, 1999, 2000; Swanson & 
Sawchenko, 1980, 1983). Previous anatomic and functional studies support 
the view that the PVN is an important source of excitatory drive for 
sympathetic vasomotor tone (Allen, 2002; Dampney et al., 2005; Griffiths 
et al., 1998; Kannan et al., 1989; Martin & Haywood, 1993; Reddy et al., 
2005; Swanson & Sawchenko, 1983). The PVN is a heterogenous nucleus, 
and the PVN neurons can be differentiated based on both morphological 
and electrophysiological criteria. Furthermore, the PVN is reciprocally con
nected with other areas of the CNS that are involved in the regulation of 
autonomic nervous system. The PVN is composed of at least two distinct 
populations of output neurons: the magnocellular and parvocellular neu
rons. The magnocellular neurons project to the posterior pituitary and 
regulate vasopressin and oxytocin secretion. The parvocellular neurons 
project to brainstem autonomic centers such as the RVLM (Coote et al., 
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1998; Hardy, 2001), NTS (Pyner & Coote, 2000; Ricardo & Koh, 1978; 
Yang & Coote, 1998), and the sympathetic preganglionic neurons located in 
the intermediolateral cell column (IML) of the spinal cord (Hardy, 2001; 
Pyner & Coote, 1999, 2000). The PVN presympatheic neurons may con
tribute to elevated sympathetic outflow in some pathophysiological condi
tions, such as heart failure (Patel, 2000) and hypertension (Allen, 2002; Li & 
Pan, 2006). Electrical stimulation of subregions of hypothalamus produces 
pronounced increases in sympathetic nerve activity and elevates blood pres
sure. For example, stimulation of posterior or ventromedial hypothalamus 
or the PVN elicits sympathetic excitatory response (Swanson & Sawchenko, 
1980, 1983). 

GABAergic inputs make up about 50% of the synaptic innervation of 
PVN neurons (Decavel & Van den Pol, 1990). Electrophysiological studies 
have further demonstrated that the majority of the local synaptic inputs to 
PVN neurons are GABAergic (Boudaba et al., 1996; Tasker & Dudek, 
1993). In addition to activation of GABAA receptors to produce postsynap
tic inhibition, synaptically released GABA also stimulates GABAB receptors 
located at both presynaptic and postsynaptic sites (Misgeld et al., 1995). It 
has been shown that GABAB receptors are widely distributed in the CNS 
including the PVN (Margeta-Mitrovic et al., 1999). Activation of GABAB 

receptors contribute to the regulation of neuronal activity and sympathetic 
outflow. In this regard, microinjection of baclofen into one of the hypotha
lamic pressor areas, the ventromedial hypothalamus, decreases sympathetic 
nerve activity, blood pressure, and heart rate in both normotensive rats and 
SHR (Takenaka et al., 1996). Also, activation of GABAB receptors with 
baclofen in the PVN decreases the lumbar sympathetic nerve activity and 
arterial blood pressure in anesthetized hypertensive SHR and normotensive 
control strains (Li & Pan, 2007a) (Fig. 1). Furthermore, these depressor 
responses induced by baclofen are significantly larger in SHR and Dahl salt-
sensitive rats than in their respective normotensive controls (Bunag et al., 
1983; Takeda & Bunag, 1978). 

Similar to the enhancement of GABAB receptor function in the NTS in 
hypertensive rats, activation of GABAB receptors in the PVN also produces 
an augmented inhibitory effect on sympathetic vasomotor tone in SHR 
compared with WKY rats (Li & Pan, 2007a). In fact, activation of 
GABAB receptors with baclofen in the PVN decreases lumbar sympathetic 
nerve activity and arterial blood pressure only at the highest dose in anesthe
tized normotensive WKY and SD rats (Li & Pan, 2007a). However, micro
injection of baclofen into the PVN significantly decreases lumbar 
sympathetic activity and arterial blood pressure in all of the doses tested in 
the SHR (Li & Pan, 2007a). Furthermore, blockade of GABAB receptors 
with CGP52432 significantly increases lumbar sympathetic nerve activity 
and arterial blood pressure in SHR but not in normotensive control rats (Li 
& Pan, 2007a). These in vivo data provide strong evidence that GABAB 
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FIGURE 1 Microinjection of baclofen into the PVN produced greater reduction of lumbar 
sympathetic nerve activity (LSNA), arterial blood pressure (ABP), and heart rate (HR) in 
spontaneously hypertensive rats (SHR) than in Wistar Kyoto (WKY) rats. The raw tracings 
below LSNA show the nerve activity on an expanded time scale (horizontal bar, 1 s; vertical bar, 
10 mV). Bac, baclofen. Reproduced from Li & Pan (2007a) with permission. 

receptors in the PVN are not involved in tonic GABAergic inhibition of 
sympathetic outflow in normotensive rats. However, in SHRs, tonic 
GABAergic inhibition of sympathetic vasomotor tone is mediated by both 
GABAA and GABAB receptors, because blockade of GABAA receptors with 
bicuculline or GABAB receptors with CGP52432 increases sympathetic 
vasomotor tone (Li & Pan, 2007a). Consistent with the finding that 
GABAB function is upregulated in the PVN in SHR, blockade of GABAB 

receptors with CGP55845 significantly increased the excitability of 75% of 
PVN neurons projecting to the RVLM tested in hypertensive 13-week-old 
SHR (Li & Pan, 2006). However, CGP55845 has no effect on the 
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excitability of the PVN–RVLM output neurons in normotensive controls in 
a brain slice preparation (Li & Pan, 2006) (Fig. 2). These electrophysiolo
gical data suggest that GABAB receptors play a greater role in GABAergic 
inhibition of PVN–RVLM projection neurons in hypertension. 

On the contrary to enhanced baclofen-induced depressor response in 
the PVN in hypertensive rats, microinjection of baclofen into the PVN in a 

 

FIGURE 2 Bath application of GABAB receptor antagonist CGP55845 increases firing 
activity of spinally projecting PVN neurons in hypertensive SHR but not in prehypertensive 
SHR rats. (A) Top: effect of 1 mM CGP on firing activity of labeled PVN neuron in 6-week-old 
SHR. (A) Bottom: firing activity of same cell during control, application of CGP, and washout. 
(B) Top: effect of 1 mM CGP on firing activity of labeled PVN neuron in 13-week-old SHR. 
(B) Bottom: spontaneous firing activity of same cell during control, application of CGP, and 
washout. Reproduced from Li & Pan (2006) with permission. 
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rat model of chronic heart failure induced by coronary artery ligation 
produces a smaller inhibitory effect on renal sympathetic nerve activity, 
arterial blood pressure, and heart rate than in sham-operated rats (Wang 
et al., 2009). Furthermore, the mRNA levels of GABAB1a and GABAB1b are 
significantly reduced in the PVN in this chronic heart failure model (Wang 
et al., 2009). This downregulation of GABAB receptors in the PVN may 
contribute to the elevated sympathetic outflow in chronic heart failure. 

GABAB receptors are expressed on both presynaptic terminals and 
postsynaptic soma, and activation of presynaptic GABAB receptors reduces 
neurotransmitter release at many central synapses (Misgeld et al., 1995). For 
instance, baclofen reduces GABA and glutamate release in PVN neurons 
with projection to the suprachiasmatic nucleus in the hypothalamus (Cui 
et al., 2000; Wang et al., 2003). To determine the effect of activation of 
GABAB receptors on the neurotransmitter release in the PVN presympa
thetic neurons, we retrogradely labeled the PVN neurons projecting to the 
RVLM and spinal cord by preinjection of fluorescence tracer into the 
RVLM or spinal cord (Li & Pan, 2006; Li et al., 2008a, 2008b). We 
found that baclofen dose-dependently decreases the frequency of GABAer
gic inhibitory postsynaptic currents (IPSCs) and glutamatergic excitatory 
postsynaptic currents (EPSCs) in the spinally projecting and RVLM-projecting 
PVN neurons in rat hypothalamic slices (Chen & Pan, 2006; Li et al., 
2008a). Furthermore, baclofen significantly reduced the frequency, but not 
the amplitude and decay time constant, of miniature IPSCs and miniature 
EPSCs. Because bath application of a Na+ channel blocker tetrodotoxin has 
little effect on spontaneous EPSCs and IPSCs, these spontaneous EPSCs and 
IPSCs may represent local release of glutamate and GABA, respectively. 
These data suggest that GABAB receptors in the PVN directly act on the 
presynaptic terminals to decrease glutamate and GABA release to the spin
ally projecting PVN neurons (Chen & Pan, 2006). However, blocking 
GABAB receptors did not alter the frequency of spontaneous EPSCs and 
IPSCs, suggesting that under the basal condition, the endogenous GABA 
level in the synapse is not sufficient to stimulate the presynaptic GABAB 

receptors. However, we have demonstrated that increased endogenous 
GABA release can activate GABAB receptors to inhibit glutamatergic and 
glycinergic inputs to spinal dorsal horn neurons (Li et al., 2002; Wang et al., 
2006). 

Also, the intracellular signaling pathways involved in the effect of 
activation of GABAB receptors have been revealed. It has been shown that 
GABAB receptors are functionally coupled to N-ethylmaleimide-sensitive 
G proteins, especially Gia-2 proteins, in rat cerebral cortical membranes 
(Odagaki et al., 2000). N-Ethylmaleimide can uncouple pertussis toxin-
sensitive Gi/o subunits by modifying cysteine residues (Jakobs et al., 1982; 
Shapiro et al., 1994). In hypothalamic slices, the inhibitory effects of baclofen 
on the frequency of mIPSCs and mEPSCs are completely blocked by bath 
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application of N-ethylmaleimide (Chen & Pan, 2006). Therefore, Gi/o 

proteins are probably involved in the signal transduction of the presynaptic 
action of GABAB receptor agonists. At the postsynaptic site, GABAB receptors 
can activate Gi/o proteins, thereby enhancing G protein-coupled inwardly 
rectifying K+ channel (GIRK) currents (Harayama et al., 1998; Sodickson & 
Bean, 1996). Voltage-dependent K+ channels is one of the effectors of activa
tion of GABAB receptors (Misgeld et al., 1995) and presynaptic voltage-
dependent K+ channels are considered important in the regulation of neuro
transmitter release (Ishikawa et al., 2003). Therefore, it is possible that the 
presynaptic voltage-dependent K+ channels are involved in the effect of 
GABAB receptor agonists on glutamate and GABA release in the PVN. 
However, 4-aminopyridine has no significant effect on baclofen-induced 
inhibition of mIPSCs and mEPSCs in the PVN spinally projecting neurons 
(Chen & Pan, 2006). Consistently, Ba2+, another voltage-dependent K+ cur
rent blocker, also has no effect on GABAB receptor-mediated presynaptic 
inhibition in the calyx of Held (Takahashi et al., 1998). Therefore, it is less 
likely that voltage-dependent K+ currents are involved in the presynaptic 
GABAB receptor-mediated inhibition on both GABA and glutamate release 
to PVN presympathetic neurons. 

The function of presynaptic GABAB receptors in inhibiting GABAergic 
and glutamatergic synaptic inputs in the PVN is altered in hypertension. In 
this regard, baclofen produces a greater inhibitory effect on the frequency of 
glutamatergic spontaneous EPSCs in SHR than in WKY rats (Li et al., 2008a). 
In contrast, baclofen caused a smaller inhibitory effect on the frequency of 
spontaneous IPSCs in SHR than in WKY rats (Li et al., 2008a). These findings 
suggest that the presynaptic GABAB receptor function in the control of 
glutamatergic and GABAergic synaptic inputs to the PVN presympathetic 
neurons is differentially affected in SHR. The increased GABAB receptor 
function on glutamatergic terminals and reduced GABAB receptor function 
on GABAergic terminals could contribute to the enhanced inhibitory effect of 
baclofen on the firing activity of PVN neurons and sympathetic vasomotor 
tone in SHR. It is still not clear whether different GABAB receptor subunits 
(i.e., GABAB1 and GABAB2) are differentially expressed at glutamatergic and 
GABAergic terminals in the PVN in SHR. In the hippocampus, both GABAB1 

and GABAB2 subtypes are mainly present at glutamatergic axon terminals 
(Kulik et al., 2003). However, in the dorsal cochlear nucleus, GABAB1 is 
primarily located at glutamatergic synapse but not GABAergic terminals 
(Lujan et al., 2004). Alternatively, changes in the downstream signaling also 
can preferentially alter the GABAB receptor function in glutamatergic and 
GABAergic terminals in the PVN in SHR. 

To assess whether the postsynaptic GABAB receptor function is altered 
in spinally projecting PVN neurons in hypertension, we compared postsy
naptic GABAB receptor currents evoked by puff application of baclofen 
directly to labeled PVN neurons in WKY rats and SHR. We found that 
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the amplitude of baclofen-elicited outward currents in labeled PVN neurons 
was significantly greater in SHR than in WKY rats (Fig. 3). Bath application 
of the GABAB receptor antagonist CGP55845 or inhibition of G proteins 
with intracellular dialysis of GDP-b-S completely blocked baclofen-elicited 
outward currents in spinally projecting PVN neurons (Li et al., 2008a). 
These data suggest that the postsynaptic GABAB receptor function is upre
gulated in the PVN presympathetic neurons in SHR. It is likely that this 
upregulation of postsynaptic GABAB receptor function contributes to the 
potentiated inhibitory effect of baclofen on the firing activity of spinally 
projecting PVN neurons and sympathetic vasomotor tone in SHR (Li & 
Pan, 2006, 2007a). At this time, little is known about the mechanisms 

FIGURE 3 Baclofen-sensitive currents in labeled PVN neurons in WKY rats and SHR. 
(A) Original tracings showing currents elicited by puff application of 100 mM baclofen to 
labeled PVN neurons in WKY rat and SHR. Arrows indicate puff application of baclofen. 
(B) Raw tracings showing undetectable current by puff application of 100 mM baclofen when 
1 mM GDP-b-S was included in the recording pipette solution in WKY rats and SHR. (C) 
Summary data showing the baclofen-sensitive current elicited by puff application of 100 mM 
baclofen in labeled PVN neurons in WKY rats and SHR. (D) Summary data showing baclofen
sensitive currents in the absence and presence of 2 mM CGP55845 (CGP) in labeled PVN 
neurons in WKY rats and SHR. Data are means + SE. �p < 0.05 compared with the 
corresponding value in WKY rats. Reproduced from Li et al. (2008a) with permission. 
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underlying enhanced postsynaptic GABAB receptor function in the PVN in 
hypertension. Studies have shown that N-methyl-D-aspartic acid (NMDA) 
receptor activation can increase GABAB receptor gene expression and post
synaptic GABAB receptor function in the spinal cord and hippocampus 
(Benardo, 1995; Cole et al., 1989; McCarson & Enna, 1999). Since the 
glutamatergic input in the PVN is enhanced in SHR (Li & Pan, 2007b; Li 
et al., 2008b), it is possible that the enhanced glutamatergic input in SHR 
causes more Ca2+ influx into postsynaptic PVN neurons, which could 
upregulate postsynaptic GABAB receptors through Ca2+-dependent phos
phorylation or dephosphorylation mechanisms. Acutely blocking NMDA 
receptors with AP5 or MK-801 had no significant effect on the baclofen
elicited currents in spinally projecting PVN neurons in SHR (Li et al., 2008a). 
Because acute blockade of NMDA receptors may not be sufficient to inhibit 
the downstream signaling cascade leading to increased expression of GABAB 

receptors by enhanced glutamatergic inputs in SHR, we cannot rule out the 
possibility that chronic blockade of NMDA receptor is required to affect 
GABAB receptors in SHR. Because angiotensin II has been shown to increase 
GABAB receptor expression and function in the NTS (Li et al., 2008a), and 
because angiotensin II concentration and angiotensin receptors are increased 
in the PVN in SHR (Gutkind et al., 1988; Phillips & Kimura, 1988), increased 
angiotensin II could play a role in the upregulation of GABAB receptors. We 
have shown previously that the GABAA receptor function in the PVN is 
attenuated, which contributes to increased firing activity of PVN presympa
thetic neurons in SHR (Li & Pan, 2006). Hence, upregulation of postsynaptic 
GABAB receptors in the PVN may represent a compensatory response to the 
reduced GABAA receptor function and enhanced glutamatergic input to these 
neurons in SHR and serve to dampen the increased sympathetic outflow in 
hypertension. 

VII. Conclusion 

The role of GABAB receptors in the regulation of autonomic functions 
has been recognized (Fig. 4). The cellular and molecular mechanisms under
lying altered GABAB receptor function in hypertension are being studied by 
using advanced molecular and electrophysiological techniques. Enhanced 
GABAB receptor function in the autonomic centers in hypertension suggests 
that GABAB receptor plays an increasingly significant role in GABAergic 
control of the excitability of the autonomic neurons in hypertension 
(Table II). Thus, the GABAB receptor may represent new target for treat
ment of neurogenic hypertension. Indeed, baclofen appears effective in 
reducing blood pressure in severely hypertensive patients (Becker et al., 
2000). However, it remains unclear that whether altered GABAB receptor 
function in the autonomic centers contributes to development and/or 



TABLE II Alteration of GABAB Receptor Function in Animal Models of Hypertension 

Hypertension model PVN NTS 
SHR " Li & Pan, 2007a, 2006; " Catelli & Sved, 1988; Sved 

Li et al., 2008a; & Sved, 1989; Sved & 
Takenaka et al., Tsukamoto, 1992; 
1996; Tsukamoto & Sved, 1993; 

Singh & Ticku, 1985 
DOCA-salt hypertensive rat " Tsukamoto & Sved, 1993 
Renal-wrap hypertension " Durgam et al., 1999; Mei 

et al., 2003; Zhang et al., 
2007; Zhang & Mifflin, 
2010b 
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FIGURE 4 Diagram illustrates overall functions of GABAB receptors in regulating arterial 
blood pressure. Activation of GABAB receptors inhibits neurons in the PVN, RVLM, and NTS. 
Because the barosensitive neurons in the NTS inhibit RVLM vasomotor neurons through 
exciting neurons in the CVLM, GABAB receptor-mediated inhibition of NTS neurons may 
attenuate the inhibition of RVLM neurons. PVN: paraventricular nucleus of hypothalamus; 
RVLM: rostral ventrolateral medulla; NTS: nucleus tractus solitarii; CVLM: caudal 
ventrolateral medulla; IML: intermediolateral cell column in the spinal cord. 

maintenance of hypertension or just simply an adaptive response to elevated 
blood pressure. Further studies are warranted to define the physiological 
role of GABAB receptors in the neural control of autonomic functions in 
various disease conditions. 
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Abstract 

Defined pharmacologically by its insensitivity to the GABAA antagonist 
bicuculline and sensitivity to the GABA analogue baclofen, the G protein-
linked g-aminobutyric acid type B (GABAB) receptor couples to adenylyl 
cyclase, voltage-gated calcium channels, and inwardly-rectifying potassium 
channels. On the basis of a wealth of preclinical data in conjunction 
with early clinical observations that baclofen improves symptoms of 
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gastroesophageal reflux disease (GERD), the GABAB receptor has been 
proposed as a therapeutic target for a number of diseases including 
GERD. Subsequently, there has been a significant effort to develop a per
ipherally-restricted GABAB agonist that is devoid of the central nervous 
system side effects that are observed with baclofen. In this article we 
review the in vitro and in vivo pharmacology of the peripherally-restricted 
GABAB receptor agonists and the preclinical and clinical development 
of lesogaberan (AZD3355, (R)-(3-amino-2-fluoropropyl) phosphinic acid), 
a potent and predominately peripherally-restricted GABAB receptor agonist 
with a preclinical therapeutic window superior to baclofen. 

I. Introduction 

The clinical benefits of g-aminobutyric acid (GABA) receptor agonism 
have been recognized for a long time. For example, the GABA receptor type B 
(GABAB) agonist baclofen was introduced as a treatment for spasticity in 
1966 (Hudgson & Weightman, 1971). A further unanticipated clinical benefit 
of baclofen that emerged many years later was a reduction in gastroesopha
geal reflux events and subsequent improvement in the measures of gastro
esophageal reflux disease (GERD) (Beaumont & Boeckxstaens, 2009; Cange 
et al., 2002; Ciccaglione & Marzio, 2003; Koek et al., 2003; Zhang et al., 
2002). GERD is a common disorder that affects up to 20% of the Western 
population (Dent et al., 2005; Vakil et al., 2006) and the classic symptoms of 
GERD (heartburn and regurgitation) have a significant negative impact upon 
patients’ health-related quality of life (Wiklund, 2004; Wiklund et al., 2006). 
Furthermore, GERD may give rise to esophageal complications such as 
esophagitis (Vakil et al., 2006) and  Barrett’s esophagus (Lieberman et al., 
1997), and non-esophageal manifestations such as cough and asthma (Can
ning & Mazzone, 2003). 

The recommended approach for the treatment of GERD involves the 
suppression of gastric acid production, and proton pump inhibitors (PPIs) 
are currently the cornerstone of drug therapy (DeVault & Castell, 2005). 
However, even with PPI treatment, the management of GERD is often sub
optimal: 20–30% of patients with GERD continue to experience symptoms 
despite treatment with a PPI (Fass et al., 2005), and almost one-quarter of 
patients take over-the-counter support medication for additional symptom 
control (Jones et al., 2006). 

Although acid-suppressive therapy provides good GERD symptom 
relief (DeVault & Castell, 2005), the rate of persistent symptoms despite 
therapy highlights the need for additional treatments with novel therapeutic 
targets. As the majority of reflux episodes occur during transient relaxations 
of the lower esophageal sphincter (LES) (Dodds et al., 1982; Lehmann, 
2006), inhibition of these relaxations is a valid therapeutic strategy for the 
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management of GERD. In this review we will discuss the potential modality 
of GABAB receptor agonism in this regard. 

II. Underlying Pathophysiological Mechanisms of GERD 

Taken together, the LES and the crural diaphragm (CD) form the 
gastroesophageal junction (Fig. 1) and act as the major physiological pres
sure barrier to gastroesophageal reflux. Whether the LES exists as an 
anatomically distinct structure or a region of high pressure is currently a 
topic of debate, but it is clear that the anatomy and physiology of the LES is 
much more complicated than originally believed (Brasseur et al., 2007). One 
previous description of the LES is an approximately 4 cm long thickening of 
the esophageal wall, the distal 2 cm of which is encircled by the CD as it 
passes through the crural hiatus (Liebermann-Meffert et al., 1986). Pressure 
at the gastroesophageal junction is therefore governed by dual sphincter 
mechanisms, comprised of LES smooth muscle and the extrinsic skeletal 
muscle of the CD. The high pressure (>10 mmHg) of the LES is maintained 
through neural, myogenic, and hormonal mechanisms (Lipan et al., 2006). 

Transient lower esophageal sphincter relaxation (TLESR) is a normal 
physiological response to post-prandial gastric distension that allows vent
ing of gases from the stomach into the esophagus. However, numerous 
studies have also implicated TLESRs as a major mechanism of reflux of 

FIGURE 1 Anatomy of the esophagogastric junction (Mittal & Balaban, 1997). 
Reproduced with permission from Mittal & Balaban, 1997. Copyright © 1997 Massachusetts 
Medical Society. All rights reserved. 
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gastric contents in both healthy volunteers and patients with reflux symp
toms (Dent et al., 1980; Dodds et al., 1982; Holloway et al., 1991; Iwakiri 
et al., 2005; Mittal & McCallum, 1988). TLESRs precede 94 and 65% of 
reflux events in healthy volunteers and patients with reflux esophagitis, 
respectively (Dent et al., 1980), but it should be noted that other additional 
mechanisms may be important causes of reflux in certain cases, especially 
those involving hiatal hernia (van Herwaarden et al., 2000). It may be these 
additional mechanisms that account for the wider variability in the percen
tage of reflux events preceded by TLESRs in patients with GERD, compared 
with healthy volunteers. 

TLESRs are controlled by neural pathways with both efferent and 
afferent neurones and a pattern generator located within the brainstem 
(Mittal et al., 1995). There is significant evidence to suggest that the 
neuronal control of TLESRs is a vago-vagal response as cold blockade of 
the vagal nerve trunks of conscious dogs abolishes air-induced TLESRs 
(Martin et al., 1986). Moreover, sectioning of the splanchnic nerve in 
ferrets was shown to neither affect the triggering of TLESRs nor the 
number of reflux episodes, further supporting the exclusive vago-vagal 
control of TLESRs (Staunton et al., 2000b). This response is initiated by 
gastric distension that presumably is detected primarily by intraganglionic 
laminar endings (specialized transduction sites of vagal mechanorecep
tors). The signal is transmitted along vagal afferent neurones to the nucleus 
of the solitary tract within the brainstem (Fig. 2), relayed through the 
dorsal motor nucleus of the vagus (DMV), and then vagal efferent neu
rones relay an effector signal to the LES via inhibitory esophageal enteric 
neurones (Lehmann, 2009; Mittal et al., 1995). Such neural circuitry 
contains several neuropharmacological targets that can be modified to 
affect TLESR frequency, including GABAB, metabotropic glutamate 5, 
cannabinoid 1, cholecystokinin 1, muscarinic, and m-opioid receptors 
which have been extensively reported elsewhere (Lehmann, 2006). Of 
these, the target that appears to be the most promising is the GABAB 

receptor. Agonism of this receptor has been shown to reduce the frequency 
of TLESRs in all species studied to date, including humans (Blackshaw 
et al., 1999; Lehmann et al., 1999; Liu et al., 2002; Zhang et al., 2002). 
The GABAB receptor, its actions, and development of GABAB receptor 
agonists are discussed below in further detail. 

III. The GABAB Receptor 

The GABAB receptor was initially identified by Norman Bowery’s 
pioneering work demonstrating that the effects of baclofen are insensitive 
to bicuculline (Bowery et al., 1980). Almost 20 years passed before 
the GABAB receptor became the last major neurotransmitter receptor to be 
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FIGURE 2 Neural pathways to the lower esophageal sphincter (LES) and crural diaphragm 
(CD). Esophageal peristalsis and relaxation of the LES induced by swallow result from the 
excitation of receptors in the pharynx. The afferent stimulus travels to the sensory nucleus, the 
nucleus solitarius (small insert). A programmed set of events from the dorsal vagal nucleus and 
the nucleus ambiguus mediates esophageal peristalsis and sphincter relaxation. The vagal 
efferent fibers communicate with myenteric neurons that mediate LES relaxation (large inset). 
The postganglionic transmitters are nitric oxide (NO) and vasoactive intestinal peptide (VIP). 
Transient lower esophageal sphincter relaxation (TLESR), the principal mechanism of reflux, 
appears to use the same efferent neural pathway as the swallow reflex. The afferent signals for 
TLESR may originate in the pharynx, larynx or the stomach. The efferent pathway is in the 
vagus nerve, and nitric oxide is the postganglionic neurotransmitter responsible for LES 
relaxation. Contraction of the crural diaphragm is controlled by the inspiratory center in the 
brainstem and the nucleus of the phrenic nerve. The crural diaphragm is innervated by right and 
left phrenic nerves through nicotinic cholinergic receptor acetylcholine (Ach). +, excitatory 
effects; –, inhibitory effects. (Mittal & Balaban, 1997). Reproduced with permission from 
Mittal & Balaban, 1997. Copyright © 1997 Massachusetts Medical Society. All rights reserved. 
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FIGURE 3 Heterodimeric structure of the GABAB receptor. The two seven-transmembrane 
receptor subunits are coupled via their intracellular C-termini. The binding domain for GABA is 
located in the extracellular domain (ECD) of GABAB(1). The heptahelical domain of GABAB(2) 

contains an allosteric modulator site as well as the G-protein-coupling site. Neither of these appears 
to be present in the GABAB(1) subunit. The receptor is coupled indirectly to potassium and calcium 
channels, the former of which predominates postsynaptically while the latter is mainly presynaptic. 
Reproduced with permission from Smart, T. G. (2004). Gamma-aminobutyric acid (GABA) 
receptors. In G. Adelman, B. H. Smith (Eds.), Encyclopedia of Neuroscience (3rd ed., CD-Rom). 
Amsterdam: Elsevier. 

cloned (Kaupmann et al., 1997). In addition to an absence of high-affinity, 
irreversibly binding radioligands and modern cloning techniques, one explana
tion as to why there was such delay between the pharmacological and genetic 
identification of the GABAB receptor is related to the nature of the receptor itself. 
The GABAB receptor exists as an obligate heterodimer with two distinct seven-
transmembrane subunits (GABAB(1) and GABAB(2)) (Fig. 3). The discovery of 
the GABAB(2) subunit (Jones et al., 1998; Kaupmann et al., 1998; Kuner et al., 
1999; White et al., 1998) placed the GABAB receptor as the first G protein-
coupled receptor heterodimer to be identified. As with other Family 3 G protein-
linked receptors, GABAB agonists and competitive antagonists bind to the 
extracellular domain (ECD) of the GABAB(1) subunit (Malitschek et al., 1999). 

A. GABAB Receptor Ligand Binding Site 

X-ray crystallography of the GABAB receptor has shown that the 
agonist binding pocket consists of two globular lobes (GABAB(1) and 
GABAB(2)) that are separated by a C-terminal hinge region. Within this 
pocket, several amino acid residues that are key for ligand binding have 
been identified, including Ser246, Ser269, Asp417, Glu464, and Tyr366 
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FIGURE 4 Three-dimensional model of the Venus Fly Trap module of GABAB(1) with 
GABA, baclofen, lesogaberan, and AZD9343. Copyright AstraZeneca 2010. 

(Fig. 4) (KniazeffLipan et al., 2002). It is suggested that upon ligand binding, 
the two lobes close together in a manner analogous to a Venus Fly Trap 
(Quiocho & Ledvina, 1996) and that such “closing” induces a stabilized 
conformational change that activates the receptor (Galvez et al., 2000a). 
The “closing” of the Venus Fly Trap model is further stabilized by calcium-
mediated allosteric modulation. It is thought that Ser269 is a primary 
calcium-sensing amino acid residue within the GABAB(1) subunit (Galvez 
et al., 2000a) that when associated with calcium is capable of compensating 
for the lack of an a-amino acid group in GABA and optimising the position 
of the GABA carboxylic acid group for contact with Ser246 (Galvez et al., 
2000b). 
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In silico molecular docking studies of the GABAB receptor with GABA 
have revealed several potential points of interaction, and a low-energy 
interaction between the receptor subunit and the ligand. One such investiga
tion (Costantino et al., 2001) has indicated that when GABA and calcium 
are simultaneously docked onto the GABAB receptor, the carboxylic moiety 
of GABA forms a hydrogen bond network with Ser246 and Tyr366. In 
addition, a strong interaction with the GABA carboxylic group and these 
amino acid residues plus Ser269 also occurs. Using the sequence homology 
data presented by Galvez et al. (2000a), the interactions between the GABAB 

receptor and GABA were modeled in silico, and are presented in Fig. 4. The 
binding characteristics of baclofen to the GABAB receptor share some 
common features with the binding of GABA (Fig. 4). 

B. GABAB Receptor Signal Transduction 

Signal transduction from GABAB receptor agonism and subsequent 
G protein activation is primarily provided through the heptahelical ECD 
of the GABAB(2) subunit (Bettler et al., 2004) by coupling to voltage-gated 
calcium channels, adenylyl cyclase, and inwardly-rectifying potassium chan
nels (Bettler et al., 2004; Billinton et al., 2001; Bowery et al., 2002). 

In general, the consequences of presynaptic GABAB agonism are mediated 
through voltage-dependent inhibition of N-, P-, and Q-type calcium channels 
(Amico et al., 1995; Cardozo & Bean, 1995; Menon-Johansson et al., 1993; 
Mintz & Bean, 1993; Takahashi et al., 1998). Inhibition of these channels 
following postsynaptic agonism has also been observed (Harayama et al., 
1998). Furthermore, GABAB receptor agonism has been shown to inhibit or 
facilitate L- (Amico et al., 1995; Maguire et al., 1989; Marchetti et al., 1991; 
Shen & Slaughter, 1999) and T-type calcium channels (Crunelli & Leresche, 
1991; Matsushima et al., 1993; Scott et al., 1990). 

In addition to calcium channels, the GABAB receptor interacts with 
numerous isoforms of neuronal adenylyl cyclase. These interactions include 
Gia- and Goa-mediated inhibition of type I, III, V, and VI adenylyl cyclase, 
and Gbg-mediated stimulation of type II, IV, and VII adenylyl cyclase. The 
inhibitory and stimulatory effects of GABAB agonism on cAMP levels 
has been confirmed in vivo by microdialysis techniques (Hashimoto & 
Kuriyama, 1997). 

A further mechanism of GABAB signal transduction of particular 
importance in vagal afferent neurones is the opening of potassium channels 
(Page et al., 2006). GABAB channels induce a slow inhibitory postsynaptic 
current (IPSC) via inwardly-rectifying G protein-coupled potassium chan
nels known as either GIRK or Kir3 channels (Luscher et al., 1997; Schuler 
et al., 2001). The normal physiological effect of Kir3 channel opening is 
potassium efflux with resulting neuronal hyperpolarisation with a time scale 
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that clearly differs from that of GABAA receptor-mediated fast IPSC 
(Lacaille, 1991; Otis et al., 1993). 

IV. GABAB Receptor Agonists as Reflux Inhibitors 

The major early evidence for the utility of a GABAB agonist in the 
treatment of GERD came from observations of healthy volunteers and 
patients treated with the skeletal muscle antispastic agent, baclofen. Initial 
preclinical investigations into the usefulness of baclofen reported that this 
selective agonist inhibits TLESRs in a dose-dependent manner in both dogs 
and ferrets (Blackshaw & Partosoedarso, 1999; Blackshaw et al., 1999; 
Lehmann et al., 1999). These early preclinical findings were subsequently 
supported by several investigations in humans. Indeed, activation of the 
GABAB receptor by baclofen produces several beneficial effects in relation 
to the treatment of GERD. These benefits include a reduction in TLESR 
frequency (Lidums et al., 2000; van Herwaarden et al., 2002; Zhang et al., 
2002), reduced esophageal acid exposure (van Herwaarden et al., 2002), 
reduced acidic and weakly/non-acidic reflux (Vela et al., 2003), and reduced 
biliary reflux (Koek et al., 2003). In turn, patients with GERD report relief of 
their symptoms (Ciccaglione & Marzio, 2003; Koek et al., 2003; Vela et al., 
2003), and such benefits extend to those already treated with a PPI (Koek 
et al., 2003) and with hiatal hernia (Beaumont & Boeckxstaens, 2009). 

The primary complication associated with baclofen as a therapeutic 
agent for GERD is its propensity to cause central nervous system (CNS) 
side effects such as drowsiness and daytime sedation with occasional reports 
of lassitude, exhaustion, light-headedness, confusion, dizziness, headache, 
insomnia, and hypothermia (Baclofen Summary of Product Characteristics, 
2009). 

A. Peripherally-Restricted GABAB Agonists 

To achieve the maximal clinical utility of a GABAB agonist for the 
treatment of GERD, the agonist itself must be peripherally restricted, or 
selectively target a pharmacologically distinct subpopulation of GABAB 

receptors to avoid the CNS side effects seen with baclofen. With the excep
tion of arbaclofen placarbil (AP), the new GABAB agonists under current 
development are peripherally restricted because of unique properties which 
limit their availability in the CNS, compared with baclofen. 

When the drug discovery project to identify peripherally-restricted 
GABAB agonists was initiated at Astra (now AstraZeneca) during the 
1990s, it was already known that GABAB agonism inhibits TLESRs (Black
shaw & Partosoedarso, 1999; Lehmann et al., 1999). Despite this, there 
were many significant challenges. Firstly, there was no indication as to the 
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site of action of the agonists evaluated, hence any distinctions between 
peripheral versus central sites of action were speculative. Additional critical 
questions were as follows: could peripheral GABAB receptors be stimulated 
selectively based on drug distribution properties; and could new agonists be 
discovered given the very narrow structure–activity relationships for ago
nists when even small variations of the GABA pharmacophore mostly 
render the compounds inactive or even transform them into antagonists 
(Froestl et al., 1995a, 1995b)? Furthermore, there was also the question of 
whether there were any differences in the pharmacological properties of 
central and peripheral GABAB receptors. 

The finding that there are a number of different splice variants of both 
GABAB(1) and GABAB(2) offered a theoretical possibility for selectivity of 
agonists between splice variants but this has not yet been verified (Bettler 
et al., 2004; Lehmann et al., 2009). Reports claiming that the antiepileptic 
gabapentin has a selective action on presynaptic GABAB(1a) receptors 
(Ng et al., 2001) raised considerable initial interest, but other groups 
could not confirm such a selectivity or even an action on GABAB receptors 
in general (Cheng et al., 2004; Jensen et al., 2002). Furthermore, gabapentin 
does not affect TLESR in dogs (Jensen et al., 2002). Interestingly, there are 
pronounced disparities in the potency of GABAB agonists in brain and 
peripheral tissues, but potency in the former may be 1–3 orders of magni
tude higher. These differences may simply relate to a mismatch between the 
expression of GABAB(1) and GABAB(2) (Calver et al., 2000), the stoichio
metry of which determines the efficiency of the heterodimer. However, one 
agonist described in the literature was of particular interest. The properties 
of 3-aminopropylphosphinic acid were reported in the late 1980s, and it was 
noted that while this compound is a very potent full agonist at the GABAB 

receptor (Hills et al., 1989), it has no measurable effects on CNS function 
when administered in vivo. Since most scientific interest in the GABAB 

receptor in academia and pharmaceutical industry alike was and continues 
to be CNS-centric, the reason for the lack of correlation between in vitro and 
in vivo effects of 3-aminopropylphosphinic acid was largely unexplored. 
However, the finding that 3-aminopropylphosphinic acid did attenuate the 
number of TLESRs in dogs (Lehmann et al, manuscript in preparation), even 
though it was ineffective at the doses tested in ferrets (Blackshaw et al., 
1999), did provide a starting point to discover novel agents of that structural 
class with improved in vivo activity. These efforts eventually led to the 
identification of lesogaberan (AZD3355) and AZD9343, which were 
selected for further clinical development as described below. 

1. Lesogaberan and AZD9343 

Lesogaberan ((2R)-3-amino-2-fluoropropylphosphinic acid) and 
AZD9343 ((2S)-3-amino-2-hydroxypropyl phosphinic acid) are structural 
analogues of GABA. As would be expected, the binding of both lesogaberan 



GABAB Agonism and GERD 297 

and AZD9343 (Fig. 4) to the GABAB receptor shares many common char
acteristics with the binding profile of GABA. For instance, the phosphinic 
acid moiety of both lesogaberan and AZD9343 forms a hydrogen bond 
network with Ser246, and the amino acid groups form a series of hydrogen 
bonds with Glu465, Tyr395, and possibly Tyr366. 

Structure–activity investigations have demonstrated that for 
2-substituted 3-aminopropylphosphinic acids, the properties of the substi
tuent govern receptor binding selectivity. Thus, 2(S)-3-amino-2-fluoropro
pylphosphinic acid is a considerably weaker agonist than lesogaberan, while 
a 2(R)-hydroxyl group yields a less potent compound compared with 
AZD9343. The same relationship is seen for the corresponding enantiomers 
of 2-substituted 3-aminopropyl(methyl)phosphinic acids (Alstermark et al., 
2008; Froestl et al., 1995a). 

2. Preclinical Studies with Lesogaberan and AZD9343 

A range of in vitro and in vivo experiments were devised to characterize 
the preclinical pharmacology of lesogaberan and AZD9343, in relation to 
both GABA and baclofen. These included receptor affinity/intrinsic activity 
studies; in vivo distribution in the rat brain; GABA transporter affinity 
studies; ferret gastric mechanosensitive vagal afferent sensitivity; effects on 
TLESR as the primary pharmacodynamic endpoint; and hypothermia as a 
measure of side effects (Lehmann et al., 2009). 

a. Receptor Affinity Studies The affinities of lesogaberan, AZD9343, 
GABA, and baclofen for the GABAB receptor were assessed in rat brain 
tissue. Overall, lesogaberan showed greater inhibition of 3H-GABA binding 
to the rat brain GABAB receptor than baclofen (lesogaberan Ki, 
5.1 + 1.2 nM; baclofen Ki, 220 + 50 nM). The Ki of GABA and 
AZD9343 were 110 + 21 nM (Lehmann et al., 2009) and 50 + 8nM  (Leh
mann et al., 2008), respectively. Furthermore, the Ki of lesogaberan at the 
GABAB receptor was almost 300 times lower than that for the GABAA 

receptor indicating a high degree of GABAB receptor selectivity. 

b. In vitro Potency on GABAB Receptor-Mediated Intracellular Calcium Release 
The potency of lesogaberan, AZD9343, baclofen, and GABA on GABAB recep
tor-mediated intracellular calcium release was determined in vitro in cells stably 
expressing functional recombinant human GABAB receptors (Lehmann et al., 
2005). The EC50 of GABA in this assessment of potency was 160 + 10 nM and 
both lesogaberan and AZD9343 were more potent than baclofen 
(8.6 + 0.77 nM, 130 + 16, and 750 + 50 nM, respectively). These data also 
showed that lesogaberanandAZD9343are full agonists at theGABAB receptor. 

c. Ferret Gastric Mechanosensitive Vagal Afferent Sensitivity Studies As a 
vago-vagal mechanism of control of TLESRs has been suggested (Martin 
et al., 1986; Smid et al., 2001; Staunton et al., 2000a), one important 
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observation made by Blackshaw and his associates was that baclofen inhi
bits the peripheral endings of gastric vagal mechanosensitive fibers (Black
shaw et al., 2000). Baclofen also appears to have an additional central effect 
on the vago-vagal loop (Partosoedarso et al., 2001). In a sense, these effects 
are reminiscent of the mode of action of baclofen in spasticity with the 
important distinction that the site of action of baclofen on the skeletal 
muscle afferent–efferent loop seems to reside exclusively within the spinal 
cord (Skoog, 1996). Consequently, these findings suggested that there is an 
anatomical rationale for the suppression of TLESR by activation of periph
eral GABAB receptors. The nodose ganglion is the origin of vagal afferents, 
and the presence of GABAB receptors in the nodose neurons has been 
demonstrated electrophysiologically and immunohistochemically. While 
baclofen has been shown to have a very low potency in nodose neurons 
(Zagorodnyuk et al., 2002), nothing is known about potential differences 
between central and nodose ganglion GABAB receptors in terms of ligand 
binding or signaling mechanisms. The effect of racemic lesogaberan on 
single vagal gastric afferent mucosal and tension receptors in vitro was 
studied to confirm the notion that those fibers are sensitive to GABAB 

receptor stimulation with agonists other than baclofen (Lehmann et al., 
2009). Overall, racemic lesogaberan inhibited mechanically-stimulated fir
ing of muscular vagal afferent neurones at all concentrations and tensions 
tested in a concentration-dependent manner. However, mucosal receptor 
fibers, incidentally not believed to trigger TLESR, were largely unaffected. 

In order to further explore the significance of these in vitro data in 
relation to the in vivo setting, inhibition of TLESRs in dogs was assessed. 

d. Inhibition of TLESRs in Dogs and Murine Hypothermia The quantitation 
of gastric distension-induced TLESR was investigated in Labrador Retrie
vers. TLESRs were stimulated by infusion of an acidified liquid nutrient 
followed by insufflation of air. Lesogaberan and baclofen were administered 
intravenously or intragastrically and GABA was infused intravenously at 
previously described doses (Thirlby et al., 1988). 

Results showed that lesogaberan dose-dependently inhibited TLESRs 
with an ED50 for TLESRs at an oral dose of approximately 7 mmol/kg 
(Fig. 5). The dose–response curve was biphasic, and the initial phase was 
similar to that of GABA. In contrast, baclofen displayed a monophasic 
dose–response curve. Almost complete inhibition (90%) of TLESRs was 
seen with lesogaberan at a dose of 300 mmol/kg, which was close to the 
threshold for induction of CNS side effects (500 mmol/kg). The approxi
mate ED50 and ED90 values for baclofen were 1 and 10 mmol/kg. Typical 
GABAB side effects in dogs are seen with baclofen at a dose of approxi
mately 10 mmol/kg (Lehmann et al., unpublished observations). Moreover, 
racemic lesogaberan was shown to  reduce TLESR in ferrets  (Lehmann 
et al., 2009). 
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FIGURE 5 Inhibition of TLESR in dogs following administration of GABA, baclofen, and 
lesogaberan. Reproduced with permission from Lehmann A, Antonsson M, Holmberg AA, 
Blackshaw LA, Brändén L, Bräuner-Osborne H, Christiansen B, Dent J, Elebring T, Jacobson 
BM, Jensen J, Mattsson JP, Nilsson K, Oja SS, Page AJ, Saransaari P, von Unge S.(R)-(3-amino
2-fluoropropyl) phosphinic acid (AZD3355), a novel GABAB receptor agonist, inhibits 
transient lower esophageal sphincter relaxation through a peripheral mode of action. 
J Pharmacol Exp Ther. 2009;331:504–12. Copyright American Society for Pharmacology and 
Experimental Therapeutics 2009. 

It is also known that the administration of GABAB agonists in mice can 
induce a state of hypothermia. This model can therefore be used to test the 
propensity of a GABAB agonist to induce unwanted CNS effects. In relevant 
experiments, lesogaberan and baclofen were administered to mice and body 
temperature was monitored using thermosensitive chips. Comparisons 
between lesogaberan and baclofen were assessed by the calculation of the 
dose that resulted in a 2�C drop in body temperature (ED2). Results showed 
that baclofen had a pronouncedly lower ED2 value compared with lesoga
beran despite being less active at the GABAB receptor (~10 mmol/kg and 
~1,000 mmol/kg, respectively) (Lehmann et al., 2009). To ascertain that the 
hypothermic effects of lesogaberan were mediated by the GABAB receptor, a 
selective GABAB receptor antagonist was administered before injection of 
lesogaberan. The antagonist did not have any effects on body temperature in 
its own right, but it prevented hypothermia induced by lesogaberan. 
Furthermore, the hypothermic effect of lesogaberan was abolished in 
GABAB receptor knockout mice. Taken together these data demonstrate 
that while lesogaberan is a much more potent GABAB agonist than baclofen 
in vitro, the dose required to induce GABAB-mediated CNS side effects is 
approximately two orders of magnitude higher than baclofen. 

Even if baclofen is more potent than lesogaberan in terms of inhibition 
of TLESR, the therapeutic index of lesogaberan is nevertheless clearly 
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superior to that of baclofen. The caveat in this comparison is that it is based 
on data from two different species. 

The differences in the therapeutic windows of lesogaberan and baclofen 
were hypothesized to arise from different cellular accumulation and transport 
characteristics. It was postulated that GABA and lesogaberan but not baclofen 
may be efficiently transported into neuronal cells via a GABA transporter 
(GAT), and that such transport would prevent extracellular accumulation in 
the CNS and therefore minimize adverse central effects compared with baclofen 
(Lehmann et al., 2009). This hypothesis was based on the observations that the 
electrophysiological effects of 3-aminopropylphosphinic acid but not baclofen 
in rat brain slices were markedly enhanced by concomitant addition of a GAT 
inhibitor (Ong & Kerr, 1998). To test this hypothesis the accumulation and 
transport of GABA, lesogaberan, AZD9343, and baclofen were investigated. 

e. Accumulation and Transport The first indication that lesogaberan is 
transported into CNS cells came from autoradiographic studies in vivo. It  
was then demonstrated that there is a significant difference between lesoga
beran and baclofen with respect to distribution within and around the 
circumventricular organs in the rat brain. Similar differences in distribution 
have been noted between GABA and baclofen in the mouse brain (Kuroda 
et al., 2000). A possible explanation for this difference is that lesogaberan is 
a substrate for active GABA uptake mechanisms, whereas baclofen is not. 

The hypothesis that lesogaberan is sequestered by neural cells was inves
tigated directly using rat brain cortical slices. As expected, GABA 
was efficiently taken up by the cerebrocortical slices (68.8 + 4.4 mmol/kgh). 
The accumulation of lesogaberan, AZD9343, and baclofen was 
19.4 + 0.5 mmol/kgh, 10.9 + 0.7 mmol/kgh, and 1.64 + 0.1 mmol/kgh, respec
tively. These data support the hypothesis that lesogaberan and AZD9343 do 
accumulate into neural cells while there is negligible uptake of baclofen. 

The mechanism of lesogaberan and baclofen accumulation into glial 
cells was further investigated by the method of competitive GAT binding 
studies in rat cerebrocortical membranes. Overall, lesogaberan inhibited 
GABA binding with an IC50 of 0.67 mM. However, baclofen at concentra
tions of 1mM inhibited less than 25% of GABA binding. These data support 
the view that lesogaberan is a substrate for native GATs, whereas baclofen is 
not (Rosenstein et al., 1990). 

Because selective accumulation of lesogaberan in neural cells via GATs 
was used to explain the low propensity of lesogaberan to cause CNS side effects 
in experimental animals, compared with baclofen, the transport of lesogaberan 
by human GAT was also investigated for translational purposes and to ulti
mately prove that GAT mediates the cellular uptake. Indeed, lesogaberan 
displayed pronounced competition of 3H-GABA transport at all four human 
GATs (Table I). In contrast, baclofen displayed only minor competition of 
3H-GABA transport at all four GATs (Table 1) (Lehmann et al., 2009). 



TABLE 1 Effects of GABA, lesogaberan and baclofen on 3H-GABA uptake and membrane potential in tsA201 cells transiently expressing the four 
human GATs (Lehmann et al., 2009) 

[3H]GABA uptake assay IC50 (pIC50 + S.E.M.) (mM) FLIPR� membrane potential assay EC50 (pEC50 + S.E.M.) (mM) 

Compound hGAT-1 hBGT-1 hGAT-2 hGAT-3 hGAT-1 hBGT-1 hGAT-2 hGAT-3 

GABA 24 (4.6 + 0.02) 30 (4.5 + 0.07) 15 (4.8 + 0.02) 12 (5.0 + 0.1) 11 (4.9 + 0.07) 31 (4.5 + 0.05) 6.6 (5.2 – 0.08) 10 (5.0 – 0.05) 
AZD3355 >1000a 110 (4.0 + 0.06) >1000a >1000a 440 (3.4 + 0.06)b 110 (4.0 + 0.01) 600 (3.2 – 0.07)b 770 (3.1 – 0.07)b 

Baclofen >3000a >3000a >3000a >3000a >3000 >3000 >3000 >3000 

a The compounds displayed less than 75% inhibition of the indicated GABA transporters at the maximal tested concentration and it was therefore not possible 
to generate concentration-inhibition curves. These compounds exhibited the following maximal inhibition at 3 mM (mean + S.E.M.): lesogaberan at hGAT
1, 54 + 1.1%; lesogaberan at hGAT-2, 46 + 1.2%; lesogaberan at hGAT-3, 46 + 5.3%; Baclofen at hGAT-1, 4.9 + 1.2%; Baclofen at hBGT-1, 11 + 1.1%; 
Baclofen at hGAT-2, 10 + 2.8%; Baclofen at hGAT-3, 5.1 + 3.0%. 

b It was not possible to generate fully completed concentration–response curves and the curves were therefore fitted to the maximal response of GABA (3 mM). 
Reproduced with permission from Lehmann A, Antonsson M, Holmberg AA, Blackshaw LA, Brändén L, Bräuner-Osborne H, Christiansen B, Dent J, 
Elebring T, Jacobson BM, Jensen J, Mattsson JP, Nilsson K, Oja SS, Page AJ, Saransaari P, von Unge S.(R)-(3-amino-2-fluoropropyl) phosphinic acid 
(AZD3355), a novel GABAB receptor agonist, inhibits transient lower esophageal sphincter relaxation through a peripheral mode of action. J Pharmacol Exp 
Ther. 2009;331:504–12. Copyright American Society for Pharmacology and Experimental Therapeutics 2009. 
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Taken together, these distribution, accumulation, and transport data 
provide the first clear support for the hypothesis that lesogaberan, as with 
GABA but not baclofen, is accumulated into neuronal/glial cells by specific 
GABA transporters, and that these serve to control extracellular levels of 
lesogaberan in vivo. 

f. Translational Validity of the Dog Model The finding that baclofen 
reduces TLESR in dogs and ferrets has repeatedly been reproduced in both 
healthy volunteers and GERD patients. Indeed, it is rare in drug discovery 
research to identify an animal model that uses a surrogate endpoint (TLESR) 
that so precisely translates into the human setting with such a convincing 
relationship to the clinically relevant endpoint (GERD symptoms). In order 
to analyse the predictive resolution of the dog model to humans, plots of 
dose administered versus inhibition of TLESRs in dogs and humans were 
constructed for lesogaberan, AZD9343, and baclofen (AstraZeneca, unpub
lished data; Fig. 6). In healthy human volunteers the dose 5.7 mmol/kg of 
lesogaberan resulted in 36% inhibition of TLESRs; the inhibition of TLESRs 
in dogs at a similar dose level was approximately 45%. Similar correlations 
were also found for AZD9343 and baclofen and these findings testify as to 
the validity of the canine model. Plotting plasma concentrations versus effect 
yielded similar results. 

3. Clinical Pharmacodynamics of GABAB Agonists 

Baclofen is active in the CNS, resulting in side effects such as dizziness, 
sleepiness, and tiredness. Furthermore, pharmacokinetic characteristics such 
as a short half-life limit the clinical utility of baclofen as a treatment for 
patients with GERD. The development of AP, a prodrug of R-baclofen with 
improved uptake from the lower GI tract, has attempted to redress some of 

FIGURE 6 The mean inhibitory effect of lesogaberan, AZD9343 and baclofen on TLESR in 
dogs compared to the mean effect in healthy volunteers. Dog data are from Lehmann et al., 
2009 (lesobaberan and baclofen) and AstraZeneca unpublished information (AZD9343). Data 
from healthy volunteers are compiled from Boeckxstaens et al., 2009c (lesogaberan) and 
Beaumont et al., 2009 (AZD9343 and baclofen), and recalculated to mmol/kg based on a 
body weight of 75 kg. 
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these limitations. In contrast, the mechanism of action of lesogaberan at 
peripheral GABAB receptors, and its pharmacodynamic effects demon
strated in Phase I and Phase II clinical trials, should translate into an 
effective add-on therapy with an acceptable side-effect profile for patients 
with persistent symptoms of GERD while on a PPI. Clinical findings with 
lesogaberan, AZD9343, and AP are summarized below. 

In a single-blind, placebo-controlled, randomized, single-centre Phase I 
study in healthy subjects, in which baclofen was used as a positive control, a 
single oral dose of lesogaberan (0.8 mg/kg) reduced the number of TLESRs 
and reflux episodes and increased LES pressure compared with placebo, and 
had a favorable safety and tolerability profile (Boeckxstaens et al., 2009c). 
The number of TLESRs 0–3 h after intake of a standardized meal (com
pleted 1 h after drug intake) were reduced by an average of 36% and 47% for 
lesogaberan and baclofen (40 mg), respectively, as compared to placebo. 
During the same recording period, an increase in LES pressure of 39% was 
seen after administration of lesogaberan compared with placebo. This effect 
was also seen for baclofen and confirmed earlier studies on baclofen in 
humans (Lidums et al., 2000; Zhang et al., 2002). Such an effect may be 
beneficial in the minority of GERD patients with a pathologically low LES 
resting pressure. The estimated number of acid reflux episodes per hour for 
the 3-h recording period (as measured by esophageal pH) was significantly 
reduced by both lesogaberan (-1.6; � 44%) and baclofen (-2.2) compared 
with placebo. The number of swallows was reduced with baclofen but not 
with lesogaberan compared with placebo. The number of subjects who 
experienced CNS adverse events was lower with lesogaberan (7/21) and 
placebo (6/22) than with baclofen (14/22). These findings underscored the 
translational value of the preclinical models and provided the impetus for 
the further development of lesogaberan as a treatment option for GERD. 

In addition to lesogaberan, the effects of AZD9343 and baclofen on 
TLESR and reflux episodes in healthy volunteers have also been studied. For 
example, the effects of AZD9343 (60 mg or 320 mg) and baclofen (40 mg) 
once daily on TLESR and reflux episodes, compared with placebo, in 27 
healthy volunteers were studied in a dual-centre, crossover study using 
esophageal manometry and pH-metry measurements. Tolerability assess
ments were also performed (Beaumont et al., 2009). Pre-prandial TLESRs 
were significantly reduced in number by AZD9343 320 mg, compared with 
placebo (1.6 versus 4.0, p < 0.03). In addition, meal-induced TLESRs were 
significantly reduced in number by both AZD9343 320 mg (3.6 + 0.6 per 
hour) and baclofen (2.7 + 0.2 per hour), compared with placebo (4.7 + 0.3 
per hour). Furthermore, the increase in post-prandial reflux episodes was 
also inhibited with both doses of AZD9343 (60 mg, 6.1 + 0.9 episodes per 
3 hours; 320 mg, 2.8 + 0.5 episodes per 3 hours) and baclofen (3.8 + 0.6 
episodes per 3 hours, compared with placebo (8.9 + 1.4 episodes per 
3 hours). Both AZD9343 320 mg and baclofen significantly (p < 0.05) 



TABLE II Arithmetic mean number of reflux events with lesogaberan and placebo 
over 24 h on day 1 in patients with reflux symptoms despite PPI treatment (n = 21) 
(Boeckxstaens et al., 2009b) 

Placebo Lesogaberan 65 mg Mean difference (95% CI) 

Total reflux events 62.7 41.0 �22 (�23, �15) 
Acid reflux 29.1 13.3 �16 (�23, �8.3) 
Weakly acidic reflux 31.2 24.7 �6.5 (�12, �0.53) 
Weakly alkaline reflux 2.3 2.9 0.64 (�2.1, 3.34) 
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reduced swallowing rate. With respect to tolerability, the profile of the high 
dose ofAZD9343 was comparable to that of baclofen, with somnolence and 
short-lasting paraesthesia being the most frequently reported adverse events. 
It was concluded that whilst AZD9343 significantly improves reflux out
comes, investigations into other agents with improved efficacy and toler
ability profiles are warranted. 

The efficacy of lesogaberan has also been shown in patients with GERD. 
In patients with reflux symptoms despite PPI treatment, add-on treatment 
with lesogaberan decreased the number of TLESRs and reflux episodes, and 
increased LES pressure compared with placebo in a randomized, double-
blind, crossover study in which patients (n = 27) received lesogaberan 65 mg 
or placebo twice on day 1 (morning/evening) and once on day 2 (morning), 
in addition to existing PPI treatment (Boeckxstaens et al., 2009b). After a 
standardized meal, treatment with lesogaberan reduced the mean number of 
reflux events, measured by ambulatory pH-impedance monitoring, by ~35% 
compared with placebo during the first 24-h period, with the acid component 
being the most reduced (Table II). In addition, esophageal acid exposure 
and the number of proximal reflux events over 24 h were also lower with 
lesogaberan. On day 2, patients underwent stationary manometry and pH-
impedance monitoring for 4 hours after the third dose, including 3 h follow
ing a standardized meal, and it was found that lesogaberan reduced the mean 
number of TLESRs by 25%, and increased the mean LES pressure by 28%, 
compared with placebo. Overall, lesogaberan was well tolerated with a low 
incidence of CNS-related side effects. 

A further proof-of-concept study has demonstrated that add-on treat
ment with lesogaberan significantly improved heartburn and regurgitation 
symptoms, and was well tolerated in patients with GERD symptoms despite 
PPI therapy (Boeckxstaens et al., 2009a). In this double-blind, multicenter 
Phase IIa study, patients with continued GERD symptoms despite � 6 
weeks PPI treatment were randomized to 4 weeks treatment with lesoga
beran 65 mg twice daily (n = 114) or placebo (n = 118) as add-on to existing 
PPI therapy. The patients included in this trial had a heavy GERD symptom 
load at baseline and the stringent response definition for the primary 



TABLE III Rates of treatment response and symptom-free days following therapy with 
lesogaberan as an add-on treatment to a proton pump inhibitor in patients who experi
ence GERD symptoms despite PPI treatment.(Boeckxstaens et al., 2009a) 

Treatment response 
(Percentage of 
patients)a 

Proportion of symptom-free days 
(Percentage of patients)b 

(Proportion of 
patients, %) 

Heartburn Regurgitation Heartburn and 
regurgitation 

Placebo 
Lesogaberan 
p-value 
95% C.I. 

8 
16 
0.026 
0–17 

21 
36 
<0.05 
7–23 

23 
37 
<0.05 
6–23 

10 
19 
<0.05 
4–15 

a Placebo n = 105, lesogaberan n = 104. 
b placebo n = 114, lesogaberan n = 114. 
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endpoint was at most one 24-h period with heartburn or regurgitation of 
not more than mild intensity during the last week of treatment. Treatment 
with lesogaberan, compared with placebo, resulted in a statistically signifi
cantly larger proportion of responders to treatment (16% versus 8% of 
patients; p = 0.026), a significant treatment effect on the cumulative propor
tion of responders over time (log-rank p = 0.0195), and a higher proportion 
of symptom-free days (Table III). These findings suggested that lesogaberan 
can potentially be a new therapeutic agent to meet the needs of this patient 
population with persistent GERD symptoms despite PPI therapy. Further 
studies are planned to confirm these findings. 

The clinical utility of AP as a treatment for patients with GERD has also 
been studied in a small multicenter, randomized crossover cohort study 
(Gerson et al., 2010). In this study single doses of AP (10, 20, 40, and 
60 mg) and placebo were followed by high-fat meals 2 and 6 h after dosing. 
Reflux events were assessed for 12 h post-treatment by esophageal manome
try and impedance monitoring. The combined data from all the AP dose 
cohorts (n = 44) showed a statistically significant reduction in reflux 
episodes, compared with placebo. The mean (+SD) number of reflux epi
sodes during 12 h in the total cohort was 50.5 + 27.2, compared with 
60.9 + 35.3 events in placebo-treated patients. For the 60-mg dose cohort 
alone, the mean (SD) number of reflux episodes after AP treatment was 
39.3 + 15.0 compared with 53.0 + 15.3 for placebo. Acidic reflux events 
(detected by impedance recording of retrograde movement in the esophagus 
and defined as reflux episodes with an esophageal pH of <4 for at least 4 s) 
were significantly reduced for all dose groups combined, compared with 
placebo. The number of acidic reflux episodes in the 60 mg AP group was 
27.1 + 13.8 over 12 h, compared with 41.4 + 9.5 for placebo. The 
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corresponding comparisons for non-acidic reflux were generally not statisti
cally significant. Furthermore the incidence of heartburn associated with 
reflux episodes (either acid or non-acid) was significantly reduced in the 
total cohort (12.9 + 11.9 over 12 h) compared with placebo (16.7 + 18.2 
over 12 h). The rate of heartburn events in the 60 mg AP group was signifi
cantly lower than placebo: 7.8 + 6.7 versus 15.3 + 9.3. The tolerability of 
AP was generally comparable to placebo and within the known safety profile 
of baclofen. 

V. Conclusions 

The original effort in the 1960s to discover novel GABA analogues led 
to the discovery of baclofen for the treatment of spasticity (to reverse the 
inhibition of skeletal muscle relaxation characteristic of this symptom). 
Although the seminal work of Bowery et al. (1980) did provide evidence 
for peripheral GABAB receptors, the overwhelming majority of work in the 
years to come focused on the role of central GABAB receptors. It is therefore 
somewhat ironic that the second most clinically validated indication 
(GERD) for the next generation of GABAB receptor agonists encompasses 
smooth muscle relaxation as the major pathophysiologic mechanism. 

Investigations into the mechanism of action and efficacy of these next-
generation GABAB agonists have revealed interesting differentiating char
acteristics of a pharmacophore that is somewhat intolerant of chemical 
modification. In particular, it seems that the chirality of the substituent in 
the 2-position of 3-aminopropylphosphinic acids may seriously impact the 
efficacy of both 2-fluoro and 2-hydroxy analogues, i.e. lesogaberan and 
AZD9343. In addition, differences in the accumulation of lesogaberan, 
AZD9343, and baclofen into neuronal/glial cells and transport by GATs 
appear to go some way to explaining the differing clinical profiles of these 
agents. For example, it has been demonstrated that lesogaberan is a sub
strate for native GATs, whereas baclofen is not. Selective accumulation of 
lesogaberan into neural cells via GATs has been used to explain the low 
propensity of lesogaberan to cause CNS side effects in experimental animals, 
healthy volunteers, and patients with GERD, in comparison with baclofen. 
Furthermore, lesogaberan has been shown to be transported into neural cells 
to a greater degree than AZD9343, which may explain the superior clinical 
profile of lesogaberan compared with AZD9343. In addition, the lower level 
of transport of AZD9343 into neuronal cells may also explain why this 
analogue of GABA shares a similar adverse event profile to baclofen, and 
why therefore its clinical development has been halted. 

The encouraging results in lesogaberan Phase II studies coincide not 
only with the 30th anniversary of the discovery of the GABAB receptor, but 
also with the retirement of the eminent scientist who not only lay the 
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foundation to the field of GABAB receptor pharmacology but also has 
continued to be a key player in developing it: Norman Bowery. 
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GABAB Receptors in Reward 
Processes 

Abstract 

g-aminobutyric acid (GABA) is the predominant inhibitory neuro
transmitter in the brain which acts through different receptor subtypes. 
Metabotropic GABAB receptors are widely distributed throughout the 
brain. Alterations in GABA signaling through pharmacological activation 
or deactivation of the GABAB receptor regulate behavior and brain reward 
processes. GABAB receptor agonists and, most recently, positive modulators 
have been found to inhibit the reinforcing effects of drugs of abuse, such as 
cocaine, amphetamine, nicotine, ethanol, and opiates. This converging 
evidence of the effects of GABAB compounds on the reinforcing properties 
of addictive drugs is based on behavioral studies that used a variety of 
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procedures with relevance to reward processes and drug abuse liability, 
including intracranial self-stimulation, intravenous self-administration 
under both fixed- and progressive-ratio schedules of reinforcement, reinstate
ment, and conditioned place preference. GABAB receptor agonists and posi
tive modulators block the reinforcing effects of drugs of abuse in these animal 
models. However, GABAB receptor agonists also have undesirable side-
effects. GABAB receptor modulators have potential advantages as medica
tions for drug addiction. These compounds have a better side-effect profile 
than GABAB agonists because they are devoid of intrinsic agonistic activity in 
the absence of GABA. They only exert their modulatory actions in concert 
with endogenous GABAergic activity. Thus, GABAB receptor positive 
modulators are promising therapeutics for the treatment of various aspects 
of dependence (e.g., initiation, maintenance, and relapse) on various drugs of 
abuse, such as cocaine, nicotine, heroin, and alcohol. 

I. Introduction 

Studies in laboratory animals strongly suggest that the neurotransmitter 
g-aminobutyric acid (GABA) is critically involved in brain reward processes. 
Drugs of abuse powerfully stimulate the brain’s reward pathways and 
provide the means to study how GABA transmission modulates circuits 
involved in reward processes. Alterations in reward processes and hedonic 
homeostasis have been implicated in the development of drug addictions in 
humans (for review, see Koob & Volkow, 2010). The purpose of this review 
is to primarily discuss findings from studies in laboratory animals that 
explored the role of GABA transmission in reward processes, particularly 
in the context of the effects of drugs of abuse on reward. Accruing evidence 
from preclinical studies support the hypothesis that GABAB receptor ago
nists or positive modulators attenuate the rewarding effects of various drugs 
of abuse, such as cocaine, amphetamine, heroin, nicotine, and ethanol (see 
below; Table I). Accordingly, compounds modulating GABA transmission 
through actions at GABAB receptors have been proposed as useful thera
peutics for the treatment of drug addictions. 

A. The GABAergic System in Brain Reward Circuits 

Dopaminergic neurons projecting from the ventral tegmental area (VTA) 
to the nucleus accumbens (NAc) (Fallon & Moore, 1978) and amygdala 
(Fallon et al., 1978) have been implicated in reward processes (Koob & 
Volkow, 2010; Schultz, 2001, 2007; Tobler et al., 2005). These dopaminergic 
neurons receive descending GABAergic inputs from the ventral pallidum and 
NAc (Sugita et al., 1992; Walaas & Fonnum, 1979) which have an inhibitory 
effect on dopaminergic tone (Engberg et al., 1993; Klitenick et al., 1992) at  



TABLE I Effects of GABAB receptor compounds in reward processes and the rewarding effects of addictive drugs measured by behavioral 
procedures 

Drug Drug Dose GABAB Dose/Dose range Species Method Effects of GABAB receptor References 
compound compounds on the 

rewarding/reinforcing 
effects of drugs of abuse 

Baclofen 0, 3, 5.4, 10 Fisher rats ICSS # response decrement 
mg/kg, i.p. pattern (i.e., decrease in 

responding to receive 
electrical stimulation) 

Baclofen 0, 0.064, 0.128, Wistar rats ICSS " ICSS thresholds by high 
0.26, 0.52 mg/ doses of baclofen 
kg, intra-VTA (0.128, 0.26, and 

0.52 mg/kg) 
CGP44532	 0, 0.125, 0.25, Wistar rats ICSS " ICSS thresholds by all 

0.5, 1 mg/kg, compounds. Additive 
s.c. effects after co

CGP56433A 0, 2.5, 5, 7.5, administration of 
10 mg/kg, s.c. CGP44532 with either 

CGP51176 0, 0.3, 3, 30, of the two antagonists 
100, 300 mg/ 
kg, s.c. 

Baclofen	 0.12, 0.48 mg/kg, Sprague– ICSS " ICSS thresholds 
intra-VTA Dawley rats 

Baclofen 0, 0.1, 0.5, 2.5 Wistar rats Self-administration Self-administration of 
mM into the (FR1 schedule) baclofen in the MR 
MR and the CPP Injections in the DR 
DR induced CPP 

(Fenton & 
Liebman, 
1982) 

(Willick & 
Kokkinidis, 
1995) 

(Macey et al., 
2001) 

(Panagis & 
Kastellakis, 
2002) 

(Shin & Ikemoto, 
2010) 

(Continued) 



TABLE I (Continued ) 

Drug Drug Dose GABAB Dose/Dose range Species Method Effects of GABAB receptor References 
compound compounds on the 

rewarding/reinforcing 
effects of drugs of abuse 

Psychostimulants 

Cocaine 1.5 mg/kg/inj Baclofen 0, 1.25, 2.5, 5 mg/ Wistar rats Self-administration 
kg, i.p. (FR1 and PR 

schedules) 

1.5 mg/kg/inj	 Baclofen 0, 1.25, 2.5, 5 mg/ Wistar rats Self-administration 
kg, i.p. (discrete trials 

schedule) 
0.2, 0.4 mg/kg/inj	 Baclofen 0, 1.25, 2.5, 5 mg/ Wistar rats Self-administration 

Priming dose: kg, i.p. (FR1 schedule) 
3.2 mg/kg, i.v.	 Drug-induced 

reinstatement 

0.3, 0.6 mg/kg/inj GVG 0, 100, 200, 300, Wistar rats Self-administration 
400 mg/kg, i.p. (FR5 and PR 

schedules) 

20 mg/kg, i.p. GVG 0, 75, 112, 150, Sprague– CPP 
300 mg/kg, i.p. Dawley rats 

# breakpoints for cocaine 
self-administration 
(dose-dependent effect) 

No effect of baclofen under 
FR1 

# responding for cocaine 
self-administration 

# responding for cocaine 
self-administration 
(dose-dependent effect) 
in both cocaine groups 
(0.2, 0.4 mg/kg) 

Baclofen dose-dependently 
blocked cocaine-induced 
responding 

# responding for cocaine 
self-administration 
under both FR5 and PR 
(dose-dependent effect) 

GVG (112, 150, 300 mg/ 
kg) blocked the 
acquisition and 
expression of cocaine-
induced CPP 

(Roberts et al., 
1996) 

(Roberts & 
Andrews, 1997) 

(Campbell et al., 
1999) 

(Kushner et al., 
1999) 

(Dewey et al., 
1998) 



2.5, 5 mg/kg, i.p. GVG 0, 200, 300, 400 F-344 rats ICSS 
mg/kg, i.p. 

0.66 mg/kg/inj Baclofen 0, 2.5, 10 mg/kg, Sprague– Self-administration 
i.p. Dawley rats (FR5 and FR5 

100–300 ng multiple schedule) 
(intra-NAc) 

300 ng (intra-
VTA) 

2.5, 5 mg/kg, i.p. 
(for 3 or 5 
days, 
respectively) 

0.75 mg/kg/inj or CGP44532 0.063–0.5 mg/kg, Wistar rats Self-administration 
0.18, 0.37, i.p. (PR and discrete
0.75, 1.5 mg/ 0.125 mg/kg, i.p. trials schedule) 
kg/inj 

0.19, 0.38, 0.75, Baclofen 0, 1.8, 3.2, 5.6 Wistar rats Self-administration 
1.5 mg/kg/inj mg/kg, i.p. (FR1 and PR 

schedules) 

1.5 mg/kg/inj Baclofen 0, 32, 56, 100, Wistar rats Self-administration 
178, 320 ng/kg/ (PR schedule) 
inf, intra-VTA, 
intra-NAc, 
intra-striatum 

# thresholds by cocaine, 
blocking effect by GVG 
(400mg/kg) 

# responding for cocaine 
self-administration 
(dose-dependent effect) 
after systemic, intra-
NAc, or intra-VTA 
administration or after 
subchronic 
administration for 3 or 5 
days 

# breakpoints or 
responding for cocaine 
self-administration 
under both PR and 
discrete-trials schedules 
(dose-dependent effect) 

# cocaine self-
administration under 
both FR1 and PR (dose-
dependent effect) 

Larger intra-NAc doses of 
baclofen (180, 320 ng/ 
kg) were required to 
produce a similar effect 
compared with intra-
VTA and intra-striatum 
doses (56, 100 ng/kg) 

# breakpoints for cocaine 
self-administration 
(dose-dependent effect) 

(Kushner et al., 
1997) 

(Shoaib et al., 
1998) 

(Brebner et al., 
1999) 

(Brebner et al., 
2000a) 

(Brebner et al., 
2000b) 

(Continued) 



TABLE I (Continued ) 

Drug Drug Dose GABAB Dose/Dose range Species Method Effects of GABAB receptor References 
compound compounds on the 

rewarding/reinforcing 
effects of drugs of abuse 

0.3 mg/kg/inj 

3 mg/ml 

Baclofen 

Baclofen 

0, 30, 60 ng/kg/ 
inf, intra-VTA 

0, 30, 60 ng/kg/ 
inf, intra
pedunculo
pontine 
tegmental 
nucleus 

Long–Evans 
rats 

Long–Evans 
rats 

Self-administration 
(FR5 schedule) 

Self-administration 
(FR5 schedule) 

# cocaine self-
administration 
(nonsignificant) 

No effect on cocaine 
self-administration 

(Corrigall et al., 
2000) 

(Corrigall et al., 
2001) 

20 mg/kg, i.p. vigabatrin 300 mg/kg, i.p. Sprague– 
Dawley rats 

CPP " NAc dopamine in 
response to cocaine-
paired cues 

Vigabatrin completely 
abolished this increase 

(Gerasimov et al., 
2001) 

1.5 mg/kg/inj CGP56433A 0, 0.6, 1, 1.8 mg/ 
kg, i.p. 

Wistar rats Self-administration 
(FR1 and PR 
schedules) 

No effect on cocaine self
admnistration under 
either of the schedules 
tested 

(Brebner et al., 
2002b) 

Blocked the effect of 
baclofen on cocaine self-
administration 

10 mg/kg, i.p. CGP44532 0.063, 0.125, 
0.25 mg/kg, i.p. 

Sprague– 
Dawley rats 

ICSS No effect of CGP44532 on 
brain stimulation 
reward 

(Dobrovitsky 
et al., 2002) 

CGP44532 dose-
dependently reduced 
cocaine-induced reward 
enhancement 



1.5 mg/kg/inj (PR) CGP7930 0, 1, 10, 30 mg/ Sprague– Self-administration # breakpoints for cocaine (Smith et al., 
0.19, 0.38, kg, i.p. Dawley rats (FR1, PR, and self-administration by 2004) 
0.75, 1.5 mg/ GS39783 0, 1, 10, 30 mg/ discrete-trials CGP7930 (10, 30 mg/ 
kg/inj (FR1) kg, i.p. schedule) kg) and GS39783 

Baclofen 2.5 mg/kg, i.p. (30 mg/kg) 
# low doses of cocaine self-

administration under 
FR1 schedule by both 
modulators 

# cocaine self-
administration in 
discrete-trials schedule 
by baclofen (2.5 mg/kg), 
CGP7930 (30 mg/kg), 
and GS39783 (30 mg/kg) 

0, 0.03, 0.1, 0.3, GVG 0, 180, 320, 560 Sprague– Self-administration # cocaine self (Barrett et al., 
1, 3.2 mg/kg/inj mg/kg, i.p. Dawley rats (FR5 multiple administration by 2005) 

Baclofen 0, 1.8, 3.2, 5.6 mg/ schedule) baclofen and GVG at 
kg, i.p. doses that also affected 

food-maintained 
responding 

10 mg/kg, i.p. Baclofen 0, 2.5, 5 mg/kg, Sprague– ICSS No effects of GS39783 on (Slattery et al., 
p.o. Dawley rats ICSS 2005) 

GS39783 0, 10, 30, 100 mg/ " thresholds by baclofen 
kg, p.o. (dose-dependent effect) 

Co-administration of 
baclofen with GS39783 
attenuated the lowering 
of thresholds induced by 
cocaine (dose-dependent 
effect) 

(Continued) 



TABLE I (Continued ) 

Drug Drug Dose GABAB Dose/Dose range Species Method Effects of GABAB receptor References 
compound compounds on the 

rewarding/reinforcing 
effects of drugs of abuse 

0.5 mg/kg/inj SCH50911 0, 3, 10 mg/kg, Wistar rats Self-administration # cocaine self (Filip et al., 2007a) 
i.p. (FR5 schedule) administration by 

Baclofen 0, 1.25, 2.5, 5 baclofen (2.5, 5 mg/kg), 
mg/kg, i.p. SKF97541 (0.1, 0.3 mg/ 

SKF97541 0, 0.03, 0.1, 0.3 kg), and CGP7930 (30, 
mg/kg, i.p. 100 mg/kg) 

CGP7930 0, 10, 30, 100 No effect of SCH50911 
mg/kg, i.p. 

0.5 mg/kg/inj Gabapentine 0, 10, 30 mg/kg, Wistar rats Self-administration # cocaine self (Filip et al., 2007b) 
Priming dose: 
10 mg/kg, i.p. Tiagabine 

i.p. 
0, 5, 10 mg/kg, 

(FR5 schedule) 
Drug-induced 

administration by GVG 
and tiagabine (10 mg/kg) 

GVG 
i.p. 

0, 150, 250, i.p. 
reinstatement GVG blocked cocaine-

induced reinstatement 
Tiagabine nonsignificantly 

attenuated cocaine-
induced reinstatement 

No effect of gabapentin in 
either of the procedures 

0.5 mg/kg/inj Baclofen 1.25–5 mg/kg, i.p. Wistar rats Cue- and drug- All compounds dose (Filip & 
Priming dose: SKF97541 0.03–0.3 mg/kg, induced dependently blocked Frankowska, 
10 mg/kg, i.p. 

CGP7930 
SCH50911 

i.p. 
10–30 mg/kg, i.p. 
3–10 mg/kg, i.p. 

reinstatement both cue- and cocaine-
induced reinstatement 

Baclofen and SKF97541 

2007) 

also affected 
reinstatement of food-
seeking behavior 



0.032 mg/kg/inj	 Baclofen 0.32 mg/kg, i.m. Baboons Drug-induced 
Priming dose: CGP44532 (for all three (Papio reinstatement 
0.1–1.8 mg/ Tiagabine compounds) Anubis) 
kg, i.v. 

0.5 mg/kg/inj Baclofen 0, 0.125 mg/kg, Wistar rats Self-administration 
i.p. (FR5 schedule) 

SKF97541 0, 0.005 mg/kg, Chronic mild stress 
i.p. (forced swim) 

CGP7930 0, 0.3 mg/kg, 
i.p. 

SCH50911 0, 0.3 mg/kg, 
i.p. 

D-Amphet- 0.5 mg/kg, i.p. Baclofen 0, 1.5, 2.5, 5 mg/ Wistar rats CPP 
amine kg, i.p. 

Baclofen and CGP44532 (Weerts et al., 
attenuated cocaine 2007) 
induced reinstatement of 
cocaine-seeking 
behavior 

Tiagabine did not have an 
effect 

All compounds (Frankowska 
counteracted the et al., 2010) 
increased immobility 
time in the forced-swim 
test produced by 
discontinuation of 
cocaine self-
administration 

Baclofen attenuated the (Li et al., 2001) 
development (2.5 and 
5 mg/kg) and expression 
(1.5, 2.5, 5 mg/kg) of D-
methamphetamine-
induced CPP 

# D-amphetamine self (Brebner et al., 
administration by 2005) 
baclofen (3.2, 5.8 mg/ 
kg) in rats that were 
trained to self-
administer 0.1 mg/kg/ 
injection of D-
amphetamine 

No effect on self-
administration of 
0.2 mg/kg/injection of 
D-amphetamine 

# breakpoints for D-
amphetamine self-
administration by 
baclofen (dose-
dependent effect) 

(Continued) 

0.1, 0.2 mg/kg/inj Baclofen 0, 1.8, 3.2, 5.6 Sprague– Self-administration 
mg/kg, i.p. Dawley rats (FR1 and PR 

schedules) 



TABLE I (Continued ) 

Drug Drug Dose GABAB Dose/Dose range Species Method Effects of GABAB receptor References 
compound compounds on the 

rewarding/reinforcing 
effects of drugs of abuse 

Metham- 0, 0.0625, 0.125, Baclofen 0, 2.5, 5 mg/kg, 
phetamine 0.25 mg/kg/inj i.p. 

0, 1, 2.5, 5, 10mg/ GVG 0, 300 mg/kg, i.p. 
kg, i.p. 

Nicotine 0.4 mg/kg, s.c. GVG 18.75, 37.5, 75, 
150 mg/kg, i.p. 

30 mg/kg/inj Baclofen 0, 30, 60 ng/kg/ 
inj, intra-VTA 

0.4 mg/kg, s.c.	 ACC 0, 300 mg/kg, i.p. 

0.075mg/kg/inj	 R(+) baclofen 0, 0.625, 1.25, 
S(-) baclofen 2.5 mg/kg, i.p. 

Long–Evans Self-administration # breakpoints for all doses 
rats (PR schedule) of D-amphetamine self-

administration 
Sprague– CPP GVG blocked 

Dawley rats methamphetamine-
induced reinstatement of 
CPP 

Sprague– CPP All doses abolished the 
Dawley rats expression of nicotine-

induced CPP 
75 mg/kg also blocked the 

acquisition phase 
Long–Evans Self-administration # nicotine self-

rats (FR5 schedule) administration 
Sprague– CPP ACC attenuated the 

Dawley rats expression of nicotine-
induced CPP 

Mice Self-administration # nicotine self-
Long–Evans (FR1 schedule) administration by R,S 

rats baclofen (1.25, 2.5 mg/ 
kg) in mice 

# nicotine self-
administration by R,S 
baclofen (5 mg/kg) in 
rats 

(Ranaldi & Poeggel, 
2002) 

(DeMarco et al., 
2009) 

(Dewey et al., 
1999) 

(Corrigall et al., 
2000) 

(Ashby et al., 
2002) 

(Fattore et al., 
2002) 



0.01, 0.03 mg/kg/ GVG 0, 75, 150, 300 mg/ Wistar rats Self-administration 
inj kg, i.p. (FR5 schedule) 

0.03 mg/kg/inj Baclofen 0.9, 1.6, 2.8 mg/ Wistar rats Self-administration 
kg, i.p. (FR5 and PR 

CGP44532 0, 0.125, 0.5, 1 schedules) 
mg/kg, s.c. Cue-induced 

reinstatement 

0.03 mg/kg/inj CGP44532 0, 0.25, 0.5 mg/ Wistar rats Self-administration 
kg, s.c. (FR5 and PR 
(acute or schedules) 
repeated 
administra
tion for 14 
days) 

# nicotine (0.03 mg/kg) and (Paterson & 
food self-administration Markou, 2002) 
by the two highest doses 
of GVG 

# nicotine (0.01 mg/kg) 
self-administration 
by the highest dose 
of GVG 

# nicotine self (Paterson et al., 
administration by both 2004) 
compounds (dose-
dependent effect) 

Baclofen also decreased 
food-maintained 
responding 

# breakpoints for both 
nicotine and food self-
administration by 
CGP44532 

# nicotine self (Paterson et al., 
administration in the 2005b) 
first 7 days (0.25 mg/kg) 

# nicotine and food-
maintained responding 
(0.5 mg/kg) 

# cue-induced 
reinstatement of 
nicotine-seeking 
behavior (0.125, 
0.25 mg/kg) 

(Continued) 
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Drug Drug Dose GABAB Dose/Dose range Species Method Effects of GABAB receptor References 
compound compounds on the 

rewarding/reinforcing 
effects of drugs of abuse 

3.16 mg/kg/day, GVG 0, 75, 150, 300 Wistar rats ICSS No effect of GVG or (Paterson et al., 
free base, s.c. CGP44532 mg/kg, i.p. CGP44532 on brain 2005a) 

0, 065, 0.125, reward thresholds in 
0.25, 0.5 mg/kg, chronically saline- or 
s.c. nicotine-treated rats 

" thresholds by the highest 
dose of each drug 

" thresholds by intra-VTA 
CGP44532 in both 
saline- and nicotine-
treated groups 

0.06 mg/kg, s.c. GS39783 0, 10, 30, 100 mg/ Wistar rats CPP GS39783 (30–100 mg/kg) (Mombereau et al., 
kg, p.o. blocked the 2007) 

development, but not 
expression, of nicotine-
induced CPP 

0.4 mg/kg, s.c. Baclofen 0, 0.3, 1, 3 mg/kg, Sprague– CPP Baclofen blocked the (Le Foll et al., 
i.p. Dawley rats expression of nicotine 2008) 

induced CPP at the 
highest dose (3 mg/kg) 



0.03 mg/kg/inj CGP7930 0, 5, 10, 30 mg/ Wistar rats Self-administration 
kg, i.p. (FR5 and PR 

GS39783 0, 10, 20, 40 mg/ schedules) 
kg, p.o. ICSS 

CGP44532 0, 0.125, 0.25 mg/ 
kg, s.c. (FR5); 
0, 0.125, 0.25, 
0.375, 0.5 mg/ 
kg, s.c. (ICSS) 

BHF177 0, 10, 20, 40 mg/ 
kg, p.o. (FR5  
and PR); 0, 
3.75, 7.5, 15, 
30 mg/kg, i.p. 
(ICSS) 

30 mg/kg/inj Baclofen 0,0.612, 1.25, Sprague– Drug-induced 
Priming dose: 2.5 mg/kg, i.p. Dawley rats reinstatement 
0.15 mg/kg, i.p. C57/BL6 mice CPP 

Ethanol 
12%, v/v Balofen 3 mg/kg, i.p. for Long–Evans Self-administration 

14 days rats (two-bottle 
choice) 

# nicotine self (Paterson et al., 
administration 2008) 
(CGP7930, GS39783, 
CGP44532, BHF177) 

Co-administration of 
GS39783 and 
CGP44532 had additive 
effects 

# breakpoints for nicotine 
self-administration 
(BHF177) 

Nicotine-induced 
enhancement of brain 
reward function was 
blocked by BHF177 and 
CGP44532 

Baclofen blocked nicotine (Fattore et al., 
induced (0.15 mg/kg) 2009) 
reinstatement of 
nicotine-seeking 
behavior in rats (dose-
dependent effect) 

Baclofen also abolished 
nicotine-induced 
(0.3 mg/kg) 
reinstatement of CPP in 
mice 

# ethanol intake (Daoust et al., 
1987) 

(Continued) 



TABLE I (Continued ) 

Drug Drug Dose GABAB Dose/Dose range Species Method Effects of GABAB receptor References 
compound compounds on the 

rewarding/reinforcing 
effects of drugs of abuse 

20%, v/v, i.g. Baclofen 0, 10, 20, 40 mg/ Wistar rats Self-administration Baclofen decreased the (Colombo et al., 
kg, i.p. (acute) sP rats (two-bottle intensity of ethanol 2000) 

0, 2.5, 5, 10 mg/ choice) withdrawal (dose
kg, i.p. dependent effect) 
(chronic) Baclofen selectively and 

dose-dependently 
reduced voluntary 
ethanol intake 

10%, v/v Baclofen 0, 1, 3 mg/kg, i.p. sP rats Self-administration Repeated administration of (Colombo et al., 
CGP44532 0, 0.1, 0.3, 1 mg/ (FR4, two-bottle baclofen or CGP44532 2002) 

kg, i.p. choice) suppressed the 
acquisition of alcohol-
drinking behavior 

10%, v/v Baclofen 0, 1.8, 3.2, 5.6 mg/ Long–Evans Self-administration # alcohol and sucrose self (Anstrom et al., 
kg, i.p. rats (FR1, two-bottle 

choice) 
administration similarly 
(dose-dependent effect) 

2003) 

10%, v/v Baclofen 0, 1, 1.7, 3 mg/kg, sP rats Self-administration Baclofen (0, 1, 1.7, 3 mg/ (Colombo et al., 
i.p. (FR4, two-bottle kg, i.p.) completely 2003a) 

choice) suppressed the extra 
amount of alcohol 
consumed during the 
first hour of re-exposure 
to alcohol after 7 days of 
deprivation 



10%, v/v Baclofen 0, 1, 2, 3 mg/kg, sP rats Self-administration 
i.p.	 (FR4, two-bottle 

choice) 

10%, v/v Baclofen 0, 1, 3, 10, 17 mg/ C57BL/6J mice Self-administration 
kg, i.p. (FR1 schedule) 

SKF97541 0, 0.01, 0.03, 0.1, 
0.3, 1 mg/kg, 
i.p. 

10%, v/v Baclofen 0, 0.5, 1 mg/kg, sP rats Self-administration 
i.p.	 (FR4, two-bottle 

choice) 

All doses of baclofen 
produced a marked 
suppression of 
extinction responding 
for alcohol 

# ethanol self-
administration by both 
baclofen (10 mg/kg) and 
SKF97541 (0.3 mg/kg) 

No effect of baclofen on 
alcohol intake 

Baclofen dose-dependently 
suppressed morphine
(1 mg/kg) and WIN 
55,212-2- (2 mg/kg) 
induced increase in 
alcohol drinking 

# ethanol-induced CPP 

# ethanol- and sucrose-
reinforced responding 

Both CGP7930 and 
GS39783 dose-
dependently suppressed 
the acquisition of 
alcohol drinking 
behavior 

# alcohol intake only at the 
highest dose tested 

(Colombo et al., 
2003b) 

(Besheer et al., 2004) 

(Colombo et al., 
2004) 

(Bechtholt & 
Cunningham, 
2005) 

(Maccioni et al., 
2005) 

(Orru et al., 2005) 

(Continued) 

2 g/kg, i.p. Baclofen 0, 25, 50 ng/kg, DBA/2J mice CPP 
intra-VTA 

15%, v/v Baclofen 0, 1.7, 3 mg/kg, sP rats Self-administration 
i.p. (FR4, two-bottle 

choice) 
10%, v/v CGP7930 0, 25, 50, 100 mg/ sP rats Self-administration 

kg, i.p. (FR4, two-bottle 
GS39783 0, 6.25, 12.5, 25 choice) 

mg/kg, i.p. 



TABLE I (Continued ) 

Drug Drug Dose GABAB Dose/Dose range Species Method Effects of GABAB receptor References 
compound compounds on the 

rewarding/reinforcing 
effects of drugs of abuse 

10%, 20%, 30% 
v/v 

Baclofen 0, 1, 2, 3 mg/kg, 
i.p. 

sP rats Self-administration 
(FR4, two-bottle 
choice) 

Baclofen suppressed both 
aspects of the alcohol 
deprivation effect (i.e., 
the extra intake of 

(Colombo et al., 
2006) 

alcohol and the selection 

10%, v/v CGP7930 

Baclofen 

0, 10, 20 mg/kg, 
i.p. 

0, 2, 3 mg/kg, i.p. 

Inbred 
alcohol-
preferring 

Self-administration 
(FR3, two-bottle 
choice) 

of the highest alcohol 
concentration solution) 

# ethanol self-
administration 

(Liang et al., 2006) 

rats 
10%, v/v Baclofen 0, 0.5, 1, 2, 4 mg/ 

kg, i.p. (FR1) 
0, 2 mg/kg, i.p. 

(PR) 

Wistar rats Self-administration 
(FR1 and PR 
schedules) 

# ethanol self-
administration in both 
dependent and 
nondependent rats 
(dose-dependent effect) 
under the FR1 schedule 

(Walker & Koob, 
2007) 

# breakpoints for ethanol 
self-administration in 

15%, v/v GS39783 0, 25, 50, 100 mg/ 
kg, i.p. 

sP rats Self-administration 
(FR4, two-bottle 
choice) 

both groups 
# ethanol self-

administration (dose-
dependent effect) 

(Maccioni et al., 
2007) 



15%, v/v Baclofen 0, 3 mg/kg, i.p. sP rats Self-administration 
(FR4, two-bottle 
choice) 

Cue-induced 
reinstatement 

15%, v/v GS39783 0, 25, 50, 100 mg/ sP rats Self-administration 
kg, i.p. (PR schedule, two-

Baclofen 0, 1, 3 mg/kg, bottle choice) 
i.p. 

15%, v/v GHB 0, 25, 50, 100 mg/ sP rats Self-administration 
kg, i.p. (PR schedule, two-

bottle choice, 
single-session 
extinction 
responding) 

15%, v/v BHF177 0, 12.5, 25, 50 mg/ sP rats Self-administration 
kg, i.g. (FR4 and PR 

schedules, two-
bottle choice) 

15%, v/v rac-BHFF 0, 50, 100, 200 sP rats Self-administration 
mg/kg, i.g. (FR4, two-bottle 

choice) 
Opiates 
Heroin 0.06 mg/kg/inj Baclofen 0, 0.5, 1 mg/kg/inj Sprague– Self-administration 

Dawley rats (FR1 schedule) 

Baclofen attenuated cue-
induced reinstatement of 
alcohol-seeking 
behavior 

# breakpoints for ethanol 
self-administration 
(dose-dependent effect) 
by GS39783 

Baclofen also reduced the 
breakpoints for sucrose 
self-administration 

# breakpoints and single-
session extinction 
responding for alcohol 

# ethanol self-
administration (25 and 
50mg/kg) 

# breakpoints for ethanol 
self-administration 
(50mg/kg) 

# ethanol self-
administration (dose-
dependent effect) 

# acquisition and 
maintenance of heroin 
self-administration 

(Maccioni et al., 
2008a) 

(Maccioni et al., 
2008b) 

(Maccioni et al., 
2008c) 

(Maccioni et al., 
2009) 

(Maccioni et al., 
2010) 

(Xi & Stein, 1999) 

(Continued) 
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Drug Drug Dose GABAB Dose/Dose range Species Method Effects of GABAB receptor References 
compound compounds on the 

rewarding/reinforcing 
effects of drugs of abuse 

0.06 mg/kg/inj GVG 0, 20, 50 mg/kg, Sprague– Self-administration # heroin self (Xi & Stein, 2000) 
intra-VTA, Dawley rats (FR1 schedule) administration 
intra-ventral by i.c.v., intra-VTA, and 
pallidum, i.c.v. intra-ventral pallidum, 

2-OH-saclofen 2 mg/kg, i.v. but not intra-NAc GVG 
(dose-dependent effect), 
an effect blocked by 2
hydroxysaclofen 

# acquisition of heroin self-
administration by inta-
VTA GVG in drug-naive 
rats 

1.5 mg/kg, i.p. GVG 0, 300 mg/kg, i.p. Sprague– CPP GVG attenuated the (Paul et al., 2001) 
Dawley rats expression of heroin-

induced CPP 
30 mg/kg/inj Baclofen 0, 0.625, 1.25, Sprague– Drug-induced Baclofen blocked heroin (Xi & Stein, 1999) 

Priming dose: 2.5 mg/kg, i.p. Dawley rats reinstatement induced reinstatement of 
0.25 mg/kg, s.c. heroin-seeking behavior 

(dose-dependent effect) 
Morphine 8 mg/kg, s.c. Baclofen 0.1–1 nmol/side, Sprague– CPP Baclofen suppressed (Tsuji et al., 1996) 

intra-VTA Dawley rats morphine-induced CPP 
0, 5 mg/kg, s.c. Baclofen 0, 10 mg/kg, i.p. C57BL/6 mice CPP Baclofen blocked the (Kaplan et al., 

acquisition of morphine 2003) 
induced CPP 



0, 1, 3 mg/kg, s.c. Baclofen 0, 1, 2 mg/kg, Wistar rats CPP Baclofen decreased the (Zarrindast et al., 
intra-dorsal acquisition of morphine 2006) 
hippocampus induced CPP 

Phaclofen 0, 2, 3 mg/kg Phaclofen increased the 
acquisition of morphine-
induced CPP 

0.25, 0.5, 1 mg/ Baclofen 0, 1.5, 6 and Female Wistar CPP Both baclofen (1.5 and (Sahraei et al., 
kg, s.c. 12 mg/kg/inj, rats 12 mg/kg) and 2009) 

intra-VTA CGP35348 (12 mg/kg) 
CGP35348 0, 1.5, 6 and reduced the expression 

12 mg/kg/inj of morphine-induced 
CPP, whereas the 6 mg/ 
kg dose of baclofen 
increased it 

Both compounds 
significantly reduced the 
acquisition of morphine-
induced CPP in 
morphine-sensitized 
animals 

Morphine 8 mg/kg, s.c. Baclofen 0, 1.5, 3 mg/kg, Sprague– CPP Baclofen blocked both (Suzuki et al., 2005) 
Fentanyl 56 mg/kg, s.c. s.c. Dawley rats morphine- and fentanyl-

induced CPP 

" elevation/increase; # lowering/decrease; s.c., subcutaneous; inj., injection; i.c.v., intracerebroventricular; i.g., intragastric; i.m., intramuscular; i.p., 
intraperitoneal; i.v., intravenous; p.o., per os; see text for more abbreviations. 
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the level of both the VTA and NAc (Dewey et al., 1992; Heimer et al., 1991; 
Kalivas, 1993; Kalivas et al., 1992). There are GABA inhibitory afferents to 
dopaminergic VTA neurons (e.g., (Walaas & Fonnum, 1980; Yim & 
Mogenson, 1980a, 1980b), inhibitory GABA interneurons within the VTA, 
and medium spiny GABA neurons in the NAc that also inhibit mesolimbic 
dopamine release (for review, see (Kalivas, 1993; Kalivas et al., 1992). 

Other non-dopaminergic systems also play a key role in mediating 
reward processes (Hernandez et al., 2006; Nestler, 2005). For example, the 
dorsal and median raphe nuclei (DR and MR, respectively) contain seroto
nergic neurons projecting to the forebrain. These neurons are involved in 
inhibitory control over reward processes. These nuclei also contain GABAB 

receptors, which may be involved in reward processes (Wirtshafter & Shep
pard, 2001). Furthermore, the dorsal striatum does not appear to play a 
major role in the reinforcing effects of addictive drugs. However, it seems to 
play an important role in the development and maintenance of compulsive 
drug-seeking behavior (Everitt et al., 2008; Yin et al., 2005). Specifically, 
there is activation of dopaminergic neurons in the ventral striatum after acute 
administration of drugs of abuse, decreased glutamatergic activity during 
withdrawal, and increased glutamate release during drug-primed and cue-
induced drug seeking. These actions of drugs of abuse affect the functioning 
of the dorsal striatum where compulsivity occurs and the frontal cortex where 
deficits in executive function and poor decision-making contribute to 
increased incentive motivation for drugs over natural reinforcers (Koob & 
Volkow, 2010). Moreover, the extended amygdala, including the central 
nucleus of the amygdala, bed nucleus of the stria terminalis, and NAc shell, 
and its projections to the hypothalamus and brainstem are hypothesized to be 
a substrate for negative reinforcement processes. Considering that mesolimbic 
dopaminergic and dopamine-independent transmission contributes to aspects 
of reward anticipation, reward expectation, and the rewarding properties of 
drugs of abuse (e.g., cocaine, nicotine, ethanol, and opiates; for review, see 
Feltenstein & See, 2008; Hernandez et al., 2006; Kalivas & Volkow, 2005; 
Nestler, 2005; Weiss, 2005) and that the GABA system is the major inhibi
tory system in the brain altering the function of many other neurotransmitter 
systems, including those critically involved in reward processes, GABAergic 
pharmacological manipulations modulate the reinforcing and motivational 
properties of a variety of drugs of abuse. Here, we review preclinical studies 
that support the hypothesis that alterations in GABA neurotransmission, 
particularly through the GABAB receptor, affect brain reward system function 
and, consequently, the rewarding and motivational effects of drugs of abuse. 
Table I summarizes the effects of GABAB receptor compounds in reward 
processes and in the reinforcing effects of drugs of abuse. Table II provides 
descriptions of the main behavioral procedures used to study the reinforcing 
effects of addictive drugs. Table III presents the chemical name and descrip
tion of all of the GABAB compounds referenced in this review. 



TABLE II Definitions of behavioral procedures 

Behavioral procedure Description 

Intracranial self- A behavioral operant paradigm in which experimental animals 
stimulation (ICSS) learn to deliver brief electrical pulses into specific regions of 

their own brains that are considered to be part of the brain’s 
reward pathways mediating both natural and ICSS reward. 
Acute administration of most drugs of abuse, including 
cocaine, amphetamine, nicotine, morphine, and heroin, 
lowers ICSS thresholds in experimental animals, indicating a 
reward-facilitating effect. By contrast, withdrawal from 
chronic administration of these compounds induces 
elevations in ICSS thresholds, indicating an anhedonic state 
that resembles the negative affective state of the drug 
withdrawal syndrome experienced by humans. Lowering of 
the ICSS threshold indicates an increase in the reward value 
of the stimulation because less electrical stimulation is 
required for the subject to perceive the stimulation as 
rewarding. Conversely, elevations in thresholds indicate a 
decrease in the reward value of the self-stimulation because 
higher frequencies or current-intensity values are required 
before the subject perceives the stimulation as rewarding. 

Self-administration A procedure based on operant conditioning, in which animals 
learn to make a response to self-administer a reinforcer (e.g., 
a drug of abuse) after the completion of the reinforcement 
schedule requirement. A reinforcer is an event that follows a 
response and increases the probability of a response to 
reoccur. 

Fixed-ratio schedule of Under this schedule, the reinforcer is delivered every time a 
reinforcement predetermined number of responses is completed, and the 

delivery of a reinforcer is usually followed by a timeout 
period in self-administration studies to prevent the subjects 
from overdosing (e.g., FR1 or continuous reinforcement 
schedule, FR4, FR5, etc.). Data obtained from a fixed-ratio 
schedule provide a measure of drug intake and reinforcement 
efficacy. 

Progressive-ratio schedule Under this schedule, the response requirements are 
of reinforcement progressively increased after the delivery of each reinforcer, 

according to a predetermined progression. For example, the 
number of responses required to earn a nicotine infusion or 
food pellet on the progressive-ratio can be determined by the 
exponential progression [5e(0.25 � (infusion number +3) � 5], 
with the first two values replaced by 5 and 10, so that the 
response requirements for successive reinforcers are 5, 10, 
17, 24, 32, 42, 56, 73, 95, 124, 161, 208, etc. Breakpoints in 
this schedule are typically defined as the highest response 
rate achieved to obtain a single reinforcer before an animal 
fails to complete the next ratio requirement within a 
predetermined time period (e.g., 60 min). Data obtained 
from a progressive-ratio schedule provide a measure of the 
motivation (i.e., incentive value) to obtain a reinforcer. 

(Continued) 
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Behavioral procedure Description 

Discrete-trials schedule of 
reinforcement 

Conditioned place 
preference 

Reinstatement procedure 
(cue-, context-, drug-, or 
stress-induced 
reinstatement of drug-
seeking behavior) 

A procedure in which only a single injection of the drug is 
delivered during individual trials. The intertrial interval (ITI) 
can be adjusted to manipulate the influence of one injection 
on subsequent trials. When short ITIs are used, animals 
continuously self-administer a drug for long periods of time 
(hours or even days). When long ITIs are used, a regular 
circadian pattern of self-administration occurs (i.e., periods 
of abstinence during the light phase of the cycle alternate 
with periods of self-administration during the dark phase). 
Data obtained from a discrete-trials schedule provide a 
measure of the motivation to initiate drug-taking behavior. 

A procedure in which drug administration is paired with a 
specific environment and vehicle administration with a 
different environment. Subsequently, in a drug-free state, 
animals are tested for their preference for the drug-paired or 
non-paired environment. 

A procedure used to study cue-, context-, drug-, or stress-
induced reinstatement of drug seeking, hypothesized to be a 
putative model of relapse to drug seeking in humans. 
Animals learn to self-administer a drug for a period of time. 
Drug-reinforced lever responding is then extinguished, and 
reinstatement of drug-seeking behavior is subsequently 
triggered by a priming injection of a compound (drug
induced), a cue (or context) previously associated with the 
self-administration of the drug (cue- or context- induced), or 
a stressor (stress-induced reinstatement). 
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II.	 GABAB Receptor Agonists, GABAB Receptor Positive 
Modulators, and Reward: Effects on the Rewarding 
Properties of Food, Intracranial Self-Stimulation, and 
Drugs of Abuse 

GABA acts through GABAA, GABAB, and GABAC receptors. GABAB 

receptors consist of two subunits, GABAB1 and GABAB2. The GABAB1 

subunit exists in two isoforms, GABAB1a and GABAB1b. Either of these 
two isoforms can combine with the GABAB2 subunit to form a functional 
receptor (Mohler & Fritschy, 1999; White et al., 1998). These two 
types of receptors are differentially expressed presynaptically (both as 
heteroreceptors and autoreceptors) and postsynaptically on GABA and 
glutamate-releasing neurons (for details, see Chapter 3 in this volume). 

Numerous studies have investigated the effects of compounds acting on 
the GABAB receptor in reward processes per se (e.g., Fenton & Liebman, 



TABLE III Definitions of GABAB receptor compounds used in the text 

GABAB receptor active Chemical name/structure Description 
compound 

GVG (g-vinyl GABA, (R,S)-4-aminohex-5-enoic acid Indirect GABAB 

vigabatrin, receptor agonist; 
antiepileptic drug) irreversible 

inhibitor of GABA 
transaminase 

Baclofen (Kemstro, (R,S)-4-amino-3-(4-chlorophenyl) GABAB receptor 
Lioresal; treatment for butanoic acid agonist 
spasticity) 

CGP44532 (3-amino-2[S]-hydroxypropyl) GABAB receptor 
methylphosphinic acid agonist 

CGP7930 2,6-Di-tert-butyl-4-(3-hydroxy-2,2 GABAB receptor 
dimethyl-propyl)-phenol positive modulator 

BHF177 N-[(1R,2R,4S)-bicyclo[2.2.1]hept-2 GABAB receptor 
yl]-2-methyl-5-[4-(trifluoromethyl) positive modulator 
phenyl]-4-pyrimidinamine 

GS39783 N,N0-dicyclopentyl-2 GABAB receptor 
methylsulfanyl-5-nitro positive modulator 
pyrimidine-4,6-diamine 

SKF97541 3-aminopropyl(methyl)phoshinic GABAB receptor 
acid agonist 

SCH50911 (2S)-(+)-5,5-dimethyl-2 GABAB receptor 
morpholineacetic acid antagonist 

GHB (Xyrem; treatment g-hydroxybutyric acid Weak GABAB 

for cataplexy and receptor agonist; 
narcolepsy) GHB receptor 

(GPR172A) 
agonist 

ACC 1R,4S-4-amino-cyclopent-2-ene Reversible inhibitor 
carboxylic acid of GABA 

transaminase 
rac-BHFF (R,S)-5,7-di-tert-butyl-3-hydroxy-3 GABAB receptor 

trifluoromethyl-3H-benzofuran-2 positive modulator 
one 

CGP35348 3-Aminopropyl(diethoxymethyl) GABAB receptor 
phosphinic acid antagonist 

CGP56433A [3-{1-(S)-[{3-(cyclohexylmethyl) GABAB receptor 
hydroxy phosphinyl}-2-(S) antagonist 
hydroxypropyl]amino}ethyl] 
benzoic acid 

CGP51176 3-amino-2-(R)-hydroxypropyl GABAB receptor 
cyclohexylmethyl-phosphinic acid antagonist 

Tiagabine (Gabitril; (R)-1-[4,4-bis(3-methylthiophen-2 GABA reuptake 
antiepileptic drug) yl)but-3-enyl] piperidine-3 inhibitor 

carboxylic acid 

(Continued) 
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GABAB receptor active Chemical name/structure Description 
compound 

Gabapentin (Neurontin; 2-[1-(aminomethyl)cyclohexyl]acetic Cyclic GABA analog 
antiepileptic drug, acid 
treatment for 
neuralgia) 

2-hydroxysaclofen (2 (R,S)-3-Amino-2-(4-chlorophenyl)-2 GABAB receptor 
OH-saclofen) hydroxypropyl-sulfonic acid antagonist 

Phaclofen [3-amino-2-(4-chlorophenyl)propyl] GABAB receptor 
(phosphonobaclofen) phosphonic acid antagonist 
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1982; Macey et al., 2001; Panagis & Kastellakis, 2002; Shin & Ikemoto, 
2010; Willick & Kokkinidis, 1995). The results of these studies showed that 
GABAB receptors differentially affect reward processes in different brain 
regions, and GABAB receptor activation has different effects in behavioral 
procedures that assess reward processes. 

The intracranial self-stimulation (ICSS) procedure is a behavioral oper
ant paradigm in which experimental animals learn to deliver brief electrical 
pulses into specific regions of their own brains that are considered to be part 
of the brain’s reward pathways mediating both natural and ICSS reward 
(Table II). Acute administration of most drugs of abuse, including cocaine, 
D-amphetamine, nicotine, morphine, and heroin, lower ICSS thresholds in 
experimental animals, indicating a reward-facilitating effect (Vlachou & 
Markou, 2010). By contrast, withdrawal from chronic administration of 
these compounds induces elevations in ICSS thresholds, indicating an anhe
donic state that resembles the negative affective state of the early drug 
withdrawal syndrome experienced by humans. 

In the ICSS procedure, the GABAB receptor agonist baclofen negatively 
regulated brain reward function, reflected by elevated reward thresholds for 
medial forebrain bundle stimulation (Fenton & Liebman, 1982; Macey 
et al., 2001; Panagis & Kastellakis, 2002; Willick & Kokkinidis, 1995). 
Similarly, intra-VTA injections of baclofen also reduced the reward value of 
the stimulation, reflected in threshold elevations, when the electrode was 
placed in the lateral hypothalamus or ventral pallidum (Panagis & Kastella
kis, 2002; Willick & Kokkinidis, 1995). Interestingly, both agonists and 
antagonists induce a reward decrement in the ICSS procedure. The GABAB 

receptor agonist (3-amino-2[S]-hydroxypropyl)-methylphosphinic acid 
(CGP44532) and the GABAB receptor antagonists [3-{1-(S)-[{3-(cyclohexyl
methyl)hydroxy phosphinyl}-2-(S) hydroxypropyl]amino}ethyl]benzoic acid 
(CGP56433A) and 3-amino-2-(R)-hydroxypropyl-cyclohexylmethyl
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phosphinic acid (CGP51176) elevated ICSS thresholds, reflecting dimin
ished reward, when administered separately, whereas co-administration of 
either of the two antagonists with the agonist induced an additive effect on 
threshold elevations rather than blockade of the effects of the agonist 
(Macey et al., 2001). These findings are unexpected and reveal a complex 
pattern of action for the GABAB compounds, possibly through differential 
effects on pre- versus postsynaptic GABAB receptors. 

In a recent study, Shin and Ikemoto (Shin & Ikemoto, 2010) examined 
the effects of direct injections of baclofen into the MR and DR nuclei 
in reward processes, assessed by the self-administration and conditioned 
place preference (CPP) procedures. As mentioned previously, the raphe 
nuclei contain GABAB receptors that negatively modulate their function. 
The results indicated that rats trained under a fixed-ratio 1 (FR1) schedule 
of reinforcement (Table II) more readily self-administered baclofen 
(0–2.5 mM) in the MR than in the DR. By contrast, injections of baclofen 
(0, 0.1, and 0.5 mM) in the DR were more effective than injections 
into the MR at inducing CPP. These effects of baclofen were attenuated 
by co-administration of the GABAB receptor antagonist (2S)-(+)-5,5
dimethyl-2-morpholineacetic acid (SCH50911) or the dopamine D1 recep
tor antagonist 7-chloro-3-methyl-1-phenyl-1,2,4,5-tetrahydro-3-benzaze
pin-8-ol (SCH23390), indicating that GABAB receptors located on MR 
and DR serotonergic neurons are involved in reward processes. GABAB 

receptors can be found on GABAergic afferents, which inhibit GABAergic 
inputs to serotonergic neurons by disinhibiting them. Thus, baclofen admin
istration in MR and DR nuclei could differentially affect reward processes 
by exerting opposing effects on serotonergic neurons (Shin & Ikemoto, 
2010). 

The aforementioned results clearly indicate a critical role of the GABA 
system, particularly the GABAB receptor, in reward processes. Partly 
because of these strong indications about the role of the GABA system in 
reinforcement processes, multiple studies in laboratory animals have 
explored the effects of GABAB compounds on the rewarding effects of 
drugs of abuse from a variety of pharmacological classes. These findings 
are reviewed below, organized by drug of abuse. 

A. The Psychomotor Stimulant Cocaine 

1. GABAB Receptor Agonists 

g-vinyl GABA (GVG), also referred to as vigabatrin, is an indirect 
GABA receptor agonist, whose administration leads to increased GABA 
levels (Jung et al., 1977) (Table III). GVG is not an addictive drug and 
does not appear to produce tolerance or show withdrawal effects (Takada 
& Yanagita, 1997). GVG is used clinically for the treatment of partial 
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complex seizures. Systemic injections of GVG (i) decreased cocaine self-
administration in rats (Kushner et al., 1999), (ii) decreased cocaine self-
administration in a preliminary open clinical trial in human cocaine addicts 
(Ling et al., 1998), (iii) attenuated cocaine-induced lowering of brain reward 
thresholds (i.e., attenuated the reward-enhancing effects of cocaine on ICSS 
reward; Kushner et al., 1997), and (iv) abolished the expression and acquisi
tion of cocaine- and nicotine-induced CPP (Dewey et al., 1998, 1999). 
However, although no toxicity was observed after administration of GVG 
or co-administration of high doses of GVG and cocaine in rats (Molina 
et al., 1999), GVG has severe side-effects, including visual field constriction 
and blurring after chronic therapy, which limit its clinical use (Ascaso et al., 
2003; Schmitz et al., 2002; Wohlrab et al., 1999; but see Brodie, 2005). 

Baclofen, a direct GABAB receptor agonist with fewer side effects than 
GVG (Table III), decreases cocaine self-administration in rats under several 
different schedules of reinforcement (Brebner et al., 2000a, 2000b; 
Campbell et al., 1999; Roberts et al., 1996; Shoaib et al., 1998; for review, 
see Roberts & Brebner, 2000; Roberts, 2005). Specifically, baclofen 
decreased cocaine self-administration under both FR1 and progressive-
ratio (PR) schedules of reinforcement (Brebner et al., 2000a) (Table II), 
suggesting that baclofen decreases both the rewarding and incentive proper
ties of cocaine (Fig. 1A). Importantly, in this study, the effect of baclofen 
depended on the unit injection dose of cocaine (Brebner et al., 2000a). 
Baclofen had no effect on cocaine self-administration with high unit injec
tion doses (1.5 mg/kg/injection). In another study, baclofen dose-
dependently decreased breakpoints for cocaine self-administration under a 
PR schedule, indicating that baclofen decreases the motivation for cocaine 
(Roberts et al., 1996) (Fig. 2A). Importantly, baclofen had small effects on 
food-maintained responding and only at the highest dose tested, indicating 
that cocaine reinforcement is more readily disrupted by baclofen adminis
tration than responding for food. Interestingly, when a discrete-trials sche
dule of reinforcement was used (Table II), acute baclofen treatment 
suppressed cocaine intake in two groups of rats self-administering cocaine 
for 4 h under different 12 h light/dark cycles (10:00 AM–10:00 PM or 3:00 
AM–3:00 PM; Roberts & Andrews, 1997). Baclofen also blocked cocaine-
and cue-induced reinstatement of cocaine-seeking behavior in both rats 
(Campbell et al., 1999; Filip & Frankowska, 2007) and baboons (Weerts 
et al., 2007), indicating potential anti-relapse properties of baclofen in 
psychostimulant addiction. The reinstatement procedure is an animal 
model commonly used to study addictive drug-seeking behavior (Epstein 
et al., 2006; Schmidt et al., 2005; See, 2005) (Table II). Furthermore, the 
GABAB receptor agonist CGP44532 dose-dependently decreased cocaine 
self-administration on a PR schedule of reinforcement (Brebner et al., 
1999). Additionally, CGP44532 reduced cocaine-induced enhancement of 
brain stimulation reward (Dobrovitsky et al., 2002). 
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Various other GABA-mimetic drugs had diverse effects on cocaine self-
administration (Filip et al., 2007b). Both GVG and the GABA reuptake 
inhibitor tiagabine (Table III) significantly decreased cocaine-maintained 
responding (0.5 mg/kg/injection) on an FR5 schedule of reinforcement. 
GVG blocked reinstatement of cocaine seeking after a cocaine priming 
injection, whereas tiagabine non-significantly attenuated cocaine priming-
induced cocaine-seeking behavior. However, gabapentin (Table III) did not 
alter cocaine self-administration or cocaine-induced reinstatement of 
cocaine-seeking behavior (Filip et al., 2007b). Moreover, administration of 
the GABAA receptor agonists muscimol, baclofen, and GVG, among other 
GABAB receptor agonists and GABAA receptor agonists and modulators, 
decreased cocaine self-administration, although at doses that also affected 
food-maintained responding (Barrett et al., 2005). 

Furthermore, microinjections of baclofen or CGP44532 directly into the 
NAc shell, VTA, or peduncular pontine nucleus, but not caudate-putamen 
(Brebner et al., 2000b; Corrigall et al., 2000, 2001; Shoaib et al., 1998), 
decreased the reinforcing effects of cocaine, heroin, alcohol, and nicotine 
(Colombo et al., 2002; Fattore et al., 2002; Paterson & Markou, 2002; 
Xi & Stein, 1999) and cocaine-seeking behavior in a second-order schedule 
of reinforcement which assesses the motivation to self-administer drugs 
(Di Ciano & Everitt, 2002). By contrast, 4,5,6,7-tetrahydroisoxazolo(5,4
c)pyridin-3-ol hydrochloride, a GABAA receptor agonist, or the inactive (+) 
baclofen enantiomer did not modify cocaine (Shoaib et al., 1998) or nicotine 
(Paterson & Markou, 2002) self-administration. Consistent with the above 
data, GVG administration abolished the dopamine increase in the NAc 
triggered by exposure of animals to environmental cues previously paired 
with cocaine administration (Gerasimov et al., 2001). 

These effects of GABAB receptor agonists on drug self-administration in 
experimental animals are consistent with clinical studies showing baclofen 
to be an effective treatment in cocaine-abstinent humans (Ling et al., 1998; 
Shoptaw et al., 2003) and in preventing cue-induced craving and concurrent 
activation of relevant brain areas in cocaine-abstinent humans (Brebner 
et al., 2002a; but see Kahn et al., 2009). In this latter study, individuals 
with severe cocaine dependence received either placebo or 60 mg/kg/day 
baclofen for 8 weeks. The results showed no significant differences between 
the two groups on self-reported cocaine use and urine benzoylecgonine 
levels. The discrepancy between the results of this study and other clinical 
studies using the same dose of baclofen may be attributed to the focus of this 
study on heavy cocaine-dependent users (Kahn et al., 2009) who may 
require higher baclofen doses for a therapeutic effect to emerge. The most 
promising results on the effects of baclofen on cocaine- and cue-induced 
craving come from brain imaging studies in cocaine patients. These studies 
showed that patients receiving baclofen twice daily for 7–10 days showed 
substantial inhibition of cue-induced cocaine craving and no activation of 
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FIGURE 1 Effects of GABAB receptor agonists on the reinforcing effects of psychoactive drugs. 
(A) Effect of baclofen (1.8, 3.2, or 5.6 mg/kg, i.p.) on cocaine self-administration under an FR1 
schedule of reinforcement in Wistar rats. Data are expressed as mean (+ SEM) number of injections 
self-administered during a 3 h baseline (Base) or test session. Separate groups of animals were trained 
to respond for either 0.75or1.5mg/kg/injectionof cocaine andwerepretreatedwithbaclofen30min 
before the session. Self-administration of the lower unit dose (0.75 mg/kg/injection) was significantly 
affected by both 3.2 and 5.6 mg/kg baclofen (p < 0.05), whereas the high unit injection dose 
(1.5 mg/kg) was significantly reduced only by 5.6 mg/kg baclofen (p < 0.05). (B) Effect of baclofen 
(1.78, 3.16, and 5.62 mg/kg, i.p.) on D-amphetamine self-administration under an FR1 schedule of 
reinforcement in Sprague–Dawley rats. Data are expressed as mean (+ SEM) number of injections 
self-administeredduringa5hbaseline (Base) or test session.Twoseparate groupsof ratswere trained 
to respond for either 0.2 or 0.1 mg/kg/injection of D-amphetamine and were pretreated with baclofen 



(saline, 1.78, 3.16, and 5.62 mg/kg, i.p.) 30 min before the session. Self-administration of the lower 
dose of D-amphetamine was significantly affected by both the 3.2 and 5.6 mg/kg doses of baclofen 
(�p < 0.05), whereas baclofen did not affect responding for the high dose of D-amphetamine. (C) 
Effects of (-)baclofen (0, 0.9, 1.6, and 2.8 mg/kg, i.p.) on nicotine- and food-maintained responding 
underanFR5 schedule of reinforcement inWistar rats.Data are expressedas a percentage of baseline 
(mean + SEM) across a range of (-)baclofen (active enantiomer) doses and 0.09 mg/kg (+)baclofen 
(inactive enantiomer; nicotine group only). �p < 0.05, ��p < 0.01, significant difference from the 
vehicle pretreatment condition; ##p < 0.01, significant difference from food-maintained responding. 
(D) Effects of CGP44532 (0, 0.25, 0.5, and 1 mg/kg, s.c.) on nicotine- and food-maintained 
responding under an FR5 schedule of reinforcement in Wistar rats. Data are expressed as a 
percentage of baseline (mean + SEM). �p < 0.05, ��p < 0.01, significant difference from the 
vehicle pretreatment condition; #p < 0.05, significant difference from food-maintained responding. 
(E) Effects of baclofen (0, 0.5, 1, 2, and 4 mg/kg, i.p.) on ethanol administration in nondependent and 
ethanol-dependent Wistar rats under an FR1 schedule of reinforcement. Data are expressed as mean 
(+ SEM) lever-presses for ethanol. ##p < 0.01, significant difference between control and ethanol-
dependent groups; �p < 0.05, ��p < 0.01, compared with the appropriate ethanol nondependent or 
ethanol-dependent vehicle control. (F) Within-session effects of heroin (0.06 mg/kg) plus baclofen 
co-administration on heroin self-administration behavior under an FR1 schedule of reinforcement in 
Sprague–Dawley rats. Data are expressed as mean (+ SEM) lever-presses for heroin self-
administration. Baclofen dose-dependently decreased the acquisition of heroin self-administration 
but did not support self-administration behavior per se. No direct comparisons of effect sizes can be 
made among the figures presented here because these studies used different methodologies, GABAB 

receptor compounds, dose ranges, and data analyses. [Figures taken with permission from: Brebner 
et al., 2000a (cocaine; Fig. 1A), Brebner et al., 2005 (D-amphetamine; Fig. 1B), Paterson et al., 2004 
(nicotine; Fig. 1C and 1D), Walker & Koob, 2007 (ethanol; Fig. 1E), Xi & Stein, 1999 (heroin; 
Fig. 1F)]. 
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the limbic anterior cingulate or amygdala during cocaine versus non-drug 
video presentation (for review, see Brebner et al., 2002a). However, admin
istration of baclofen resulted in side-effects in a number of studies, often 
attributable to the high doses required to achieve effective or desirable 
effects (Adams & Lawrence, 2007). Some of these side-effects include seda
tion, nausea, dizziness, drowsiness, mental confusion, and motor impair
ment. These side-effects may potentially limit the usefulness of baclofen in 
the treatment of drug addiction. GABAB receptor positive modulators, 
therefore, may provide a more attractive therapeutic approach than direct 
GABAB agonists for the treatment of drug dependence. 

High-affinity GABAB receptor antagonists that rapidly cross the blood-
brain barrier have also been developed (Froestl et al., 1995b). As expected 
from the effects of the GABAB receptor agonists, the GABAB receptor 
antagonist CGP56433A had no effect on cocaine self-administration 
(1.5 mg/kg/injection) under either an FR1 or PR schedule of reinforcement, 
whereas at the highest dose tested (1.8 mg/kg) it attenuated the effect of 
baclofen on cocaine, but not heroin, self-administration (Brebner et al., 
2002b). Moreover, the selective GABAB receptor antagonist SCH50911 
abolished GVG’s attenuation of cocaine-induced increases in NAc dopa
mine, suggesting that the mechanisms underlying this attenuation are partly, 
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FIGURE 2 Effects of GABAB receptor agonists on the motivational effects of psychoactive 
drugs. (A) Effects of baclofen on responding for either cocaine or food reinforcement in Wistar 
rats. Data are expressed as mean (+ SEM) breakpoints on a PR schedule of reinforcement. 
Animals received various doses of baclofen or vehicle 30 min before the test session. Baclofen 
pretreatment dose-dependently decreased breakpoints for cocaine and food reinforcement, with 
a relatively small effect on food intake. (B) Effects of baclofen on D-amphetamine self-
administration on a PR schedule of reinforcement in Sprague–Dawley rats. Two separate 
groups of rats were treated with baclofen (saline, 1.8, 3.2, and 5.6 mg/kg, i.p.) 30 min prior 
to the test session. Data are expressed as mean (+ SEM) breakpoints on a PR schedule of D-
amphetamine reinforcement (0.1 or 0.2 mg/kg/injection) under baseline (Base) conditions or 
after baclofen administration. Baclofen dose-dependently decreased breakpoints for D-
amphetamine. All three doses of baclofen significantly reduced breakpoints in rats responding 
for the low dose of †

D-amphetamine ( p < 0.05), whereas only the two highest doses of baclofen 
reduced responding for 0.2 mg/kg D-amphetamine (�p < 0.05). (C) Effects of CGP44532 
administration on nicotine- and food-maintained responding under a PR schedule of 
reinforcement in Wistar rats. Data are expressed as mean (+ SEM) number of infusions/food 
pellets earned after CGP44532 pretreatment. Ordinates reflect nicotine-reinforced breakpoints. 
�p < 0.05, ��p < 0.01, significant difference from vehicle pretreatment for each group. (D) 
Effect of baclofen on breakpoints for alcohol in selectively bred Sardinian alcohol-preferring 
(sP) rats. Saline and baclofen (1 and 3 mg/kg, i.p.) were injected 30 min before the start of the 
test session. Each bar represents the mean (+ SEM) of breakpoints. �p < 0.05, ��p < 0.01, 
���p < 0.001, compared with saline-treated rats. No direct comparisons can be made among 
the findings presented here because different studies used different methodologies, GABAB 

receptor compounds, dose ranges, and data analyses. [Figures taken with permission from: 
Roberts et al., 1996 (cocaine; Fig. 2A), Brebner et al., 2005 (D-amphetamine; Fig. 2B), Paterson 
et al., 2004 (nicotine; Fig. 2C), Maccioni et al., 2008b (ethanol; Fig. 2D)]. 
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if not completely, mediated by activation of GABAB receptors (Ashby et al., 
1999). 

2. GABAB Receptor Positive Allosteric Modulators 

The GABAB receptor positive modulator 2,6-di-tert-butyl-4-(3
hydroxy-2,2-dimethyl-propyl)-phenol (CGP7930) (Urwyler et al., 2001) 
reduced cocaine self-administration (1.5 mg/kg/injection) under a PR sche
dule of reinforcement, indicating reduced motivation to self-administer 
cocaine (Smith et al., 2004) (Fig. 3A). This effect of CGP7930 was more 
potent than the effect of another GABAB receptor positive modulator, N,N0
dicyclopentyl-2-methylsulfanyl-5-nitro-pyrimidine-4,6-diamine (GS39783) 
(Urwyler et al., 2003), which only decreased cocaine self-administration at 
the highest dose tested (Smith et al., 2004) (Fig. 3B). The effects of both 
CGP7930 and GS39783 were also tested on cocaine self-administration 
under FR1 and discrete-trials schedules of reinforcement in rats trained to 
self-administer different doses of cocaine (Smith et al., 2004). Both GABAB 

receptor positive modulators decreased responding for the lowest dose of 
cocaine (0.19 mg/kg) (Fig. 4B) but did not have an effect at higher cocaine 
doses (0.38–1.5 mg/kg). In the discrete-trials procedure, baclofen, 
CGP7930, and GS39783 decreased cocaine self-administration, although 
at different time-points after administration for each compound (Smith 
et al., 2004). In another recent study, the GABAB receptor agonists baclofen 
and 3-aminopropyl(methyl)phoshinic acid (SKF 97541) and the GABAB 

receptor positive modulator CGP7930 decreased cocaine self-administra
tion under an FR5 schedule of reinforcement (Fig. 4A), whereas the GABAB 

receptor antagonist SCH50911 did not alter cocaine self-administration 
(Filip et al., 2007a). Baclofen or SKF97541, but not CGP7930 or 
SCH50911, also attenuated food-maintained responding, indicating a selec
tive effect of the GABAB receptor positive modulator compared with the 
GABAB receptor agonist on self-administration of cocaine versus the natural 
reinforcer food. The inhibitory effects of the GABAB receptor agonists and 
positive modulators were blocked by SCH50911 (Filip et al., 2007a). 
GS39783 selectively decreased cocaine-, but not food-, maintained respond
ing, whereas after a period of extinction, the GABAB receptor antagonist 
SCH50911 also dose-dependently attenuated responding on the previously 
cocaine-paired lever during both cue- and cocaine priming-induced reinstate
ment conditions. SCH50911 failed to alter reinstatement of food-seeking 
behavior. The GABAB receptor agonists baclofen and SKF97541 attenuated 
cocaine- and food-seeking behavior, whereas the GABAB receptor positive 
modulator CGP7930 reduced cocaine seeking without affecting food-induced 
reinstatement of food-seeking behavior (Filip & Frankowska, 2007). These 
results indicate that tonic activation of GABAB receptors is required for 
cocaine-seeking behavior in rats. 
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FIGURE 3 Effects of GABAB receptor positive modulators on the motivational effects of 
psychoactive drugs. (A and B) Effects of various doses of CGP7930 (left panel) and GS39783 
(right panel) on cocaine self-administration under a PR schedule of reinforcement in Sprague– 
Dawley rats. Ordinates reflect cocaine-reinforced breakpoints (+ SEM) on the left and final 
ratio values on the right; abscissa shows doses of CGP7930 and GS39783 in mg/kg body 
weight. Data above “Base” represent the baseline values; data above “Veh” represent the effects 
of vehicle. �p < 0.05, significant difference from baseline values. (C) Effects of BHF177 on 
nicotine- and food-maintained responding under a PR schedule of reinforcement in Wistar rats. 
Data are expressed as mean (+ SEM) number of reinforcers earned (left ordinal axis) and 
corresponding final ratio attained (i.e., breakpoints; right ordinal axis). �p < 0.05, 
���p < 0.001, significant difference compared with nicotine-maintained responding after 
administration of vehicle; †p < 0.05, significant difference compared with food-maintained 
responding after administration of vehicle. +++p < 0.001, significant difference between 
nicotine- and food-maintained responding within specific doses of BHF177. (D) Effect of 
GS39783 on breakpoints (mean + SEM) for alcohol in selectively bred Sardinian alcohol-
preferring (sP) rats. Rats were trained to lever-press for oral alcohol (15% v/v). Breakpoint 
was defined as the lowest response requirement not completed by each rat. Water or GS39783 
(25, 50, and 100 mg/kg, i.g.) were administered 60 min before the start of the test session. 
�p < 0.05, ��p < 0.01, compared with vehicle-treated rats. No direct comparisons can be made 
among the findings presented here because different studies used different methodologies, 
GABAB receptor compounds, dose ranges, and data analyses. [Figures taken with permission 
from: Smith et al., 2004 (cocaine; Fig. 3A and 3B), Paterson et al., 2008 (nicotine; Fig. 3C), 
Maccioni et al., 2008b (ethanol; Fig. 3D)]. 
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FIGURE 4 Effects of GABAB receptor positive modulators on the reinforcing effects of 
psychoactive drugs. (A) Effects of CGP7930 on cocaine self-administration under an FR5 
schedule of reinforcement in Wistar rats. Number of active lever presses during cocaine self-
administration (mean of the last 3 maintenance days + SEM). During self-administration, 
active lever responses resulted in the delivery of a cocaine infusion (0.5 mg/kg/injection) and 
simultaneous presentation of a light+tone compound stimulus. ��p < 0.01, ���p < 0.001, 
compared with vehicle group. (B) Effects of GS39783 (10 mg/kg) on cocaine self-
administration under an FR1 schedule of reinforcement in Sprague–Dawley rats. Ordinates 
reflect the number of responses during the 4 h session (mean + SEM); abscissa shows unit 
doses of cocaine in mg/kg/injection. �p < 0.05, significant difference from vehicle control 
values. (C) Effects of BHF177 on nicotine- and food-maintained responding under an FR5 
schedule of reinforcement in Wistar rats. The graph shows nicotine- and food-maintained 
responding expressed as a percentage of baseline number of rewards earned (mean + SEM). 
Asterisks and daggers indicate significant differences compared with nicotine- or food-
maintained responding after administration of either vehicle ( p < 0.01) or 10 mg/kg 
BHF177 (†

��
p < 0.05), respectively. (D) Effect of rac-BHFF under an FR4 schedule of 

reinforcement on the total number of responses for alcohol (mean + SEM) in selectively bred 
Sardinian alcohol-preferring (sP) rats. �p < 0.01, ��p < 0.001, compared with vehicle-treated 
rats. No direct comparisons can be made among the findings presented here because different 
studies used different methodologies, GABAB receptor compounds, dose ranges, and data 
analyses. [Figures taken with permission from: Filip et al., 2007a (cocaine; Fig. 4A), Smith 
et al., 2004 (cocaine; Fig. 4B), Paterson et al., 2008 (nicotine; Fig. 4C), Maccioni et al., 2010 
(ethanol; Fig. 4D)]. 
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Importantly, although the GABAB receptor positive modulator 
GS39783 had no effects in the ICSS procedure per se, baclofen dose-
dependently elevated thresholds. Co-administration of baclofen with 
GS39783 dose-dependently attenuated the lowering of thresholds induced 
by cocaine in rats (Slattery et al., 2005). Interestingly, acute administra
tion of baclofen, SKF97541, the GABAB receptor positive allosteric mod
ulator CGP7930, and the GABAB receptor antagonist SCH50911 
counteracted the increased immobility time in the forced-swim test pro
duced by discontinuation of cocaine self-administration in rats trained to 
self-administer cocaine for 14 days (Frankowska et al., 2010). This find
ing indicates that either blockade or enhancement of GABA transmission 
through administration of GABAB receptor ligands can reduce cocaine 
craving. 

B.	 The Psychomotor Stimulants Amphetamine and 
Methamphetamine 

In addition to cocaine, studies have also been conducted investigating the 
effects of GABAB receptor compounds on other psychostimulants, such as D-
amphetamine and methamphetamine. Methamphetamine induced CPP after 
20 days of conditioning (10 alternating pairing days of conditioning with 
either saline or methamphetamine). After subsequent extinction sessions, 
acute GVG administration blocked methamphetamine-induced reinstate
ment of CPP when administered 2.5 h prior to a methamphetamine challenge 
dose (DeMarco et al., 2009). This effect indicated a possible therapeutic 
effect of GVG in the treatment of methamphetamine dependence in terms 
of relapse prevention. Furthermore, GVG administration dose-dependently 
inhibited methamphetamine-induced increases in NAc dopamine (Gerasimov 
et al., 1999). 

Furthermore, baclofen attenuated the development and expression of 
D-methamphetamine-induced CPP in rats when it was administered 30 min 
prior to the test session (Li et al., 2001). Baclofen also decreased self-
administration of D-amphetamine under an FR schedule of reinforcement 
in rats trained to self-administer 0.1 mg/kg/injection of D-amphetamine, 
but it had no effect on self-administration supported by 0.2 mg/kg/injec
tion of D-amphetamine (Brebner et al., 2005) (Fig. 1B). When a PR 
schedule of reinforcement was used, baclofen induced a dose-dependent 
decrease in breakpoints for D-amphetamine (Brebner et al., 2005) (Fig. 2B) 
and methamphetamine (Ranaldi & Poeggel, 2002), indicating attenuation 
of the motivation for the drug. Baclofen also attenuated the D-ampheta
mine-induced increases in dopamine efflux in the NAc (Brebner et al., 
2005). 
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C. Nicotine 

1. GABAB Receptor Direct Agonists 

Administration of either of two GABAB receptor agonists, CGP44532 
or baclofen (Bowery et al., 1985; Froestl et al., 1995a), decreased intrave
nous nicotine self-administration (Corrigall et al., 2000; Fattore et al., 2002; 
Paterson et al., 2004). Specifically, baclofen administration prevented 
acute nicotine self-administration in drug-naive mice (Fattore et al., 2002). 
Baclofen also decreased nicotine self-administration at the highest dose 
tested (5 mg/kg) in rats trained to chronically self-administer nicotine 
under an FR1 schedule of reinforcement (Fattore et al., 2002). Moreover, 
administration of either CGP44532 or baclofen dose-dependently reduced 
nicotine self-administration under an FR schedule, whereas the highest 
doses of baclofen also decreased food-maintained responding (Paterson 
et al., 2004) (Fig. 1C, D). Furthermore, CGP44532 decreased breakpoints 
for both nicotine and food under a PR schedule of reinforcement (Paterson 
et al., 2004) (Fig. 2C). Baclofen also reduced nicotine self-administration 
(30 mg/kg/injection) when it was administered directly into the VTA, and this 
effect was more potent for nicotine than for cocaine (Corrigall et al., 2000). 
Importantly, repeated 14-day administration of CGP44532 (0.25 mg/kg) 
selectively decreased nicotine self-administration, with little evidence of 
tolerance to this effect and without affecting food-maintained responding 
under an FR schedule of reinforcement. The 0.5 mg/kg dose of CGP44532 
non-selectively decreased both nicotine- and food-maintained responding 
(Paterson et al., 2005b). Moreover, acute administration of CGP44532 
decreased cue-induced reinstatement of nicotine-seeking behavior in rats 
(Paterson et al., 2005b). Most recently, baclofen dose-dependently blocked 
nicotine-induced reinstatement of nicotine-seeking behavior in rats pre
viously trained to self-administer nicotine under an FR1 schedule of reinfor
cement (Fattore et al., 2009). This effect was selective for nicotine because it 
did not affect responding for natural reinforcers, such as food and water, 
and it did not affect locomotor activity, indicating that baclofen’s effects on 
nicotine intake were not attributable to general disruption of activity, even 
with doses up to 2.5 mg/kg (Fattore et al., 2009). Baclofen also abolished 
nicotine-induced reinstatement of CPP in mice (Fattore et al., 2009). 

Administration of GVG dose- and time-dependently (at 2.5 h, but not at 
12 or 24 h, prior to nicotine administration) lowered the nicotine-induced 
increases in NAc dopamine in both naive and chronically nicotine-treated 
rats, measured by in vivo microdialysis. In two studies using positron emis
sion tomography, administration of the S(+) enantiomer of GVG completely 
inhibited the nicotine-induced dopamine increase in the corpus striatum at 
half the dose of the racemic mixture (R,S-GVG, 300 mg/kg; Schiffer et al., 
2000). GVG also abolished nicotine-induced increases in dopamine in the 
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striatum of primates (Dewey et al., 1999). Accordingly, microinjections of 
baclofen into the VTA decreased, whereas the GABAB receptor antagonist 
2-hydroxy-saclofen increased, NAc dopamine levels measured by fast-cyclic 
voltammetry (Xi & Stein, 1998). Furthermore, baclofen dose-dependently 
decreased the nicotine-, cocaine-, and morphine-induced increase in dopa
mine levels in the NAc shell (Fadda et al., 2003). 

Systemic administration of low doses of either GVG or CGP44532 did 
not affect brain reward thresholds in the ICSS procedure in chronically 
saline- or nicotine-treated rats, whereas the highest dose of each drug 
elevated thresholds in both groups of animals (Paterson et al., 2005a). 
Additionally, microinfusion of CGP44532 into the VTA elevated thresholds 
equally in both saline- and nicotine-treated groups, indicating that pro
longed nicotine exposure did not alter GABAB receptor-mediated regulation 
of brain reward function (Paterson et al., 2005a). Thus, based on these 
findings, changes in GABAB receptor activity do not appear to play a role 
in brain reward deficits associated with spontaneous nicotine withdrawal. 

In studies investigating the effects of GABAB compounds on CPP for 
nicotine, baclofen blocked the expression of nicotine-induced CPP in rats 
(Le Foll et al., 2008). Furthermore, pretreatment with the reversible inhibi
tor of GABA transaminase 1R,4S-4-amino-cyclopent-2-ene-carboxylic acid 
(ACC) (Table III) attenuated the expression of nicotine- and cocaine-
induced CPP in rats, respectively (Ashby et al., 2002). Interestingly, a 
lower dose of ACC was sufficient to block nicotine-induced CPP compared 
with the dose used to block cocaine-induced CPP, yielding a dose-effect 
function that was also observed with the effects of GVG on nicotine- and 
cocaine-induced CPP (Dewey et al., 1998, 1999). 

Importantly, in a clinical study by Cousins and colleagues, a single acute 
dose of baclofen (20 mg/kg) negatively impacted cigarette pleasure and 
increased feelings of relaxation, although it did not reduce cigarette craving 
or smoking, indicating a possible important effect of baclofen in smoking 
abstinence and relapse prevention (Cousins et al., 2001). In a more recent 
study, baclofen was administered chronically for 9 weeks to humans at 
doses ranging from 10 mg to 80 mg per day. In this smoking-reduction 
study, baclofen significantly reduced the number of cigarettes smoked per 
day (Franklin et al., 2009). These preliminary clinical findings add to the 
promising results from preclinical studies on the effects of GABAB receptor 
agonists on nicotine dependence. 

2. GABAB Receptor Positive Allosteric Modulators 

Administration of either GS39783 or the newly synthesized GABAB 

receptor positive modulator N-([1R,2R,4S]-bicyclo[2.2.1]hept-2-yl)-2
methyl-5-(4-[trifluoromethyl]phenyl)-4-pyrimidinamine (BHF177) decreased 
nicotine intake at doses that had no effect on responding for food 
under an FR5 schedule of reinforcement in rats (Fig. 4C). Additionally, 
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administration of intermediate doses of BHF177 attenuated the motiva
tional properties of nicotine without decreasing breakpoints for food, 
whereas only the highest dose of BHF177 significantly decreased break
points for both nicotine and food (Paterson et al., 2008) (Fig. 3C). Further
more, BHF administration dose-dependently and selectively blocked cue-
induced reinstatement of nicotine-, but not food-, seeking behavior in rats 
(Vlachou and Markou, unpublished observations). Additionally, repeated 
administration of 20 mg/kg BHF177 for 14 days selectively blocked nicotine 
self-administration but not food-maintained responding in rats (Vlachou 
and Markou, unpublished observations). Administration of the GABAB 

receptor agonist CGP44532 selectively decreased nicotine versus food self-
administration under an FR5 schedule of reinforcement, whereas co-admin
istration of GS39783 with CGP44532 had additive effects in decreasing 
nicotine self-administration. 

In the ICSS procedure, only the highest BHF177 dose significantly 
elevated brain reward thresholds when administered alone, whereas lower 
doses had no effect, indicating that relatively low doses of BHF177 do not 
affect reward processes under baseline conditions. Interestingly, the inter
mediate doses of BHF177 blocked the ICSS threshold-lowering effect of 
non-contingent nicotine (Fig. 5A). These doses of BHF177 are within the 
same range as the doses of BHF177 (10 and 20 mg/kg) that selectively 
decreased nicotine-, but not food-, maintained responding under FR5 and 
PR schedules of reinforcement. In contrast to the effects of BHF177, only the 
highest dose of the GABAB receptor agonist CGP44532 blocked the thresh
old-lowering effect of nicotine at a dose that significantly impaired brain 
reward function when administered alone (0.5 mg/kg) (Fig. 5B). A lower 
dose of CGP44532 (0.25 mg/kg), which elevated ICSS thresholds when 
administered alone but did not block the reward-enhancing effect of 
nicotine, decreased nicotine self-administration under an FR5 schedule. 
The behavioral effects of the GABAB receptor positive modulators used in 
this study are consistent with the GS39783-induced blockade of the devel
opment, but not expression, of nicotine-induced CPP (Mombereau et al., 
2007) (Fig. 6A). Administration of GS39783 before the CPP acquisition 
phase also prevented nicotine-induced accumulation of ΔFosB in the NAc, 
and this effect correlated with the degree of CPP exhibited by each rat 
(Mombereau et al., 2007) (Fig. 6B, C). DFosB is a Fos family protein that 
appears to play a unique role in the addiction process. Specifically, chronic 
administration of drugs of abuse, including nicotine, induces accumulation 
of DFosB in specific brain regions, most prominently in the NAc and dorsal 
striatum (Nestler, 2008). Thus, the reversal of the effects of nicotine by 
GS39783 can also be detected at the molecular level. In conclusion, findings 
from both behavioral and molecular studies provide converging evidence 
about the blockade of the effects of nicotine by GABAB receptor positive 
modulators. 
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FIGURE 5 Effects of BHF177 and CGP44532 on nicotine-induced facilitation of brain 
reward function in Wistar rats. Data are expressed as a percentage of baseline ICSS 
thresholds (mean + SEM) before each drug session. �p < 0.05, significant difference between 
saline- and nicotine-treated rats within the same dose of the GABAB receptor agonist (B) or 
positive modulator (A). #p < 0.05, ##p < 0.01, significant difference in thresholds compared 
with values after vehicle administration in the absence of nicotine. [Figures taken with 
permission from Paterson et al., 2008]. 

Although ample evidence supports a role for GABA neurotransmission 
in the neurochemical, reinforcing, and reward-facilitating effects of acute or 
chronic nicotine, puzzling data have been generated about the potential role 
for GABA transmission in the non-rewarding, depressive-like aspects of 
nicotine withdrawal. Specifically, both receptor activation, through admin
istration of either the GABAB receptor agonist CGP44532 or the GABAB 

receptor positive modulator BHF177, and blockade, through administration 
of the GABAB receptor antagonist CGP56433A, exacerbated the anhedonic 
depression-like aspects of nicotine withdrawal in nicotine-treated groups 
(Vlachou and Markou, unpublished observations). The effects of GABAB 

receptor agonists and antagonists in the same direction (i.e., elevations in 
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FIGURE 6 Effects of GS39783 on the acquisition of nicotine-induced conditioned place 
preference in Wistar rats: correlation with DFosB accumulation. (A) Nicotine (0.06 mg/kg, s.c.) 
elicited significant place preference (black bar) that was blocked by administration of GS39783 
at both 30 and 100 mg/kg during the conditioning phase (gray bars). Each bar represents the 
mean (+ SEM) of the time spent in the drug-associated quadrants. ��p < 0.01, compared with 
saline group; +p < 0.05, ++p < 0.01, compared with nicotine group. (B) Effects of chronic 
GS39783 administration on DFosB accumulation in the nucleus accumbens (NAc). Rats were 
treated daily with saline (white bars) or nicotine (0.06 mg/kg, i.p., black bars) during the 5 days 
of pre-exposure and during the CPP acquisition phase. During conditioning, GS39783 was 
administered (0, 30, and 100 mg/kg, p.o.) 30 min before nicotine/saline administration. Animals 
were sacrificed immediately after the final test. The NAc was dissected and processed for 
immunoblot analysis. Representative immunoblots (top) and averaged densitometry values 
(bottom) are shown. DFosB changes are expressed in arbitrary units (a.u.). Nicotine induced 
DFosB upregulation in the NAc. GS39783 completely inhibited DFosB induction in the NAc at 
both doses. +++p < 0.001, compared with saline group; ���p < 0.001, compared with nicotine 
group. (C) DFosB induction correlated with nicotine reinforcement. Data from both behavioral 
and biochemical analyses are included. Relative nucleus accumbens DFosB abundance is plotted 
against the subject’s CPP score. The solid line represents the best fit with a least-square method. 
Dashed lines indicate chance level (x-axis) and DFosB basal level (y-axis). [Figures taken with 
permission from Mombereau et al., 2007]. 
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ICSS thresholds) under baseline conditions have been previously reported 
(Macey et al., 2001). This effect is surprising and perhaps reflects differential 
efficacy of these compounds at presynaptic hetero- and autoreceptors versus 
postsynaptic GABAB receptors which may have contributed to these find
ings. These data also indicate the importance of the development of selective 
GABAB receptor subtype compounds to further investigate the role of 
GABAB receptor subtypes in the anhedonic aspects of nicotine withdrawal 
and depression. 

D. Alcohol 

1. GABAB Receptor Direct Agonists 

Studies focusing on the effects of GABAB receptor agonists, and most 
recently GABAB receptor positive modulators, on alcohol use and alcohol
ism have drawn much attention in the past few years as promising treat
ments for alcohol dependence. Preliminary clinical studies (e.g., Addolorato 
et al., 2000, 2002a, 2002b, 2006a, 2006b, 2007; Evans & Bisaga, 2009; 
Flannery et al., 2004; Ling et al., 1998) have shown that treatment with the 
GABAB receptor agonist baclofen, a clinically available compound, is effec
tive at reducing alcohol consumption and craving, leads to the achievement 
of abstinence from alcohol drinking, and/or treats the alcohol withdrawal 
syndrome after either acute or chronic treatment with doses ranging from 15 
to 75 mg/kg/day (for reviews, see Addolorato et al., 2009; Leggio et al., 
2010; Maccioni & Colombo, 2009). Furthermore, a preliminary study 
showed that baclofen may also work on the hypothalamic-pituitary-adrenal 
axis to reduce alcohol craving, as indicated by significant correlations 
between hormonal levels (e.g., free T3 and thyroid-stimulating hormone) 
and scores on psychometric evaluation scales for alcohol craving and drink
ing after a 12-week treatment with 10 mg/kg/day baclofen (Leggio et al., 
2008). Case reports (Addolorato et al., 2003; Agabio et al., 2007; Ameisen, 
2005; Bucknam, 2007) have also shown that administration of 15–30mg/ 
kg/day either acutely or chronically up to 24 weeks was effective in reducing 
alcohol intake, craving for alcohol, or severe symptoms of the alcohol 
withdrawal syndrome (for details on clinical studies, see Chapter 14 in this 
volume). 

At the preclinical level, baclofen and other GABAB receptor agonists 
decreased ethanol self-administration in a number of studies, some of which 
showed a nonselective effect of baclofen on drug and non-drug rewards 
(e.g., sucrose) or side-effects (Anstrom et al., 2003; Besheer et al., 2004; 
Maccioni et al., 2005; Walker & Koob, 2007). Baclofen, CGP44532, and 
SKF97541 attenuated convulsions in alcohol-withdrawing mice (Humeniuk 
et al., 1994), suppressed the acquisition of alcohol self-administration 
(Colombo et al., 2000; Daoust et al., 1987), suppressed the motivation to 
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consume alcohol (Colombo et al., 2003b), and suppressed the alcohol-
deprivation effect (Colombo et al., 2003a, 2006) in alcohol-experienced 
rats continuously exposed to a two-bottle choice regimen (alcohol versus 
water). In the latter study, acute administration of baclofen suppressed both 
aspects of the alcohol deprivation effect, specifically the extra intake of 
alcohol and the selection of the highest alcohol concentration solution 
among four bottles containing either water or 10, 20, and 30% (v/v) alcohol 
(Colombo et al., 2006). Both baclofen and CGP44532 dose-dependently 
and similarly suppressed daily alcohol intake in alcohol-naive rats that 
received the drug treatment for 10 or 14 consecutive days (Colombo et al., 
2000, 2002). In one of these studies, acute administration of baclofen dose-
dependently decreased the intensity of ethanol withdrawal signs in rats 
physically dependent on ethanol induced by repeated administration of 
intoxicating doses of ethanol for 6 consecutive days (Colombo et al., 
2000). Additionally, acute administration of baclofen produced a marked 
suppression of extinction responding for alcohol, which was defined as the 
maximum number of lever responses reached in the absence of reinforce
ment. However, only the 3 mg/kg dose of baclofen significantly affected 
extinction responding for sucrose (Colombo et al., 2003b). In a different 
range of non-sedative doses, baclofen completely suppressed the extra 
amount of alcohol consumed during the first hour of re-exposure to alcohol 
after 7 days of deprivation, suggesting that baclofen may possess anti-
relapse properties (Colombo et al., 2003a). Interestingly, pretreatment of 
Sardinian alcohol-preferring (sP) rats with baclofen dose-dependently 
suppressed morphine- and WIN 55,212-2-induced increases in alcohol 
drinking, although it failed to alter alcohol intake when administered 
alone (Colombo et al., 2004). 

Moreover, baclofen dose-dependently decreased ethanol self-adminis
tration in both dependent (1 month vapor exposure for 14 h/day) and 
nondependent rats on an FR1 schedule of reinforcement (Walker & Koob, 
2007) (Fig. 1E). Baclofen also decreased breakpoints in both nondependent 
and dependent animals, with an increased potency in dependent animals, 
indicating that baclofen could be a potential therapeutic target for the 
treatment of chronic alcoholism (Walker & Koob, 2007). Moreover, baclo
fen decreased breakpoints (Maccioni et al., 2008b) (Fig. 2D) and produced a 
dose-dependent and specific delay in the onset of alcohol-reinforced 
responding, suggesting that it suppressed the motivation to start drinking 
alcohol (Maccioni et al., 2005). Furthermore, baclofen attenuated cue-
induced reinstatement of alcohol-seeking behavior in sP rats exposed to 
two within-session 70 min extinction/reinstatement tests (Maccioni et al., 
2008a), reflected by 60% fewer responses on the active lever, an increased 
latency to the first response, and a decreased response rate. Administration 
of g-hydroxybutyric acid (GHB) (Table III) also specifically suppressed 
alcohol’s motivational properties in sP rats by reducing both breakpoints 
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in a PR schedule and single-session extinction responding for alcohol (Mac
cioni et al., 2008c). 

Moreover, an intra-VTA injection of baclofen or the nonselective opioid 
antagonist methylnaloxonium decreased ethanol-induced CPP, whereas 
intra-NAc injection of methylnaloxonium had no effect. These effects indi
cate that the conditioned rewarding effect of ethanol is expressed through a 
VTA-dependent mechanism that involves both opioid and GABAB receptors 
(Bechtholt & Cunningham, 2005). Accordingly, GVG completely abolished 
ethanol-induced increases in dopamine in the NAc (Gerasimov et al., 1999) 
at half the dose that was required for inhibition of heroin-induced dopamine 
increases in the NAc. 

Importantly, in C57BL/6J (B6) ethanol-preferring mice, the GABAB 

receptor agonists baclofen and SKF97541 reduced ethanol-reinforced 
responding. Interestingly, these doses of the GABAB agonists also poten
tiated the sedative effects of ethanol (4 g/kg) by converting a non-sedative 
dose of ethanol (2 g/kg) into a fully sedative dose. These data question the 
safety of prescribing GABAB agonists to alcoholics because they may 
potentiate ethanol’s sedative/hypnotic effects during relapse (Besheer et al., 
2004). 

2. GABAB Receptor Positive Allosteric Modulators 

CGP7930 and GS39783 administered for 5 consecutive days dose-
dependently reduced alcohol intake in alcohol-naive sP rats exposed to 
the two-bottle choice regimen, without altering total daily alcohol intake 
(Orru et al., 2005). CGP7930 had no effect on responding for water (Liang 
et al., 2006). The two GABAB receptor positive modulators had the same 
effect in alcohol-experienced sP rats (Orru et al., 2005). Similarly, admin
istration of GS39783 dose-dependently reduced responding for alcohol 
self-administration. This effect of GS39783 was selective because it did 
not alter responding for a natural reinforcer, such as sucrose, in a different 
group of sP rats (Maccioni et al., 2007). Administration of either baclofen 
or CGP7930 reduced responding for ethanol self-administration (Liang 
et al., 2006) under an FR3 schedule of reinforcement. Interestingly, co
administration of subeffective doses of baclofen or CGP7930 decreased 
ethanol self-administration (Liang et al., 2006), similar to the effects of 
co-administration of CGP44532 and GS39783 on nicotine self-administra
tion (Paterson et al., 2008). These findings indicate that the GABAB recep
tor positive modulators facilitated GABAB receptor-mediated signaling 
through administration of the GABAB receptor agonists. Finally, 
GS39783 administration had an effect on the motivational properties of 
alcohol, reflected by dose-dependent decreases in breakpoints for alcohol 
self-administration on a PR schedule of reinforcement (Maccioni et al., 
2008b) (Fig. 3D). Importantly, the effects of the previously tested GABAB 

receptor positive modulators were extended by studies utilizing the newly 



GABAB Receptors in Reward Processes 357 

synthesized positive modulators. Most recently, the newly synthesized 
GABAB receptor positive modulator (R,S)-5,7-di-tert-butyl-3-hydroxy-3
trifluoromethyl-3H-benzofuran-2-one (rac-BHFF; Malherbe et al., 2008) 
produced a selective and dose-dependent suppression of responding for 
alcohol in sP rats on an FR4 schedule of reinforcement (Maccioni et al., 
2010) (Fig. 4D). The same effects were observed with the GABAB receptor 
positive modulator BHF177 in both the reinforcing and motivational prop
erties of alcohol on FR and PR schedules of reinforcement, respectively, in 
alcohol-preferring rats (Maccioni et al., 2009). In all three experiments, the 
effects of BHF177 and rac-BHFF on alcohol self-administration were spe
cific. Responding for sucrose was unaltered by BHF177 or rac-BHFF 
pretreatment, whereas it was reduced only by pretreatment with 200 mg/ 
kg rac-BHFF (Maccioni et al., 2009, 2010). 

E. Opiates 

GABAergic mechanisms appear to be critically involved in opiate rein
forcement (for review, see Xi & Stein, 2002). GVG administered 2.5 h prior 
to heroin administration attenuated the expression of heroin-induced CPP 
in male Sprague–Dawley rats (Paul et al., 2001). Importantly, a magnetic 
resonance imaging study in Sprague–Dawley rats showed that heroin 
increased the blood oxygen level-dependent (BOLD) signal in cortical 
regions, such as the prefrontal cortex, cingulate cortex, and olfactory cortex, 
but decreased the BOLD signal in subcortical areas, such as the caudate-
putamen, thalamus, hypothalamus, and NAc. These changes were attenuated 
by pretreatment with GVG, independent of the dose used (Xi et al., 2002). 
The same research group also showed that increased mesolimbic GABAergic 
concentrations induced by administration of various GABAB receptor active 
compounds blocked heroin self-administration in rats (Xi & Stein, 2000). 
Specifically, GVG administered directly into the VTA, lateral ventricle, or 
ventral pallidum, but not NAc, dose-dependently blocked heroin self-admin
istration, an effect that lasted for 3–5 days. This effect was blocked by 
administration of the GABAB receptor antagonist 2-hydroxysaclofen 
(Table III), but not by bicuculline, indicating a GABAB receptor-specific 
effect. Furthermore, intra-VTA GVG administration also blocked the acqui
sition of heroin self-administration in drug-naive rats (Xi & Stein, 2000). 
Although in contrast to the study by Xi and Stein, Gerasimov and colleagues 
showed that direct intra-NAc GVG administration inhibited or completely 
abolished (65 and 100% inhibition, respectively) the dopamine increase 
induced by heroin (Gerasimov et al., 1999) or by a cocaine/heroin (speedball) 
challenge (Gerasimov & Dewey, 1999). Baclofen also attenuated heroin-
induced increases in extracellular dopamine concentrations in the NAc 
(Xi & Stein, 1999). 
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Additionally, in studies conducted with the CPP procedure, baclofen 
reduced morphine-induced CPP in rodents when administered systemically 
(Kaplan et al., 2003; Suzuki et al., 2005) or directly into the hippocampus 
(Zarrindast et al., 2006) or  VTA  (Sahraei et al., 2009) and had the same 
effect on fentanyl-induced CPP (Suzuki et al., 2005). Baclofen blocked 
the rewarding effects of morphine measured by acquisition of CPP in mice 
(Kaplan et al., 2003). Microinjections of baclofen or the GABAB receptor 
antagonist phaclofen in the dorsal hippocampus of rats decreased 
or increased, respectively, the acquisition of CPP induced by morphine 
(Zarrindast et al., 2006). Consistent with the above study, microinjections 
of baclofen into the VTA dose-dependently suppressed morphine-induced 
CPP in rats (Tsuji et al., 1996). In the study by Sahraei and colleagues 
(Sahraei et al., 2009), female rats sensitized to 5 mg/kg of morphine for 3 
days exhibited CPP. Acute administration of baclofen (1.5 and 12 mg/kg/ 
injection) directly into the VTA reduced the expression of morphine-induced 
CPP, whereas the 6 mg/kg dose increased it. All three doses were effective at 
reducing the acquisition of CPP (Sahraei et al., 2009). Interestingly, admin
istration of the GABAB receptor antagonist 3-aminopropyl(diethoxymethyl) 
phosphinic acid (CGP35348) had the same effects as baclofen on morphine-
induced CPP, with the 12 mg/kg dose reducing the expression and all three 
doses (1.5, 6, and 12 mg/kg) reducing the acquisition of CPP (Sahraei et al., 
2009). 

Moreover, baclofen decreased heroin self-administration (Xi & Stein, 
1999) and drug-induced reinstatement of heroin-seeking behavior in rats 
(Spano et al., 2007). In the study by Xi and Stein (Xi & Stein, 1999), 
when baclofen was co-administered with heroin, it suppressed both the 
development of heroin self-administration in drug-naive rats and the 
maintenance of heroin self-administration in heroin-treated rats under an 
FR1 schedule of reinforcement (Fig. 1F). Additionally, direct intra-VTA, 
but not NAc, injections of baclofen reduced heroin reinforcement, 
reflected by an increase in responding for heroin self-administration, and 
dose-dependently decreased heroin-induced dopamine release in the NAc 
when baclofen was administered either alone or in combination with 
heroin. This effect was abolished by pretreatment with the GABAB recep
tor antagonist 2-hydroxysaclofen into the VTA (Xi & Stein, 1999). Addi
tionally, baclofen dose-dependently reduced heroin-seeking behavior 
induced by a priming injection of heroin after a period of extinction 
(Spano et al., 2007). 

Finally, baclofen prevented naloxone-precipitated morphine withdra
wal in both female and male mice, with a more marked effect in males 
than in females (Diaz et al., 2006), regardless of the seasonal variation 
(Diaz et al., 2001; Kemmling et al., 2002). Intra-locus coeruleus injections 
of baclofen also dose-dependently attenuated morphine withdrawal signs 
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after chronic treatment, an effect that was reversed by the GABAB 

receptor antagonist CGP35348 (Riahi et al., 2009), indicating that the 
GABAB receptor compounds are involved in both the aversive and 
somatic aspects of withdrawal from addictive drugs and, specifically, in 
opiate withdrawal. 

III.	 GABAB Receptor Agonists versus GABAB Receptor 
Positive Modulators 

Although GABAB receptor agonists exhibit promising effects on dif
ferent aspects of drug dependence, these compounds have undesirable 
side-effects, including impaired working memory (DeSousa et al., 1994), 
impaired spatial learning (McNamara & Skelton, 1996), disruption of 
performance on the rotarod test (a measure of locomotor impairment; 
Cryan et al., 2004), and decreased responding for non-drug rewards, such 
as food and electrical brain stimulation (Macey et al., 2001; Paterson 
et al., 2005b; Slattery et al., 2005). For example, baclofen, which is the 
only clinically used GABAB receptor agonist used to treat spasticity, exerts 
some serious side-effects, such as sedation, nausea, dizziness, drowsiness, 
mental confusion, and motor impairment, at high doses (Ong & Kerr, 
2005). Tolerance to baclofen’s therapeutic effects develops after 
prolonged use. Its short duration of action (3–4 h) is another challenge 
in its potential use in the treatment of drug addiction (Brebner et al., 
2002a). 

Positive allosteric modulators of the GABAB receptor increase both the 
potency and efficacy of GABA in activating GABAB receptors. GABAB 

receptor positive modulator compounds, such as GS39783, are devoid of 
substantial intrinsic agonistic activity in the absence of GABA (Urwyler 
et al., 2003). These compounds only act synergistically with GABA to 
enhance its effects. Thus, positive modulators offer more physiological 
means to activate receptors in vivo than agonists. The modulators do not 
perturb receptor signaling on their own but potentiate the effect of GABA 
only where and when it is endogenously released to activate GABAB recep
tors. Furthermore, allosteric modulators bind to a site that is distinct from 
the agonist binding site; therefore, co-applying positive modulators with 
agonists is possible to potentiate the effects of the agonists, which was 
reflected in some of the studies presented above (e.g., Liang et al., 2006; 
Paterson et al., 2008). In this case, lower doses of agonists than the ones 
leading to side-effects could be used to achieve efficacious results (Christo
poulos, 2002; Conn et al., 2009). Positive allosteric modulators can also be 
administered at relatively high doses without concerns about side-effects 
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resulting from overstimulation of the receptors, overdosage, or the develop
ment of tolerance (Ong & Kerr, 2005). 

Overall, the potential advantages of GABAB receptor modulators are 
that these compounds may be more effective with a better side-effect 
profile than GABAB agonists because the modulatory actions occur 
in concert with endogenous GABAergic activity. Finally, based on the 
discussion above, GABAB modulators may be effective clinical treatments 
for addiction to various drugs of abuse, such as nicotine, cocaine, heroin, 
and alcohol. 

IV. Conclusion 

The results from the experimental studies reviewed here suggest that 
enhancement of GABA transmission through activation of GABAB receptors 
blocks reward in general and the rewarding effects of various drugs of 
abuse. Drugs of abuse exert their effects by producing changes in the brain 
reward pathways and affecting reward processes at both molecular and 
behavioral levels in both humans and animals. Agonists and positive allos
teric modulators acting at GABAB receptors blocked the reinforcing and 
reward-facilitating effects of addictive drugs, which was shown in self-
administration studies using an FR schedule of reinforcement and in ICSS 
studies, respectively. Both agonists and positive modulators were also effec
tive at attenuating the motivation to self-administer drug, which was shown 
in the self-administration studies using the PR schedule, and effective at 
blocking the reinstatement of drug-seeking for different drugs of abuse. The 
effects of the GABAB compounds in the withdrawal phase from addictive 
drugs were not as promising. In some studies, GABAB receptor agonists, 
antagonists, and positive modulators exacerbated the aversive, depression-
like effects of drug-withdrawal. These findings indicate that GABAB com
pounds may be most effective at blocking the initiation and maintenance of 
drug abuse by decreasing the reinforcing effects of addictive drugs and in 
preventing relapse in humans, which is suggested by the blockade of rein
statement of drug-seeking behavior in animals. However, GABAB receptor 
agonists have also shown side-effects in clinical and preclinical studies. 
Thus, GABAB receptor positive modulators could be promising therapeutics 
for the treatment of drug dependence. 

Acknowledgments 

This work was supported by U.S. National Institutes of Health grants R01DA11946, 
R01DA232090, and U01MH69062 to Athina Markou. Dr. Styliani Vlachou was supported by 



GABAB Receptors in Reward Processes 361 

individual Postdoctoral Research Fellowship 18FT-0048 from the Tobacco-Related Disease 
Research Program from the State of California, USA. The authors would like to thank Mike 
Arends for editorial assistance and Janet Hightower for computer graphics. 

Disclosure Statement: AM has received contract research support from Intracellular 
Therapeutics, Inc., Lundbeck Research USA, Inc., Bristol-Myers Squibb Co., F. Hoffman-La 
Roche Inc., Pfizer, and Astra-Zeneca and honorarium/consulting fees from Abbott GmbH and 
Company, AstraZeneca, and Pfizer during the past 3 years. SV discloses no actual or possible 
conflict of interest including financial, personal, or other relationships with other people or 
organizations within 3 years of beginning the work submitted. 

Non-standard abbreviations 

ACC 1R,4S-4-amino-cyclopent-2
ene-carboxylic acid 

BHF177 N-([1R,2R,4S]-bicyclo[2.2.1] 
hept-2-yl)-2-methyl-5-(4
[trifluoromethyl]phenyl)-4
pyrimidinamine 

BOLD blood oxygen level-dependent 
CGP35348 3-aminopropyl 

(diethoxymethyl)phosphinic 
acid 

CGP44532 (3-amino-2[S]-hydroxypropyl)
methylphosphinic acid 

CGP51176 3-amino-2-(R)-hydroxypropyl
cyclohexylmethyl-phosphinic 
acid 

CGP56433A [3-{1-(S)-[{3-(cyclohexylmethyl) 
hydroxy phosphinyl}-2-(S) 
hydroxypropyl]amino}ethyl] 
benzoic acid 

CGP7930 2,6-di-tert-butyl-4-(3-hydroxy
2,2-dimethyl-propyl)-phenol 

CPP conditioned place preference 
DR dorsal raphe 
FR fixed-ratio 
GABA g-aminobutyric acid 
GABAB receptor g-aminobutyric acid B-type 

receptor 
GHB g-hydroxybutyric acid 
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GS39783	 N,N0-dicyclopentyl-2
methylsulfanyl-5-nitro
pyrimidine-4,6-diamine 

GVG	 g-vinyl GABA 
ICSS	 intracranial self-stimulation 
MR	 median raphe 
NAc	 nucleus accumbens 
PR	 progressive-ratio 
rac-BHFF	 (R,S)-5,7-di-tert-butyl-3

hydroxy-3-trifluoromethyl-3H
benzofuran-2-one 

SCH23390	 7-chloro-3-methyl-1-phenyl
1,2,4,5-tetrahydro-3
benzazepin-8-ol 

SCH50911	 (2S)-(+)-5,5-dimethyl-2
morpholineacetic acid 

SKF97541	 3-aminopropyl(methyl) 
phoshinic acid 

sP	 Sardinian alcohol-preferring 
VTA	 ventral tegmental area 
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Abstract 

The GABAB receptor plays an important role in the control of neuro
transmitter release, and experiments using preclinical models have shown 
that modulation of this receptor can have profound effects on the reward 
process. This ability to affect the reward process has led to clinical investiga
tions into the possibility that this could be a viable target in the treatment of 
addiction. Presented here is an overview of a number of studies testing this 
hypothesis in different drug dependencies. The studies reviewed have used 
the GABAB receptor agonist baclofen, which is currently the only GABAB 

agonist for use in humans. In addition, studies using the non-specific GABAB 

receptor agonists vigabatrin and tiagabine have been included. In some of 
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the studies these were found to have efficacy in the initiation and mainte
nance of abstinence, as an anti-craving treatment and alleviation of with
drawal syndromes, while in other studies showing limited effects. However, 
there is enough evidence to suggest that modulators of the GABAB receptor 
have potential as adjunct treatments to aid in the initiation of abstinence, 
maintenance of abstinence, and prevention of cue-related relapse in some 
addictions. This potential is at present poorly understood or studied and 
warrants further investigation. 

I. Introduction 

A. GABAB Receptors as Targets to Treat Substance Addictions 

The central role that the GABAB receptor plays in the control of neuro
transmitter release, especially dopamine, has led to extensive investigations 
into its role in the reward process (see previous chapter). The role the reward 
process plays in the reinforcement and conditioning of individuals to plea
surable experiences, for example, drugs, and the ability of the GABAB 

receptor to modulate this has led to interest in this system’s potential to 
provide new ways in treating addictions to these drugs. Preclinical studies 
using animal models have repeatedly shown the ability of the GABAB 

agonists to attenuate many of the positive reinforcing effects of reward, 
especially to drugs and the antagonists to augment them. The potential 
that the GABAB receptor has to modulate the reward system has led many 
to test its applicability in clinical environments. 

B. GABAB Agonists 

1. Baclofen 

Currently, there is only one selective GABAB agonist available for 
human use, baclofen. Baclofen was originally developed as an anti-epileptic 
in the 1920s but its effectiveness in epilepsy was disappointing. However, it 
was found to have anti-spastic effects and is currently used for the treatment 
of spastic movement, especially in instances of spinal cord injury, spastic 
diplegia, multiple sclerosis, and amyotrophic lateral sclerosis. It is an orally 
active g-aminobutyric acid (GABA) derivative, p-chlorophenyl-gamma
aminobutyric acid, with a half-life of 2–4 h. Over its many years of use, it 
has proven to be a very safe drug with few side effects. The main adverse 
effects of baclofen are somnolence, dizziness, muscle weakness, and head
ache but these are not universal and can be minimized by titrating doses 
up over a few days allowing desensitization to the side effects and optimum 
therapeutic response. Baclofen has good absorption after oral administra
tion (75%), with peak serum concentrations achieved in 2–4 h. Baclofen is 
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weakly bound (30%) to plasma proteins. It is eliminated primarily via the 
kidneys, 85% as the unchanged parent compound. 

2. Non-Specific GABAB Agonists 

As baclofen is currently the only GABAB agonist or modulator available 
for human use, much of the research into addiction treatment has focused on 
its use. However, some studies have used tiagabine or vigabatrin (g-vinyl-
GABA) clinically in the treatment of different substance addictions. This 
again is based on strong preclinical evidence of their effectiveness in the 
modulation of the reward process in animal models. Tiagabine and vigaba
trin are anti-convulsants that work by increasing GABA levels, but by 
different mechanisms. Tiagabine is a selective GABA reuptake inhibitor 
(Fink-Jensen et al., 1992), while vigabatrin inhibits the catabolism of 
GABA by irreversibly inhibiting GABA transaminase. These compounds 
are not direct agonists of the GABAB receptor but they do all work via the 
GABA system by elevating GABA levels either acutely, tiagabine, or chroni
cally, vigabatrin. Although this elevation of GABA in the brain will affect 
the GABAA receptors there will also be agonist effects at the GABAB 

receptor. For this reason, studies utilizing these agents have also been 
included in this chapter. Other anti-epileptics have also been shown to 
have efficacy in treating addiction, for example, gabapentin and pregabalin, 
but despite their names, they do not have a mechanism of action directly 
related to GABA elevation and so will have even more confounding issues 
than tiagabine and vigabatrin and thus have not been included. 

II. Alcohol Dependence 

Alcohol dependence has received the most investigation regarding mod
ulation of the GABAB receptor and its treatment. Building on a number of 
preclinical experiments showing the effect of GABAB receptor agonists and 
modulators to affect alcohol intake in alcohol-preferring rats (preceding 
chapter), the utility of baclofen to have an effect on alcohol dependence in 
humans has been carried out. Two open-label trials testing the effect of 
baclofen on alcohol reduction/abstinence and craving (Addolorato et al., 
2000; Flannery et al., 2004) gave exciting preliminary results. In the first of 
these studies, 10 male current alcoholics were given baclofen titrated up to 
30 mg/day (10 mg three times a day (t.i.d.)) over the 4 weeks of the study 
(Addolorato et al., 2000). The medication and its administration in this 
study was entrusted to a family member. The participants attended a weekly 
outpatient visit where their alcohol craving level was evaluated by the 
Alcohol Craving Scale, and abstinence from alcohol was assessed based on 
the individual’s self-evaluation, family member interview, and the main 
blood biological markers of alcohol abuse. Counselling was also performed 
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at these visits. Two participants continued to drink alcohol although they 
substantially reduced their daily drinks in the first week of treatment, 
whereas the seven remaining completers were abstinent for the entire 
4 weeks. Alcohol craving was significantly reduced, as were the main 
biological markers of alcohol abuse: aspartate amino transferase, alanine 
aminotranferase, gamma glutamyl-transpeptidase, and mean cellular 
volume. In addition, some participants also reported that their obsessional 
thinking about alcohol had disappeared. In the other open-label study, 12 
alcohol-dependent individuals were given baclofen titrated up to 30 mg/day 
(10 mg t.i.d.) for the 12 weeks of the trial (Flannery et al., 2004). Although 
the subjects in this trial were alcohol dependent they were not necessarily 
seeking to give up. Participants attended weekly clinic, visits where self-
reported, drinking data were collected. The Beck Depression Inventory and 
the Beck Anxiety Inventory were completed, and alcohol craving was 
assessed using the Penn Alcohol Craving Scale. In addition, at four visits 
over the 12 weeks, participants received motivational enhancement therapy 
sessions. There was a significant reduction in the number of drinks per 
drinking day and the number of heavy-drinking days, and an increase in 
the number of abstinent days. Significant decreases in anxiety and craving 
were also shown. There was a much greater attrition rate in this study 
compared with the other with six non-completers (Flannery et al., 2004) 
as apposed to one in Addolorato et al. (2000). This might represent differ
ences in the motivation and support of the different population in either 
study. In Addolorato et al. (2000), they were treatment-seeking with family 
support while in Flannery et al. (2004), they were not treatment-seeking. 
Nevertheless the results of these two open-label trials led both groups to 
follow them up with full randomized controlled trials. 

In the first of these studies, 39 alcohol-dependent subjects were given 
either baclofen, titrated up to 30 mg/day (10 mg t.i.d., n = 20), or placebo 
(n = 19) in a 4-week double-blind trial to test the efficacy of baclofen in 
inducing and maintaining abstinence and reduce craving for alcohol (Addo
lorato et al., 2002a). Subjects were only included if they had been referred by 
a family member who could be entrusted with the study medication and its 
administration. The subjects had weekly outpatient visits where the study 
measures were obtained and counselling given. Alcohol craving was mea
sured using the Obsessive-Compulsive Drinking Scale, abstinence was mea
sured by self-report and family member interview, and other biological 
markers of alcohol dependence were also measured as well as state and 
trait anxiety using the Spielberg inventories and depression using the Zung 
Self-Rating Depression Scale. Three subjects in the baclofen group and 8 in 
the placebo group failed to complete the study. There were a significantly 
greater number of abstinent subjects treated with baclofen compared with 
placebo, and the duration of abstinence was also significantly greater in the 
baclofen group. There was also a significant reduction in overall alcohol 
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craving in the baclofen group compared with placebo as measured with the 
Obsessive-Compulsive Drinking Scale with significant reductions in both the 
compulsive and obsessive subscales. In addition, state anxiety was also 
significantly reduced in the baclofen group, but there was no effect on the 
depression score. These results were confirmed in a larger (n = 84), 12-week, 
double-blind, placebo-controlled trial of baclofen 30 mg/day (20 mg t.i.d., 
n = 42) versus placebo (n = 42) (Addolorato et al., 2007). The methods for 
these two studies were broadly similar with the same measures of alcohol 
dependence recorded, the use of a family member to keep and administer the 
study medication, etc. The main difference between the two studies was that 
this was conducted in alcohol patients with liver cirrhosis, a group usually 
not included in such trials. In addition to confirming the findings of the 
previous study that baclofen is effective at promoting and maintaining 
alcohol abstinence in alcohol-dependent individuals, it also found that 
there were no hepatic side effects or worsening of liver function tests. This 
showed the potential of baclofen to treat those with significant liver impair
ment. An important consideration, as liver disease is often a key precipitant 
for alcoholics to seek sobriety. Many of the other current treatments for 
alcohol dependence, for example, disulfiram, naltrexone, and acamprosate 
carry specific warnings against use in patients with marked liver impairment 
so the opportunity to use baclofen in these patients is very welcome. 

However, the promising and exciting effects of baclofen on alcohol 
dependence were not seen in the follow-up trial to the other open-label 
study (Flannery et al., 2004). In this trial they saw no effect of baclofen 
on either heavy-drinking days or abstinent days compared with placebo 
(Garbutt, 2009). As with the differences in the open-label trial, the lack of 
significant effect in this study may be due to the differing motivations in the 
two populations. In Addolorato et al. (2002a, 2007), the participants were 
more severely dependent, required medication for detoxification, were more 
anxious, and all wanted sobriety. In contrast, those in the Garbutt et al. 
study (Garbutt, 2009) were recruited by advert, did not require detoxifica
tion medication, wanted “controlled drinking,” and were less anxious and 
had fewer adverse health consequences of their drinking. 

The acute safety of baclofen and alcohol taken together were tested in a 
human laboratory-based study (Evans & Bisaga, 2009). Eighteen non-
dependent, non-treatment-seeking heavy social drinkers were tested using 
a double-blind, double-dummy design. Acute baclofen (0, 40, and 80 mg) 
was given 2.5 h before alcohol (1.5 g/l body water or approximately 
0.75 g/kg) or placebo drinks. They found that baclofen, alone or with 
alcohol, caused only modest increases in heart rate and blood pressure, 
did not have its own positive subjective effects (e.g. stimulant effects, drug 
liking), and did not alter alcohol craving or alcohol-induced positive sub
jective effects. However, baclofen did increase sedation and impair perfor
mance, which is unsurprising considering the known pharmacology of 
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baclofen especially at the high doses used in this study. Such doses are 
usually titrated up to slowly in two or three doses per day and rarely 
given as one dose. Nevertheless, the study confirmed that baclofen alone 
has minimal abuse liability in these heavy drinkers and is safe when given in 
combination with intoxicating doses of alcohol. 

There have been a few case studies that also describe the beneficial 
effects of baclofen in alcoholics (Ameisen, 2005; Bucknam, 2007) and in a 
schizophrenic alcohol-dependent patient (Agabio et al., 2007). These case 
studies showed that baclofen was very effective in suppressing alcohol 
craving and preventing relapse, and apparently safe when coadministered 
with medications for depression (Bucknam, 2007) and schizophrenia (Aga
bio et al., 2007). Of note is that in two of these studies the subjects used very 
high doses of baclofen, 100 mg/day (Bucknam, 2007) and 120 mg/day 
(Ameisen, 2005), increasing the dose as needed in stressful situations or 
periods. This presents interesting possibilities for physician-monitored treat
ments as opposed to generically “safe” dosing regimens. 

Baclofen has also been studied for its ability to treat alcohol withdrawal 
syndrome in comparison with diazepam (Addolorato et al., 2006). Thirty-
seven patients with alcohol withdrawal syndrome were given either baclofen 
30 mg/day (10 mg t.i.d., n = 18) or diazepam (0.5-0.75 mg/kg/day, n = 19) 
for 10 days and the Clinical Institute Withdrawal Assessment (CIWA-Ar) 
used to evaluate the efficacy of the treatments. The study found that there 
was no significant difference between the treatments in their ability to 
alleviate the alcohol withdrawal symptoms. Closer inspection of the data 
suggested that diazepam acted slightly more rapidly to reduce the sweating, 
anxiety, and agitation subscale scores of the CIWA-Ar. However, these data 
do suggest that baclofen provides another option for treating alcohol with
drawal syndrome other than the benzodiazepines, which might be clinically 
important in patients who abuse benzodiazepines. 

In addition to this randomized controlled trial there have been case 
reports showing the efficacy of baclofen to treat alcohol withdrawal syn
drome (Addolorato et al., 2002b) and alcohol withdrawal syndrome com
plicated with delirium tremens (Addolorato et al., 2003). Both tiagabine 
(Myrick et al., 2005) and vigabatrin (Stuppaeck et al., 1996) have also been 
shown to be effective in treating alcohol withdrawal syndrome. In addition, 
there was a trend for the patients in the tiagabine study to have less post-
detoxification drinking indicating a decreased tendency to relapse (Myrick 
et al., 2005). 

Taken together, the evidence seems to suggest that agonism of the 
GABAB receptor by baclofen or a non-specific agonist (tiagabine or vigaba
trin) has a great potential to treat all aspects of alcohol dependence: alleviat
ing the acute withdrawal symptoms, initiating and maintaining abstinence, 
and reducing craving and craving-related relapse. Larger controlled trials 
are now required. 
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III. Cocaine 

The role the GABAB receptor plays in cocaine addiction and the poten
tial for agonists to assist in cessation and abstinence treatment have been 
studied in a number of laboratory experiments, open-label studies, and 
randomized controlled trials. In one of the early open-label studies (Ling 
et al., 1998), baclofen was investigated as a cocaine anti-craving treatment. 
Ten cocaine-abusing males were treated with baclofen titrated up to 60 mg/ 
day (20 mg t.i.d.), in conjunction with three group counselling sessions a 
week. The results of this study were generally positive with patients report
ing decreased craving and reduction in cocaine use (measured by urine 
analysis) with an average continuous abstinence of nearly 5 weeks. 

This open-label trial was followed by a randomized controlled trial of 
70 treatment-seeking cocaine-dependent individuals (Shoptaw et al., 2003). 
This study followed a similar protocol with baclofen titrated up to 60 mg/ 
day (20 mg t.i.d.), in conjunction with counselling sessions, urine analysis 
to confirm reported abstinence and following the subjects over a 16-week 
period. As with the open-label trial, the results, while not overwhelming, 
were promising, showing that baclofen was significantly better than 
placebo at reducing cocaine use using longitudinal analysis. In addition, 
they found that the baclofen group had a significant reduction in positive 
urine tests at weeks 3 and 8 using post hoc analysis. Their analysis also 
showed that those subjects with higher cocaine use at baseline were more 
likely to respond favorably to baclofen than those with lower cocaine use. 
However, there was no significant difference in self-reported cocaine crav
ing. The authors did admit that the data provided “only a suggestion of a 
treatment effect.” However, also as they observed, the tests they used in 
their analysis were particularly sensitive to attrition of participants, espe
cially with the small numbers that they had; attrition in this study was high 
with only nine in the baclofen group and eight in the placebo group reaching 
the end of the study. 

A subsequent multicenter randomized controlled trial failed to replicate 
the promising results of these two trials (Kahn et al., 2009). The study was 
conducted over eight centers with 160 participants, 80 per group. These 
subjects were cocaine dependent and seeking treatment for their addiction. 
The dose of baclofen was again titrated up to 60 mg/day (20 mg t.i.d.) in 
conjunction with weekly cognitive behavioral therapy. However, the length 
of the study was only 8 weeks. They found no significant effect of baclofen 
over placebo on their primary outcome measure of self-reported cocaine use 
substantiated by urine analysis. However, both of these studies only inves
tigated the ability of baclofen to initiate and maintain cocaine abstinence 
compared with the placebo group and it may be that baclofen is more 
effective in preventing relapse in people who have already achieved a period 
of abstinence (Brebner et al., 2002). 
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The ability of baclofen to attenuate the direct effects of cocaine use has 
been tested in human laboratory-based studies. In one such study, Lile et al. 
(2004a) investigated the ability of acute administration of baclofen to mod
ify the reinforcing, subject-rated, and cardiovascular effects of a moderate 
dose of cocaine in current cocaine users under placebo-controlled, double-
blind crossover conditions. Seven non-treatment-seeking participants were 
admitted to a clinical research center and given baclofen (placebo, 10, 20, 
and 30 mg) 1.5 h prior to intranasal cocaine (45 mg or placebo 4 mg). 
Disappointingly, baclofen was found to have no significant effect on any 
of the parameters tested. 

In a more recent study, baclofen seemed more promising at modifying 
cocaine administration (Haney et al., 2006). In this study, the effect of 
baclofen on smoked cocaine self-administration, cocaine craving, subjec
tive-effects ratings, and cardiovascular effects were studied in two popula
tions of cocaine-dependent volunteers; those maintained on methadone and 
those who were not. Again, these subjects were not seeking treatment for 
their cocaine use. The design of this study was also a placebo-controlled, 
double-blind crossover for the effect of baclofen (0, 10, and 20 mg t.i.d.) on 
smoked cocaine base (0, 12, 25, and 50 mg) in both groups. Participants 
were admitted to a clinical research center for the entire study period, 21 
days. The participants were maintained on various baclofen treatments 
prior to smoking the cocaine. Cocaine sessions began with a sample trial, 
where participants smoked the cocaine dose available that session, and five 
choice trials, where participants chose between smoking the available 
cocaine dose or receiving one $5 voucher for food. The effects of baclofen 
were most pronounced in the non-methadone group. The 60 mg dose sig
nificantly decreased the number of times the 12 mg dose of cocaine was self-
administered as compared with placebo, while having no effect in the 
methadone group. Baclofen (30 mg) also significantly reduced the perceived 
monetary value of the 50 mg dose of cocaine but only in the non-methadone 
group. Baclofen had no effect on the ratings of “high/stimulated” score for 
either group but did significantly reduce the cocaine craving caused by 
cocaine administration in the methadone-maintained group. There was no 
such effect in the non-methadone group. 

The differences in the results for these two apparently similar studies 
may be due to the differing sample sizes and methodology. The first study 
(Lile et al., 2004a) looked purely at an acute effect of baclofen on subjects 
who could have been using cocaine up to admission, while the second study 
(Haney et al., 2006) was looking at the effect on baclofen-maintained 
participants, who due to the study design were already abstinent from cocaine 
for at least 2 days. In addition, as commented by the authors (Haney et al., 
2006), a more prolonged initial period of baclofen treatment may have 
produced more robust effects. However, the small reduction in self-adminis
tered cocaine is interesting especially as these individuals were not seeking 
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to give up. In addition, the results of this study, especially on the 
non-methadone group, are in agreement with those seen in preclinical 
models (previous chapter) where the effects of baclofen are surmountable 
by high cocaine doses, further indicating that baclofen may have more 
benefit in preventing relapse, rather than in initiating cocaine abstinence. 

Further evidence for the potential of baclofen to have a positive impact 
on the treatment of cocaine addiction comes from imaging studies reported 
in Brebner et al. (2002). Initial studies using oxygen-15-labeled water PET 
showed that regional cerebral blood flow was increased in different limbic 
regions, anterior cingulate and amygdala, in unmedicated cocaine patients 
exposed to cocaine-related video cues. The cue-induced craving and 
increased limbic blood flow was hypothesized to indicate activation of the 
mesolimbic dopamine reward system. When a similar imaging paradigm 
was used with cocaine-dependent individuals who were pretreated with 
baclofen (10–20mg for 7–10 days), an attenuation of this increase in 
blood flow was seen. Three of the cohort who received their last dose of 
baclofen 1–2 h prior to the scanning session showed a substantial blunting 
of cue-induced craving and did not show anterior cingulate or amygdala 
activation during the cue exposure. However, this effect seems to be time 
dependent as some of the cohort who received the baclofen more than 4 h 
prior to the scanning session showed less of an effect of the medication, a 
finding probably accounted for by the short half-life of baclofen (Brebner 
et al., 2002). 

Vigabatrin has been shown to be effective in many preclinical models of 
cocaine addiction, reward, etc. (Dewey et al., 1997, 1998; Kushner et al., 
1999) among others. These promising indications have led to investigations 
in humans who are dependent on cocaine. An initial outpatient, open-label, 
fixed-dose, time-limited trial in a setting with psychotherapeutic support 
and intervention studied the effect that vigabatrin had on cocaine cessation 
and abstinence (Brodie et al., 2003). Treatment-seeking subjects (n = 20) 
were given vigabatrin (titrated up to 2 g twice daily) for the period of the 
study. Urine analysis was used to monitor abstinence from cocaine and 
subjects who were cocaine-free for 4 weeks had their vigabatrin reduced 
1 g of vigabatrin per day per week. Twelve subjects failed to complete the 
study, with 8 leaving the study within 10 days having changed their minds 
regarding stopping cocaine use. The four remaining non-completers stayed 
in the study but failed to stop using cocaine. However, in three of them, their 
(self-reported) use was greatly reduced; two of the four had a >80% reduc
tion, one out of the four had a 50% reduction, and the other did not reduce 
at all. The eight remaining subjects were drug-free for 46–58 days. The 
completers reported that the vigabatrin did not eliminate their craving until 
weeks 2–3 of treatment. The use of vigabatrin is limited by safety concerns, 
especially ocular problems (visual field constriction) that have been shown 
to occur after prolonged use (Hilton et al., 2004). For this reason, this and 
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other ocular (visual acuity) and physiological measures were monitored in 
this study and other similar studies by this group; in all cases they found that 
vigabatrin was safe in the context of these treatment periods (Brodie et al., 
2005; Fechtner et al., 2006). These results were extremely promising sug
gesting that vigabatrin could be a viable treatment for the instigation of 
cocaine abstinence in treatment-seeking cocaine-dependent individuals. 
However, as this was only an open-label study, confirmation of its effec
tiveness was still required by a randomized controlled trial. 

Such a randomized controlled trial has recently been completed by the 
same group (Brodie et al., 2009). The participants in the study were treat
ment-seeking parolees who were actively using cocaine and had a history of 
cocaine dependence. Subjects were randomly assigned to a fixed titration of 
vigabatrin (n = 50, up to 3 g per day) or placebo (n = 53) in a 9-week 
double-blind trial and 4-week follow-up assessment. In addition to the 
vigabatrin, the subjects also received cognitive behavioral therapy during 
their clinic visits. Cocaine use was determined by directly observed urine 
toxicology testing twice weekly. The primary endpoint was full abstinence 
for the last 3 weeks of the trial. Thirty-one subjects completed the trial in the 
vigabatrin group (62%) and 22 in the placebo group (41.5%). A signifi
cantly higher number of completers on vigabatrin reached full end of trial 
abstinence (n = 14) compared with those in the placebo group (n = 4) and 
similarly more achieved partial abstinence (n = 17) in the vigabatrin group 
compared with the placebo group (n = 5). Twelve subjects in the vigabatrin 
group and two subjects in the placebo group maintained abstinence through 
the follow-up period. These studies demonstrate the efficacy and safety of 
vigabatrin in the treatment of cocaine dependence. However, more studies, 
preferably across different groups of patients would give more confidence in 
this as a viable treatment. In addition, the safety implications in using 
vigabatrin chronically may also limit its successfulness in long-term relapse 
prevention. 

Another GABA modulating agent that has been investigated for its 
ability to affect cocaine dependence is the GABA reuptake blocker tiagabine. 
In a 10-week, randomized, double-blind, placebo-controlled pilot study 
(Gonzalez et al., 2003) 45 cocaine-dependent methadone-treated patients 
were randomized to either tiagabine (12 or 24 mg per day; n = 15 per group) 
or placebo (n = 15). The high dose of tiagabine significantly reduced the use 
of cocaine, as measured by the number of cocaine-free urines per week, 
compared with baseline in weeks 6–10 of the trial. This was also accom
panied by a self-reported decrease in cocaine use. However, there was no 
clear evidence of an increase in abstinence rates relative to placebo. 

These results prompted a second, better-powered, 10-week, randomized 
controlled trial, again in cocaine-dependent methadone-treated patients, 
comparing the effects of tiagabine (24 mg/day, n = 25), gabapentin 
(2,400mg/day, n = 26), or placebo (n = 25) (Gonzalez et al., 2007). The 
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main outcome of the study was the same as before, the number of cocaine-
free urines per week. The urine was tested three times per week. This study 
confirmed the findings of the previous study that tiagabine significantly 
reduced the proportion of cocaine-free urine samples during weeks 6–10. 
In addition, they were able to show a significantly greater abstinent rate for 
the tiagabine-treated group compared with the other two treatment groups. 

However, these results were not confirmed by two other trials of tiaga
bine in cocaine-dependent individuals (Winhusen et al., 2005; 2007). A 
preliminary 10-week study (Winhusen et al., 2005) comparing daily doses 
of tiagabine (20 mg, n = 17), sertraline (100 mg, n = 16), donepezil (10 mg, 
n = 17), and placebo (n = 17) with 1 h of manualized cognitive behavioral 
therapy a week showed only a non-significant trend toward cocaine-free 
urine in the tiagabine group using baseline-endpoint analysis. This reduction 
in cocaine-free urines was not significant compared with any of the other 
treatments or placebo. From these data the authors calculated that their 
study was underpowered and they would need at least 42 participants in 
the tiagabine group to have 80% power to detect a difference at the 0.05 
level (two-sided). However, these authors felt these initial findings warranted 
a further properly powered study (Winhusen et al., 2007) to study the effects 
of tiagabine (20 mg/day, n = 70) versus placebo (n = 71). This was a 12-week, 
double-blind, placebo-controlled study in cocaine-dependent outpatients. As 
with the pilot study (Winhusen et al., 2005) the subjects also received 1 h of 
manualized individual cognitive behavioral therapy on a weekly basis. The 
outcomes of the study were not promising with there being no significant 
difference in the amount of cocaine non-use days or cocaine-free urine 
analysis between tiagabine and placebo. However, when these authors ana
lyzed their data using the statistical analysis used in Gonzalez et al. (2007) 
they did find a significant effect suggesting that tiagabine, compared with 
placebo, significantly decreased cocaine use. The difference in significance 
depending on statistical test used does suggest that the effect of tiagabine 
at these doses, 24 mg/day (Gonzalez et al., 2003, 2007) and 20 mg/day 
(Winhusen et al., 2005, 2007) are not robust enough to conclude whether 
it is useful in treating cocaine dependence, but equally they also do not 
indicate conclusively that it is not. Other differences between the studies of 
the two groups that could account for the different results were that the 
subjects in Gonzalez et al. (2003, 2007) were also addicted to opiates and 
maintained on methodone. It is noteworthy that the tiagabine had an effect 
in this population when baclofen did not (Haney et al., 2006). Another 
difference in the two studies is that the subjects in Winhusen et al. (2005, 
2007) were heavier users than those in Gonzalez et al. (2003, 2007), with 
nearly all smoking crack cocaine. This in combination with the lower dose of 
tiagabine used, 20 mg, may well account for the smaller effect. 

Two human-based laboratory experiments (Lile et al., 2004b; Sofuoglu 
et al, 2005b) on the effect of tiagabine on cocaine have also produced 
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conflicting evidence. Lile et al. (2004b) showed that acute tiagabine 4 and 
8 mg had no effect on the behavioral or physiological effects of oral cocaine. 
However, Sofuoglu et al. (2005b) showed that tiagabine 8 mg had a sig
nificant effect on the subjective ratings of “stimulated” and “crave cocaine” 
compared with placebo following intravenous cocaine, but had no effect on 
any other behavioral or physiological measure. Apart from the route of 
cocaine administration these studies also differed in the pretreatment with 
tiagabine: Lile et al. (2004b) gave the tiagabine acutely 2 h before the 
cocaine challenge, while Sofuoglu et al. (2005b) gave the tiagabine in two 
doses of 4 mg one the night before and the other 2 h prior to testing. Based 
on these limited data we think that tiagabine clearly warrants further study 
as a potential for the treatment of cocaine dependence. 

It seems that in line with the preclinical models of cocaine addiction, 
modulation of the GABAB receptor either directly with baclofen or indirectly 
with vigabatrin or tiagabine does have promise as a treatment target. Of the 
possible treatments mentioned here vigabatrin appears to be the most pro
mising. This may reflect its mechanism of GABA elevation and therefore 
GABAB modulation. Vigabatrin is a mechanism-based irreversible inhibitor 
of GABA transaminase and so results in a prolonged elevation in GABA. 
This is in comparison to the GABA reuptake blocker tiagabine that causes 
an increase in synaptic GABA levels or baclofen that agonizes the GABAB 

receptor directly. These sites of action in conjunction with short pharmaco
kinetic profile of these two drugs mean that the dose schedule and level may 
be of much more importance in obtaining and maintaining their therapeutic 
effect. 

IV. Nicotine 

Modification of the GABAB receptor in nicotine addiction has received 
relatively little investigation in humans with only a few studies. In one such 
study, the acute effect of baclofen (20 mg) on cigarette smoking, craving for 
nicotine, cigarette taste, and smoking satisfaction was investigated in a 
human laboratory test (Cousins et al., 2001). Sixteen smokers (>15 cigar
ettes/day) were given baclofen or placebo after overnight abstinence. The 
subjects were then allowed to smoke their preferred cigarettes during a 3-h 
ad libitum smoking period, during which the self-reported ratings of craving 
for nicotine and the number of cigarettes smoked by the subjects were 
measured. Acute baclofen treatment had no effect on the number of cigar
ettes smoked nor did it affect the ratings of nicotine craving. However it did 
significantly change the “sensory” properties of the cigarettes, increasing 
ratings of “harsh” and decreasing ratings of “like cigarette’s effects.” This 
acute alteration in the smoker’s perception of the cigarettes might indicate 
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potential for a longer-term alteration in the pleasurable rewards associated 
with smoking. 

In a similar study, tiagabine was tested to see its effects on intrave
nous nicotine (Sofuoglu et al., 2005a). Like the previous study this was 
a double-blind, placebo-controlled crossover design where 12 subjects 
were treated with tiagabine (4 or 8 mg) or placebo after overnight absti
nence. Two hours posttreatment the subjects received i.v. saline, followed 
30 min later by nicotine (1.5 mg/70 kg i.v.). Tiagabine had no effects on 
the physiological effects of nicotine on heart rate or blood pressure. 
However, it did significantly attenuate the ratings of “good effects” and 
“drug liking” compared with placebo and the 8 mg dose attenuated the 
craving for cigarettes compared with placebo or 4 mg tiagabine. These 
data indicate that it too may have the potential to reduce the rewarding 
effects of nicotine. 

Recently, a preliminary double-blind, placebo-controlled smoking 
reduction study has been completed with promising results (Franklin et al., 
2009). This was a 9-week pilot study of baclofen (80 mg/day), with the 
primary outcome of the number of cigarettes smoked per day. Participants 
were smokers contemplating, but not quite ready to quit and were given 
baclofen (titrated up to 20 mg four times a day (q.i.d.), n = 30) or placebo 
(n = 30). Baclofen was found to be significantly better at reducing the 
number of cigarettes smoked per day compared with placebo by the end 
of 9 weeks. These results do seem to imply that baclofen will be of use in 
smoking cessation and abstinence. Of particular note regarding this study is 
the dose and dose regimen of baclofen of 80 mg (20 mg q.i.d.). This is a 
higher dose than that used in any other study, other than case reports, 
investigating baclofen as an addiction treatment and given it was tolerated 
in this study might be a target dosage for future work. 

V. Opiates 

There are very few studies so far examining the use of GABAB modula
tion in opiate addiction in humans, even though the preclinical models show 
that there is potential for its efficacy (previous chapter). One possible reason 
for this is the wide acceptance and use of methadone and buprenorphine in 
the treatment of heroin addiction. However, these treatments are not avail
able in all countries; therefore, other possible treatments could be of use. For 
this reason, a study of baclofen as such a treatment was carried out (Assadi 
et al., 2003). In this study, opioid-dependent patients were detoxified, over 2 
weeks using a combination of clonidine, clonazepam, and thioridazine, and 
randomly assigned to receive baclofen (60 mg/day; 20 mg t.i.d.) or placebo 
in a 12-week, double-blind, parallel-group trial. The primary outcome 
measure for this study was retention in treatment and they found that 
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subjects were significantly more likely to remain in treatment in the baclofen 
group compared with placebo. Baclofen was also significantly better com
pared with placebo in terms of opiate withdrawal syndrome as measured 
using the Short Opiate Withdrawal Scale and depression using the HAM-D. 
There was no significant effect on opioid craving, self-reported opioid use, 
and rates of opioid-positive urine tests compared with placebo, but the 
trends were toward a better outcome with baclofen. The main difficulty 
faced by the authors in this study was the small number of initial partici
pants compounded by a very high dropout rate making accurate statistical 
analysis difficult. However, the results do indicate the possibility that baclo
fen may be of use as an abstinence-promoting maintenance treatment in 
opiate withdraw. 

Baclofen has also been looked at with regard to its potential in treating 
opiate withdrawal. An initial open-label pilot study in five opiate-dependent 
individuals who were given baclofen (80 mg/day) after abrupt discontinua
tion of methadone (Krystal et al., 1992) found that while all of the subjects 
reported that the treatment reduced their discomfort it was not sufficient for 
three of the five who had to switch to clonidine for the remainder of their 
detoxification. The main complaints regarding baclofen’s ineffectiveness 
were that there was not enough suppression of vomiting, myalgias, and 
headache. It is possible though that some of these problems were con
founded by such a high dose of baclofen (80 mg/day), as vomiting and 
headaches are known side effects. Normally, baclofen is titrated up to this 
dose over a number of days to reduce these actions. Such a slow titration is 
impractical in rapid detoxification and may limit either the use of higher 
doses or even its usefulness in detoxification. 

A more promising result was shown in another study where 62 addicts 
were treated with a lower dose of baclofen (40 mg/day, n = 29) or clonidine 
(0.8mg/day, n = 33) during a 14-day, randomized, double-blind trial of 
their effectiveness in alleviating opiate withdrawal symptoms (Ahmadi-
Abhari et al., 2001; Akhondzadeh et al., 2000). Treatment side effects 
(Ahmadi-Abhari et al., 2001) and subjective (Akhondzadeh et al., 2000) 
measures of opiate withdrawal were measured. The Short Opiate With
drawal Scale with additional five items, dysphoria, anxiety, agitation, irrit
ability, and craving for substances, to probe the psychological aspects was 
the main outcome. The results showed that baclofen and clonidine were 
equally effective at treating the physical symptoms. However, baclofen was 
significantly better at attenuating the psychological items studied compared 
with clonidine and this effect was visible from day 2 (Akhondzadeh et al., 
2000). Generally there was no significant difference in retention in the trial 
due to the “side effects” of the two medications. Not unsurprisingly, it was 
found that there was significantly more hypotension and dry mouth with 
clonidine and more headaches, nausea, and vomiting with baclofen 
(Ahmadi-Abhari et al., 2001). 
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VI. Methamphetamine 

A 16-week, randomized, placebo-controlled, double-blind trial was 
performed to test baclofen (20 mg t.i.d., n = 25) and gabapentin (800 mg 
t.i.d., n = 26) compared with placebo (n = 37), for the treatment of metham
phetamine dependence (Heinzerling et al., 2006). In addition to the study 
medication, the participants had psychosocial counselling three times a week 
when they visited the clinic. At these clinic visits, study assessments and 
urine monitoring was carried out. The hypothesis for this study was that 
participants taking baclofen or gabapentin would have greater reductions in 
methamphetamine use, longer retention in treatment, greater reductions in 
depressive symptoms, and greater reductions in methamphetamine craving 
compared with placebo. Unfortunately, there were no significant effects of 
treatment compared with placebo for any of these measures. However, after 
post hoc analysis there was a significant association of methamphetamine-
free urine in those participants in the baclofen group who took a higher 
percentage of the prescribed study medication compared with placebo. 
These data though preliminary suggest that in patients showing high com
pliance, baclofen might have some utility in treating methamphetamine 
addiction. 

Vigabatrin has also been investigated for its ability to treat methamphe
tamine addiction in a 9-week open-label safety and efficacy pilot (Brodie 
et al., 2005). Thirty subjects with methamphetamine and/or cocaine depen
dency were treated with vigabatrin, titrated up to 3 g/day. Eighteen of the 
original 30 completed the trial and of those 18, 16 gave methamphetamine-
and cocaine-free urine for the last 6 weeks. In addition, there were no 
changes in any of the vital signs or ocular measures (Fechtner et al., 2006). 

The safety of vigabatrin was also confirmed in a human laboratory-
based, double-blind, placebo-controlled, between-subjects study in non-
treatment-seeking methamphetamine-dependent volunteers (De La Garza 
et al., 2009). Participants were admitted to the study center and given 
vigabatrin, titrated up to 5 g/day. They were then exposed to different 
doses of methamphetamine (15 and 30 mg i.v.) and cardiovascular and 
subjective measures taken. There was no significant effect of vigabatrin 
treatment on any cardiovascular measures or in attenuating the positive 
subjective effects produced by methamphetamine. 

VII. GHB 

Clinical experience with the GABA precursor compounds GHB 
(g-hydroxybutyrate), GBL (g-butyrolactone), and 1,4-butandiol has proved 
illuminating in considering the role of GABA in general in addictive pro
cesses. These relatively simple compounds are used in a variety of areas 
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including as solvents or fertilizers, and experience has shown these to 
possess both abuse liability and dependence liability. The compounds act 
by gross elevation of the metabolic precursors of GABA, enhancing supply 
of GABA as the intermediate enzymatic pathway is not involved in the 
regulation of GABA production. The resultant enhanced GABA neurotrans
mission gives rise to the abuse-liable properties of these drugs, producing 
effects such as relaxation, intoxication, and euphoria. In these latter 
respects, it is very likely that the GABA receptor profile involved in exerting 
effects includes the GABAB as well as GABAA receptors (Lingenhoehl et al., 
1999). There is also evidence for a distinct GHB receptor; however, the role 
of this particular receptor is at present uncertain. There are now a series of 
case reports detailing GHB dependence, which identify certain distinct 
qualities of the withdrawal syndrome—compared to those of alcohol or 
benzodiazepines—with increased incidence of paranoia, autonomic instabil
ity, and acute confusional states (Craig et al., 2000; Miotto et al., 2001; 
van Noorden et al., 2009; Wojtowicz et al., 2008). Further evidence for 
GABAB involvement in the action of GHB and withdrawal is that the with
drawal state is somewhat refractory to high-dose benzodiazepines 
(Addolorato et al., 1999) yet not entirely alleviated by baclofen administration 
(LeTourneau et al., 2008). 

GHB itself has a very circumscribed clinical indication in the treatment 
of narcolepsy (Wong et al., 2003). Further, there are a series of studies 
detailing the efficacy of this compound in the treatment of alcohol with
drawal (Leone et al., 2010). In these studies there is undoubtedly evidence 
of alleviation of withdrawal symptoms with similar efficacy to benzodia
zepine schedules. Studies detailing efficacy in maintaining abstinence have 
been less clear (Caputo et al., 2009; Leone et al., 2010) and should be set 
against the overwhelming evidence of the abuse liability of these 
compounds. 

VIII. Discussion 

The evidence of the literature seems to indicate that the GABAB 

receptor and its modulation have potential as a target for the treatment 
of addiction. There are two areas where it has been shown to be useful. 
One is the maintenance of abstinence and as an anti-craving treatment and 
the other is the alleviation of withdrawal syndromes. However, the amount 
of human clinical evidence of this is limited and not conclusive. There are a 
number of well-performed trials that indicate its usefulness and equally 
there are some that show it is of limited value. Therefore, there is a definite 
need for more of such trials to try and show conclusively one way or 
another if modulation of the GABAB receptor is going to be of use. These 
new studies need to build on the results of the previous trials and seek to 
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avoid some of the problems of the earlier studies such as dosing regime, 
optimized compliance, and comorbid anxiety. Another interesting point 
that should be addressed is whether the modulation of the GABAB receptor 
by these preclinical and clinical studies is affecting the reward circuits in 
general and so has a true utility in any addiction, or whether it is only 
useful in certain narcotic dependencies. 

A. Dose 

The first obvious possibility for the discrepancies in the results of the 
various trials is do we have the right dose of the drugs? The doses used have 
generally been those that are considered normal for the indications that the 
drugs are being used before, for example, spasticity (baclofen) and epilepsy 
(tiagabine and vigabatrin). However, there is no reason that the effective 
doses in these conditions should also be effective in addiction. In addition, 
baclofen and tiagabine both have relatively short in vivo half-lives necessi
tating regular dosing to maintain a therapeutic level. The possibility that at 
these doses we are fluctuating around therapeutic level would be one way of 
explaining the conflicting results of the different trials. The evidence for this 
is currently anecdotal and comes from the various successful case studies 
that have been reported (Agabio et al., 2007; Ameisen, 2005; Brebner et al., 
2002; Bucknam, 2007). All these reports cite higher doses of baclofen being 
used than most of the trials completed so far. In addition, they comment that 
usually the subjects were able to further increase their dose as needed if 
events became stressful and this helped to further suppress their anxiety and 
control cue-related craving maintaining their abstinence. Only one con
trolled trial used a dose of baclofen approaching those used in the case 
reports (Franklin et al., 2009). This was a successful study showing a 
significant effect on their primary and secondary outcome measures in 
subjects who were only interested in quitting but were not quite ready. 
The dose of baclofen was 80 mg/day refracted over four equal dose of 
20 mg at 8:00 AM, 12:00 PM, 4:00 PM, and 8:00 PM. Another piece of 
evidence toward the idea that tiagabine and baclofen are not at an optimum 
dose is the relative success of vigabatrin compared with tiagabine in cocaine 
(Brodie et al., 2003, 2009) and methamphetamine (Brodie et al., 2005) 
dependency. The mechanism by which vigabatrin elevates GABA is by 
permanently and covalently inhibiting GABA transaminase, the main cata
bolic enzyme in the metabolism of GABA. This results in a chronic and long-
lived elevation of GABA as compared with the usually short-lived elevation 
in synaptic GABA with the GABA reuptake inhibitor tiagabine. 

Another consideration regarding dose that would be interesting to 
investigate is whether the “anti-addiction” dose differs for the narcotic of 
choice. Baclofen has shown most success in the treatment of alcohol addic
tion (Addolorato et al., 2000, 2002a; Addolorato et al., 2002b; Flannery 
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et al., 2004) where they used the lowest dose, 30 mg/day (10 mg t.i.d.). 
Alcohol has more similarities to GABA-acting drugs than either stimulants 
or opioids. 

While the less convincing studies into baclofen’s effects on cocaine 
(Brebner et al., 2002; Haney et al., 2006; Kahn et al., 2009; Ling et al., 
1998; Shoptaw et al., 2003) or methamphetamine (Heinzerling et al., 2006) 
addiction routinely used 60 mg/day (20 mg t.i.d.), do these differing effica
cies represent the nature and mechanism of the addictive drugs? For exam
ple, cocaine and methamphetamine act directly on dopamine reuptake and 
release and therefore reward pathways while alcohol acts less so. 

B. Compliance 

A related question to dose is whether compliance in taking the medica
tion is having a particularly detrimental effect of the results of many of the 
studies. Motivation, participant attrition, and compliance of any addict to 
keep taking the treatment are a problem in all studies in such addiction 
medications. However, as mentioned, the short half-life of baclofen in vivo 
means that three or four separate doses are required to be taken over the 
day. Failure to do this regularly may well result in fluctuations in baclofen 
concentrations below the optimum therapeutic levels. In addition, the moti
vation of the subject to stop taking the drug will also impact on compliance. 
Evidence that this may be the case are the particularly successful studies with 
alcohol where highly motivated patients with good social and family sup
port were used (Addolorato et al., 2000, 2002a; Addolorato et al., 2002b). 
A family member was responsible for keeping and administering the baclo
fen and attending the clinic visits with them. This level of family support in 
conjunction with their own motivation to stop drinking may have resulted 
in a much higher level of compliance taking the baclofen. These factors 
probably explain why studies were so positive compared to any other 
despite the lowest daily doses of baclofen, 30 mg. 

C. Comorbid Affective Disorders 

Addiction and its treatment is often complicated by comorbid anxiety 
disorders (Lingford-Hughes et al., 2004). Therefore, the use of modulators 
of the GABAB receptor to treat addiction may come with the added benefit 
of addressing the treatment of the comorbid anxiety, as the GABAB recep
tor has been linked with anxiety and agonists have been shown to be 
anxiolytic (Cryan & Kaupmann, 2005). In addition, some of the studies 
using baclofen have also indicated improvements in the subject’s anxiety 
(Addolorato et al., 2002a; Akhondzadeh et al., 2000; Ameisen, 2005; 
Flannery et al., 2004). 
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D. Future Directions 

The results of these human trials investigating the GABAB receptor’s 
modulation in the various treatments of addiction show this is an area 
warranting further study. The results are conflicting but show promise. 
There is a definite need for more research into the currently available 
GABAB modulators available for human use, baclofen, tiagabine and 
vigabatrin, to prove or disprove convincingly if this is a real target for 
the treatment of addiction, and in the case of the latter two drugs that they 
do affect the GABAB system. This research needs to address adequately the 
problems of dose and dose regimens, especially with regard to therapeutic 
effect. In addition, the possibilities of different doses for initiation of 
abstinence, and longer-term maintenance doses to suppress craving so 
preventing relapse and promoting abstinence in conjunction with psycho
social treatment should be investigated. In addictions where withdrawal 
syndromes occur, the treatment of these with GABAB drugs also needs 
clarification. The safety concerns surrounding vigabatrin’s long-term use 
may limit its utility but it is used long-term in refractory epilepsy and so 
should not be ruled out in addicts whose drug use is life-threatening, 
provided it was showing clear benefits. The long-term safety of baclofen 
and tiagabine is widely accepted. Another area that requires resolution is 
that of compliance with medication especially if three or four daily doses are 
required. One way to resolve this would be the development of longer-acting 
agonists or positive allosteric modulators for human use. Another strategy 
would be the development of slow-release formulations of baclofen, some of 
which are already in development for spasticity (Abdelkader et al., 2008; 
Lagarce et al., 2005). More research in humans is also needed in confirming 
the actual role the GABAB receptor system is playing in the modulation of 
the reward pathways: Is it specific to the dopamine system or is it due to a 
more generic modulation? What is happening to the GABAB receptor density 
or in chronic substance misuse? Are there differential effects in the regulation 
of GABAB1 and GABAB2? Is this different depending on the narcotic? There 
is limited information from preclinical studies to answer these questions. 
There is a study suggesting that there is no change in [3H]baclofen binding 
density after chronic ethanol treatment in rats (Peris et al., 1997) while there 
is another that suggests that chronic nicotine exposure may differentially 
affect the GABAB1 and GABAB2 subunit regulation (Li et al., 2004). In 
addition, there is also evidence that alcohol (Castelli et al., 2005) and  
nicotine (Amantea et al., 2004) may alter the G-protein coupling. Under
standing this both preclinically and clinically will be invaluable. Human 
imaging would be one way forward in this area, using either functional or 
pharmacological MRI, or PET. The labeling of baclofen with carbon-11 has 
recently been reported (Kato et al., 2009) but its usefulness in vivo is still 
yet to be evaluated. However, this may well be an invaluable tool, and 
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the development of other similar tracers, in the study of the GABAB system 
and its role in humans. 

IX. Conclusion 

In conclusion, while modulators of GABAB receptors, such as baclofen, 
may not be “cures” for addiction, they certainly seem to have potential as 
adjunct treatments to aid in the initiation of abstinence, maintenance of 
abstinence, and prevention of cue-related relapse. This potential is at present 
poorly understood or studied and warrants further investigation with either 
higher dosing or different formulations of the shorter-acting agents such as 
baclofen or tiagabine or the development of other GABAB receptor agonists 
or positive allosteric modulators, with better pharmacokinetic profiles, for 
use in humans. 
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Abstract 

Down syndrome (DS) results from the presence of an extra copy of 
genes on the long-arm of chromosome 21. Aberrant expression of these 
trisomic genes leads to widespread neurological changes that vary in their 
severity. However, how the presence of extra genes affects the physiological 
and behavioral phenotypes associated with DS is not well understood. The 
most likely cause of the complex DS phenotypes is the overexpression of 
dosage-sensitive genes. However, other factors, such as the complex inter
actions between gene products as proteins and noncoding RNAs, certainly 
play significant roles contributing to the spectrum of severity. Here we will 
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review evidence regarding how the overexpression of one particular gene 
encoding for G-protein-activated inward rectifying potassium type 2 
(GIRK2) channel subunit and its coupling to GABAB receptors may con
tribute to a range of mental and functional disabilities in DS. 

I. Introduction 

Down syndrome (DS) is a genetic disorder that results from the presence 
of an extra copy of the long arm of chromosome 21. It is characterized by a 
wide range of physiological and behavioral abnormalities that vary in their 
severity between individuals (reviewed in Lejeune, 1959; Neri & Opitz, 
2009). Phenotypes common to all individuals with DS are some degree of 
cognitive impairments as well as specific craniofacial abnormalities, muscle 
hypotonia, and the histopathology of Alzheimer’s disease after 35 years of 
age (Antonarakis et al., 2004; Prandini et al., 2007). It is widely accepted 
that the expression of genes and nonprotein coding functional sequences 
(e.g. microRNA (miRNA)) on the extra copy of chromosome 21 is causally 
related to the appearance of DS phenotypes but the exact mechanisms 
through which the phenotypes are conferred remain uncertain (Patterson, 
2009). However, a variation of the gene-dosage hypothesis is the most likely 
explanation of many of DS phenotypes. 

According to the gene-dosage hypothesis, the increased expression of a 
specific or small set of dosage-sensitive genes results in a specific DS pheno
type (Rachidi & Lopes, 2007). Studies looking at the expression levels of 
trisomic genes in both humans (Mao et al., 2003) and mouse models 
(Amano et al., 2004; Kahlem et al., 2004; Lyle et al., 2004) provide some 
support for a gene-dosage based hypothesis (reviewed in Gardiner, 2004). 
These studies found increases in the level of trisomic gene expression in a 
variety of tissues including the central nervous system (CNS). However, 
where examined, there was a wide variation in the expression levels between 
individuals and the expression levels of some nontrisomic genes were also 
altered (Amano et al., 2004; Mao et al., 2003). Such variable DS cognitive 
phenotypes likely result from the complex interactions of multiple genes 
suppressing or enhancing cognitive performance (Korbel et al., 2009; Olson 
et al., 2007). Nevertheless, given the observed increase in expression levels 
of trisomic genes, it is reasonable to conclude that gene dosage levels are 
causally related to DS phenotypes. 

Consistent with the hypothesis of gene-dosage, it has been proposed that 
there exists a Down syndrome critical region (DSCR) chromosomal segment 
that, when triplicated, is sufficient to produce many of the DS phenotypes 
(Roper & Reeves, 2006). This concept had its origins in the observations of 
shared features between partial and full trisomic individuals. This hypoth
esis was tested directly by Olson et al. (2004, 2007) using a mouse model 
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trisomic for the murine analogs of the human DSCR. The investigators 
found that mice trisomic only for this segment did not display the physical 
and behavioral changes normally seen in DS mice. On the other hand, mice 
that were trisomic for murine analogs of human chromosome 21 genes with 
the exception of the DSCR (produced by breeding general trisomic mice 
with mice monosomic for the DSCR) displayed normal performance on the 
Morris water maze test indicating that this region is necessary but not 
sufficient for the DS phenotype. In a more recent study, Belichenko et al. 
reexamined the DSCR hypothesis using a different strain of mice and found 
that the DSCR was sufficient for producing some DS phenotypes in facia 
dentate (Belichenko et al., 2009). These and other similar results suggest 
that, although changes in the dosage levels of specific genes may contribute 
to a phenotype, there is no single gene or region of Hsa21 responsible for all 
features of DS (Korbel et al., 2009; Olson et al., 2004, 2007; Pereira et al., 
2009). The expression of different alleles, interactions between different 
genes, and the additive effects of altered expression over time also contribute 
to the presence or severity of any given phenotype (Roper & Reeves, 2006). 
The relative importance of each permutation, however, will need to be 
determined for each characteristic of DS. 

Previously, we have shown that the Kcnj6 gene that encodes the type 2 
G-protein-activated inward rectifying potassium (GIRK2) channel is over-
expressed in a mouse model of DS (Harashima et al., 2006a). We also found 
that this led to an exaggerated GABAB receptor-mediated inhibitory 
response in neurons from the hippocampus, a brain region critically 
involved in learning and memory (Best et al., 2007). In this review, we will 
focus on the putative role of increased inhibition in the DS brain in confer
ring aberrant cognition with a special emphasis on GABAB–GIRK signaling. 
We will also speculate as to how the overexpression of GIRK may contri
bute to other DS pathologies through its interactions with GABAB receptors. 

II. Mouse Models of DS 

To better understand how triplication of a subset of genes, such as 
Kcnj6/Girk2, leads to the pathologies associated with DS it is necessary 
to have representative animal models in which detailed behavioral, genetic, 
and neurophysiological experiments can be performed and then pharmaco
logical intervention tested. Multiple mouse models for DS currently exist 
and are made possible by the substantial homology between the long-arm of 
human chromosome 21 and the distal portion of mouse chromosome 16 
(Patterson, 2009). This suggests that the trisomy 16 (Ts16) mouse (one extra 
“full” chromosome 16) would be a useful genetic animal model for human 
DS (Galdzicki et al., 2001; Lacey-Casem & Oster-Granite, 1994). Indeed, 
Ts16 mouse fetuses have a number of phenotypic characteristics similar to 
those of DS subjects, including cardiac defects and anasarca (Epstein et al., 
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1985). Unfortunately, Ts16 fetuses die in utero, so research on them has 
been limited to early developmental stages, cell culture systems, and neuro
nal Ts16 tissue grafted into brain ventricles (Rapoport & Galdzicki, 1994). 
In addition, although segments of mouse chromosome 16 have significant 
homology with portions of human chromosome 21, most of the genes on 
chromosome 16 are not triplicated in humans with DS (Mural et al., 2002). 

Mouse models that are trisomic for different segments of chromosome 
16 (Ts65Dn, Ts1Cje, and Ts1Rhr) have been produced to offer a better 
match with the genes triplicated in humans (Fig. 1; Patterson, 2009). These 
segmental trisomic mice survive into adulthood and show a range of phe
notypes similar to those observed in DS humans, depending on the specific 
genes that have been triplicated. Importantly, all three mouse models show 
differing degrees of impairment on spatial learning tasks and hippocampal 
synaptic plasticity with an apparent correlation between performance and 
the size of the trisomic gene segment (Belichenko et al., 2009; Siarey et al., 
2005). Tc1 mice, a more recent model, carry an almost complete copy of 
human chromosome 21 (Hsa21) thereby overexpressing genes not tripli
cated in other mouse models (O’Doherty et al., 2005). The varying levels of 
trisomy offered by these multiple mouse models provide a powerful tool for 
investigating how clusters of genes contribute to DS phenotypes. 

III. Evidence for Cognitive Impairment in Mouse Models of DS 

In the Morris water maze test, the Ts65Dn mouse is impaired at finding 
both visible and hidden platforms; on removal of the platform, the Ts65Dn 
mouse has a decreased search time in the correct (platform) quadrant compared 
with the diploid control mouse (Escorihuela et al., 1995; Holtzman et al., 1996; 
Reeves et al., 1995). Experiments using the radial arm maze demonstrate that 
the Ts65Dn mouse makes fewer correct choices, performing at or near chance 
levels, than the diploid control mouse (Demas et al., 1996). In passive avoidance 
tests, both control and Ts65Dn mice learned the task (Coussons-Read & Crnic, 
1996; Holtzman et al., 1996), but more variability was found in the Ts65Dn 
data (Holtzman et al., 1996). Impaired spatial working and reference memory 
was reported in the Ts65Dn mouse in a 12-arm radial maze (Demas et al., 
1996). Between 4 and 8 months of age, the Ts65Dn mouse shows a decrease in 
performance in spatial learning and reversal, but not visual discrimination 
learning and reversal (Granholm et al., 2000; Hunter et al., 2003). 

The Ts1Cje mouse possesses a smaller extra segment of mouse chromo
some 16 than that of the Ts65Dn mouse (Sago et al., 1998). These mice also 
show behavioral deficits in the Morris water maze similar to the Ts65Dn but 
the reverse probe test indicates that impairments are less dramatic than the 
ones reported for the Ts65Dn mouse (Sago et al., 1998, 2000). The loco
motor activity of the two mouse models also differs with Ts1Cje mice 
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tending to be hypoactive and Ts65Dn more hyperactive. The Ts65Rhr 
mouse may show cognitive deficiencies depending on the strain (Belichenko 
et al., 2009; Olson et al., 2004, 2007). As outlined in the following sections, 
it is likely that dysfunctional information processing within the hippocam
pus is causally related to these cognitive impairments. 

IV. Hippocampal Deficit in DS and in DS Mouse Models 

Neuropsychological evidences point to hippocampal dysfunction in DS 
individuals (Nadel, 2003; Pennington et al., 2003), a feature well represented 
in mouse models. The hippocampus is part of the limbic system and plays an 
important role in learning and memory. It is a site for a long-term synaptic 
plasticity that appears to be critical to memory formation, consolidation, and 
retrieval, and, therefore, has been extensively studied in the modeling of 
learning and memory (Neves et al., 2008). Brief high-frequency activation 
of specific inputs causes a persistent increase in synaptic responsiveness (an 
increase in the excitatory postsynaptic potentials termed long-term potentia
tion (LTP)) that under certain circumstances can last for hours, days, or weeks 
(Bliss & Collingridge, 1993). The hippocampi from Ts65Dn, Ts1Cje, 
Ts65Rhr and Ts1 mice show a reduced capacity for LTP compared with 
age-matched controls (Costa & Grybko, 2005; Kleschevnikov et al., 2004; 
Siarey et al., 1997b; Siarey et al., 2005; O’Doherty et al., 2005; Morice et al., 
2008; however, see Olson et al., 2007 concerning LTP in Ts65Rhr mice). In 
contrast, in the CA1, long-term depression (LTD), a decrease in the magnitude 
of excitatory postsynaptic potentials following low-frequency stimulation, is 
enhanced in Ts65Dn mice (Siarey et al., 1999) and in Ts1Cje mice (Siarey 
et al., 2005). Reductions in both excitatory and inhibitory inputs to pyramidal 
neurons in CA3 of the Ts65Dn hippocampus were also reported (Hanson 
et al., 2007). Thus, critical mechanisms for selectively strengthening or weak
ening specific synapses within the hippocampi are aberrant in DS mice (Fig. 2). 

Several lines of evidence suggest that the cognitive deficits and LTP 
abnormalities observed in mouse models of DS arise, at least in part, from 
overinhibition in the hippocampal circuitries. Within the Ts65Dn hippo
campus there is a widespread and significant decrease in the presumed 
excitatory synapse-to-neuron ratio while the ratio of presumed inhibitory 
synapse-to-neuron ratio was not significantly different from controls (Kurt 
et al., 2004). Consequently, the overall ratio of inhibition to excitation in DS 
hippocampi is likely increased. Additionally, the observed deficiencies in 
LTP of synapses in all three mouse models of DS can be rescued by reducing 
the magnitude of GABAA receptor-mediated inhibition (Belichenko et al., 
2007; Costa & Grybko, 2005; Fernandez et al., 2007; Kleschevnikov et al., 
2004). In behavioral tests, administration of GABAA receptor antagonists 
improves the performance of Ts65Dn mice (Fernandez et al., 2007; Rueda 
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FIGURE 2 Altered synaptic plasticity of Schaffer collateral inputs to CA1 pyramidal cells in 
Ts65Dn mice hippocampi. Long-term potentiation (LTP; top) is significantly reduced while 
long-term depression (LTD; bottom) is enhanced compared to diploid litter mates. Mean + 
SEM (Siarey et al., 1997, 1999). 

et al., 2008) establishing a causal link between increased inhibitory tone in 
the hippocampus and diminished cognitive capabilities. 

The roles of GABAB receptor-mediated inhibition on the cognitive 
deficits associated with DS remain to be investigated. However, evidence 
from other mouse models where cognitive impairments are present suggest 
that the activity level of GABAB receptors can impact learning and memory 
(Cadet & Krasnova, 2009). Abuse of methamphetamines causes cognitive 
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difficulties. In a mouse model of methamphetamine abuse, Arai et al. (2009) 
found that the GABAB agonist baclofen helped restore performance on a 
novel object recognition task. Similarly, the GABAB receptor antagonist 
CGP35348 reversed cognitive deficits in a rat model of atypical absence 
seizures (Chan et al., 2006). 

Even under normal conditions, the GABAB receptor appears to play a 
role in suppressing cognitive performance. The GABAB receptor antagonist 
SGS742, 3-aminopropyl-n-butyl phosphinic acid, is frequently called a 
“cognitive enhancer” for its ability to improve performance on learning 
and memory tasks (Froestl et al., 2004). The drug works in part by post
synaptically suppressing the activity of CREB2 that interferes with long-term 
memory formation by inhibiting cAMP response element-binding (CREB)
mediated gene transcription (Helm et al., 2005). In addition, SGS742 treat
ment in mice is associated with increases in synapsin isoform levels in the 
hippocampus, which are suggested to play an important role in the synaptic 
plasticity underlying hippocampal LTP (John et al., 2009). At least one iso
form, synapsin I, is expressed at lower levels in neurospheres obtained from 
human DS embryonic tissue (Bahn et al., 2002) further supporting a role for 
GABAB in DS pathologies. In addition to its effects on the expression levels of 
proteins important for LTP, there is also a possible link between enhanced 
GABAB receptor-mediated inhibition of hippocampal LTP through its cou
pling to GIRK channels. The mechanisms through which this connection may 
meditate cognitive impairments are discussed in further detail below. 

V.	 A Role of GABAB–GIRK Coupling in Hippocampal 
Overinhibition in DS 

As outlined above, evidence from mouse models of DS suggests that 
overinhibition within the hippocampus may underlie the phenotypic cogni
tive deficits. To date, the main focuses of investigations into the role of 
inhibition in the DS brain have been on GABAA receptor-mediated phenom
ena. However, strong genetic and physiological evidence suggests that 
GABAB receptor-mediated inhibition should also play a prominent role 
through its interactions with GIRK channels (Fig. 3) that are overexpressed 
in DS mouse model. Our previous results (Best et al., 2007; Harashima et al., 
2006a, 2006b) and the results presented here indicate that the increased 
expression of the gene encoding GIRK channels resulting from the presence 
of the GIRK2 gene within the trisomic region has a dosage-sensitive effect on 
features of CA1 pyramidal neurons and Ts65Dn mice that have one of the 
three copies of Girk2 deleted (disomic for Girk2) show a rescue of some DS 
phenotypes. In particular, the intrinsic properties (cell size and resting 
membrane potential) of hippocampal neurons resembled those of normal 
euploid mice (Fig. 4). Thus, regulation of the magnitude of GIRK2 
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FIGURE 3 Coupling of metabotropic GABAB receptors to GIRK channels. The G-protein 
bg subunit contributes to GIRK channel activation while the a subunit is available to participate 
in additional intracellular signaling cascades. 

expression confers dosage-sensitive changes in neuronal properties. The 
potential contributions of GABAB-mediated exaggeration of GIRK currents 
to DS phenotypes will be postulated in the remainder of the chapter. 

A. Properties of Mammalian GIRK Channels 

Four genes encoding mammalian GIRK channels have been isolated and 
are designated GIRK1/KIR3.1/KCNJ1, GIRK2/KIR3.2/KCNJ6, GIRK3/ 
KIR3.3/KCNJ9, and GIRK4/KIR3.4/KCNJ5 (reviewed by Hibino et al., 
2010). Typically, functional GIRK channels are heterotetrameric complex 
consisting of GIRK1 and one of the other three GIRK subunits (reviewed by 
Hibino et al., 2010). Within the CNS, channels containing GIRK1 and 
GIRK2 subunits are most common with GIRK2 subunits playing critical 
roles in the translocation of channel complexes to the cell membrane 
(GIRK4 plays a similar role although it is less widely expressed in the CNS). 
GIRK3 subunits contain a lysosomal targeting signal and are important for 
recycling or degrading channel complexes (reviewed by Hibino et al., 2010). 

As their name suggests, GIRK channels allow a flux of K+ ions across 
the cell membrane and conduct more efficiently at voltages that allow K+ 

influx. Under physiological conditions, the inward rectification results from 
a voltage-dependent block of the channel pore by intracellular Mg2+ or 
polyamines such as spermine (Fakler et al., 1995; Nishida & MacKinnon, 
2002). GIRK channels are activated by Gbg heterodimers released from 
pertussis toxin-sensitive G-proteins by a variety of metabotropic neurotrans
mitter receptors; however, other intracellular messenger systems make 
additional contributions to GIRK channel activation (Luján et al., 2009). 
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The ability of neurotransmitters to activate these channels constitutes a 
potent mechanism for the regulation of neuronal excitability. Presumably, 
alterations in the dosage of GIRK2 expressions, such as those that occur in 
DS, would confer a coincident change in the excitability of the affected 
neurons. 

B.	 GABAB–GIRK2 Signaling and Interference from Other 
GPCRs and Signaling Pathways: Gene Dosage Effect Gets 
Complicated 

GABAB–GIRK2 signaling is not only regulated by expression levels of 
GABAB receptors and GIRK2-containing channel mRNAs. Their assembly 
is dynamically regulated at translational level as well. The GIRK2(�/�) 

mouse displays a decrease in GIRK1 protein expression (Signorini et al., 
1997), which suggests that GIRK2 controls GIRK1 translational expression. 
A similar result was reported in the weaver mouse that has a mutation in the 
GIRK2 gene (Liao et al., 1996). A linkage also exists in Ts65Dn mice where 
GIRK2 overexpression is accompanied by higher expression of GIRK1 
protein (Fig. 5; Harashima et al., 2006a). These observations underscore 
the need to consider additional interactions between gene products beyond 
the direct dosage-sensitive effects of trisomic genes. 

In addition to interactions at the translational level, interactions 
between other activators and modulators of GIRK channels add to the 
complexity of the GABAB–GIRK response. Various neurotransmitters such 
as acetylcholine, serotonin, adenosine, glutamate, somatostatin, and neuro
peptide Y (Paredes et al., 2003; Sodickson & Bean, 1998; Svoboda & 
Lupica, 1998) converge upon and are capable of activating GIRK 
channels. In addition, other G-protein-coupled receptors (GPCRs) such as 
M2-muscarinic, 5-HT1A-serotonergic, m-,d-,�-opioid, b2-adrenergic, 
D2-dopaminergic, somatostatin, and galanin receptors may modulate per
formance of GIRK channels through the family of G-proteins setting the 
stage for a potentially significant degree of cross talk between GABAB– 
GIRK assemblies and other signal transduction pathways (Dascal, 1997; 
Roberson et al., 2002; Yamada et al., 1999). The potential for occlusive 
and/or supra-additive effects of simultaneously acting neurotransmitters 
may reshape dynamic properties of DS neuronal networks in both hippo
campus and cortex (Sodickson & Bean, 1998). 

Beyond the direct effects of G-proteins on GIRK channels, the overall 
GIRK response is modulated by a variety of intracellular mechanisms 
(Fig. 6). For example, the phospholipid phosphatidylinositol 4,5-bisphosphate 
(PtdIns(4,5)P2) is essential for sustained normal GIRK channel activity 
(reviewed by Hibino et al., 2010). By facilitating the interaction between 
GIRK channels and PtdIns(4,5)P2, intracellular Na+ ions also play a role 
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FIGURE 5 Increased expression of GIRK channel subunits in Ts65Dn hippocampus 
demonstrated by in situ hybridization (A) and GIRK2 immunoreactivity (B). Western blot 
analysis (C) revealed a significant increase in GIRK2 protein from Ts65Dn hippocampal 
homogenates compared to controls. Neuron-specific enolase (NSE) used as a standard. 
Abbreviations: LM, stratum lacunosum moleculare; ML, molecular layer; OR, stratum 
oriens; RD, stratum radiatum (Harashima et al., 2006a). 

in regulating GIRK channel activity (reviewed by Hibino et al., 2010). In 
addition to the activity of individual channels, the overall GIRK-mediated 
response in a cell is also a function of the density of channels in the cell 
membrane. Agents such as protein phosphatase-1 (PP1) that dephosphor
ylates a serine residue on GIRK2 subunits to promote channel recycling and 
insertion into the cell membrane can thus also powerfully regulate the 
magnitude of GIRK-mediated currents (Chung et al., 2009; Luján et al., 
2009). These mechanisms of potassium channel activation may attenuate or 
enhance gene dosage effects related to the overexpression of GIRK2 gene. 

C.	 Interactions between Intracellular Signaling Mechanisms 
in DS 

Given the ability of PtdIns(4,5)P2 and PP1 to modulate GIRK activity, 
changes in the activity or expression levels of these two agents could either 
help mitigate or exacerbate the aberrant GABAB–GIRK signaling observed 
in DS mouse models. PtdIns(4,5)P2 levels in Ts65Dn brain and Ts65Dn 
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activity could help compensate for increased PP1 inhibition. Observed changes in the PtdIns 
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interactions resulting from DS gene dosage effects. Block arrows indicate changes in signaling 
molecules reported in DS. 

cortical synaptosomes are slightly lower than those found in control diploid 
mice (Voronov et al., 2008) suggesting reduced PtdIns(4,5)P2-mediated 
activity in DS neurons. This decrease is linked to increased expression of 
the gene (Synj1) encoding Synaptojanin 1, which dephosphorylates PtdIns 
(4,5)P2 and is located within the trisomic region in both mouse models and 
humans (Voronov et al., 2008). Chang and Min (2009) also observed an 
increase in Synaptojanin in a Drosophila model of Synj overexpression. 
Interestingly, the co-overexpression of another Hsa21 homolog, Dap160, 
resulted in a differential expression pattern of Synaptojanin such that levels 
were increased in the soma but were normal in synaptic terminals. In 
addition, myo-inositol, a PtdIns(4,5)P2 precursor, is elevated in the CNS 
of DS humans (Alexander et al., 1997; Berry et al., 1999; Huang et al., 
1999; Shonk & Ross, 1995) and DS mouse models (Shetty et al., 1996; 
Yao et al., 2000) most likely due to overexpression of Chr. 21 Smit1 gene 
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(McVeigh et al., 2000), encoding for Na+/myo-inositol cotransporter (Smit1 
knockout mice show decrease in level of myo-inositol in a gene dosage 
manner (Berry et al., 2003)). Thus, shifts in gene dosages for functionally 
related genes may have interactions at the compartmental level that may be 
difficult to detect with global assays. 

As outlined above, PP1 also plays an important role in GABAB–GIRK 
signaling by promoting the recycling of GIRK channel complexes from 
endosomes to the cell membrane (Chung et al., 2009; Luján et al., 2009). 
Recent evidence suggests that PP1 insertion of GIRK channels is enhanced 
following N-methyl-D-aspartate (NMDA) receptor activation (Chung et al., 
2009) by a mechanism that links strong excitatory inputs, such as those 
capable of inducing LTP, to increased inhibition. Such a mechanism may 
normally act as a brake on overexcitation but may also suppress induction 
of LTP in situations like DS where the balance between inhibition and 
excitation is abnormal. Indeed, interfering with PP1 activity in the forebrain 
of mice enhances memory formation (Peters et al., 2009) possibly by redu
cing the transport of GIRK channels to the cell membrane and thereby 
reducing the potential for GABAB and other G-protein-linked receptor-
mediated suppression of LTP. 

The overexpression of individual genes, such as those encoding Synap
tojanin 1 and GIRK2, is likely to have direct dosage-related effects on 
affected neurons such as those described above. However, the extensive 
interactions between signaling mechanisms means that the overall effect of 
increased gene dosage is likely to be quite complex. This is illustrated by the 
potential impact of trisomy on PP1 in Ts65Dn mice (see Fig. 6). The activity 
of PP1 is suppressed by phosphorylated inhibitor 1 (I1) and dopamine and 
cAMP-regulated phosphoprotein of 32 kDa (DARP32; D’Alcantara et al., 
2003) resulting in reduced transport of GIRK channel complexes to the cell 
membrane (Luján et al., 2009). These endogenous inhibitors of PP1 are 
themselves inhibited by PP2B (calcineurin; D’Alcantara et al., 2003). PP2B 
activity is suppressed by its own endogenous inhibitor, DSCR1, that, due to 
gene dosage effects, is overexpressed in DS (Arron et al., 2006; Baek et al., 
2009). Thus, the inhibitors of PP1 are under less inhibition and would be 
expected to more completely suppress PP1 activity (see Fig. 6). This effect 
may potentially be counteracted by low protein kinase A (PKA) activity also 
observed in Ts65Dn mice (Siarey et al., 2006), which normally increases 
inhibition of PP1 by I1 and DARP32 activation (see Fig. 6). Shifts in the 
activity of proteins from nontrisomic genes, like that observed for PKA, may 
reflect attempts by the neurons to maintain homeostasis. This possibility, 
however, remains to be examined. 

Regardless of whether an observed change in gene expression reflects 
dysfunction or attempts to restore homeostasis, it is clear that it is difficult to 
interpret single gene dosage effects in isolation from other cellular responses. 
However, given the capability of enhanced GABAB–GIRK to cause excessive 
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inhibition in neurons, we can speculate how the effects of GIRK overexpres
sion may contribute to DS phenotypes, such as cognitive deficits and altered 
pain responses, in a dosage-dependent manner. 

D.	 Impact of GIRK2 Dosage on Hippocampal Function 
in DS 

Within the hippocampus, both GABAB and GIRK2 proteins are 
expressed in high densities and in close proximity to each other supporting 
a potentially significant role for GABAergic modulation of neuronal excit
ability and regulation of synaptic function in this brain region (Koyrakh 
et al., 2005; Kulik et al., 2006). In Ts65Dn mice, we have found that GIRK2 
is significantly overexpressed in the hippocampus compared to diploid con
trols (Fig. 5; Harashima et al., 2006a). The overexpression is particularly 
evident in the stratum lacunosum moleculare (SLM) in CA1. Neural circui
try within this lamina, including the apical dendrites of CA1 pyramidal cells 
and, most likely, GABAergic interneurons, receives direct inputs from the 
temporoammonic (TA) pathway (Dvorak-Carbone & Schuman, 1999). In 
addition, the apical dendrites in this stratum are the target of feedforward 
inhibition from interneurons in stratum oriens alveus interneurons (OAIs). 
Thus, the increased inhibitory tone in this area would be expected to have a 
significant impact on the processing of information in hippocampal circuitry 
that involves SLM. 

Major inputs to the hippocampus arise from the entorhinal cortex (EC) 
and converge on pyramidal neurons in CA1 through two principal path
ways: (1) a trisynaptic connection via the perforant pathway (PP) and (2) 
directly through the TA pathway (Kajiwara et al., 2008). In the normal 
hippocampus, these two pathways are configured to separately process 
inputs arriving at different frequencies such that higher-frequency inputs 
will travel through the trisynaptic PP–CA3–CA1 pathway while lower-
frequency inputs will traverse directly to CA1 pyramidal cells via the TA 
pathway (Maccaferri & McBain, 1995). As outlined by Maccaferri and 
McBain (1995), the two mechanisms that allow this to occur are fre
quency-based plasticity at the CA3–CA1 synapse coupled with a feedfor
ward inhibition loop driven by CA1 pyramidal cells themselves (Fig. 7). 

In the normal hippocampus, the synapse from Schaffer collaterals 
arising from CA3 pyramidal neurons and impinging upon proximal CA1 
pyramidal dendrites is susceptible to long-lasting plastic changes (Pöschel & 
Stanton, 2007). During high-frequency events, the synapse potentiates 
causing succeeding events to more strongly depolarize and more effectively 
drive CA1 pyramidal cells. This increased excitation is transmitted to inter
neurons in OA through CA1 axon collaterals, which in turn excite inhibi
tory interneurons in SLM to hyperpolarize distal CA1 dendrites (Maccaferri 
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FIGURE 7 Model for disrupted hippocampal circuitry in Ts65Dn. Basic hippocampal 
circuitry depiction (A) including entorhinal cortex (EC), dentate gyrus (DG), CA3, CA1, and 
stratum oriens alveus interneuron (OAI) projections. Diploid (B–D) and Ts65Dn (E–G) circuit 
diagrams depicting the putative relative strength (size of arrow) of synaptic connections under 
baseline (B, E), LTD (C, F), and LTP (D, G) conditions. Adapted from Maccaferri & McBain 
(1995) in Best 2007. Under baseline conditions, the inhibitory input onto CA1 pyramidal 
neurons is relatively greater in Ts65Dn than in diploid. In diploid mice, when LTD is induced 
at CA3–CA1 synapses in Ts65Dn, the drive by CA1 pyramidal collaterals onto OAIs is 
diminished resulting in less feedforward inhibition by OAIs, resulting in enhanced influence 
of direct EC input onto CA1 pyramidal neurons. Since in Ts65Dn, LTD protocols induce more 
depression of CA3–CA1 synapses, the inhibition by OAIs is less and as a result the EC influence 
is greater. The converse is true for LTP, where in Ts65Dn, the level of potentiation is less than in 
diploid, again resulting in greater influence of direct EC inputs onto CA1 pyramidal neurons 
than diploid. 

& McBain, 1995). Since this region is the target of direct TA inputs, this 
feedforward inhibition loop minimizes the impact of TA inputs on the 
hippocampus during the processing of high-frequency information. On the 
other hand, during low-frequency events, the Schaffer collateral synapses 
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undergo LTD and excitation of CA1 pyramidal cells by this pathway 
becomes less effective (Maccaferri & McBain, 1995). This reduction in 
excitation in the trisynaptic pathway means that feedforward inhibition 
from CA1 axon collaterals driving interneurons in OA is also reduced, 
relieving TA inputs to the distal dendrites of CA1 pyramidal cells from 
inhibition. Consequently, TA inputs to CA1 pyramidal cells are better able 
to impact hippocampal circuitry. Thus, high- and low-frequency events can 
be segregated into two distinct pathways in the hippocampus and interfer
ence between the two is minimized. 

As outlined above, the hippocampi of Ts65Dn mice overexpress GIRK 
channels, particularly in SLM (Harashima et al., 2006a). This is coupled 
with a high level of GABAB receptors known to be present in the normal 
mouse (Kulik et al., 2006) and presumed to be present in the DS mouse as 
well. Indeed, we find that CA1 pyramidal cells from Ts65Dn mice are more 
strongly hyperpolarized by baclofen, a GABAB receptor agonist, and show a 
larger GABAB-mediated response to direct stimulation of SLM than control 
mice (Fig. 8; Best, 2007). These exaggerated responses to GABAB receptor 
activation are mediated largely by GIRK channels since pharmacological 
blockade of these channels reverses the effects (Best, 2007). Thus the over-
expression of GIRK2 channels in SLM of Ts65Dn mice translates into a 
functional increase in inhibitory input to distal CA1 dendrites. 

A second significant abnormality is present at the CA3–CA1 synapse. 
Here, LTP normally induced by high-frequency stimulation is significantly 
attenuated (Belichenko et al., 2009; Costa & Grybko, 2005; Kleschevnikov 
et al., 2004; Siarey et al., 1997a; Siarey et al., 2005; O’Doherty et al., 2005; 
Morice et al., 2008). Conversely, the magnitude of LTD evoked by low-
frequency inputs at these synapses is significantly enhanced (Siarey et al., 
1999, 2005). As a result, the CA1–OAI feedforward inhibition of the TA 
pathway that relies on potentiation of the CA3–CA1 synapse is likely to be less 
efficacious in the DS hippocampus. This suggests that TA inputs that would 
normally be suppressed during the processing of high-frequency events within 
the hippocampus now become superimposed upon and interfere with the nor
mal flowof high-frequency information processing. In contrast, the flowof low
frequency information that is processed by the TA–CA1 pathway would most 
likely remain relatively intact since the enhancedLTD in the trisynaptic pathway 
would help prevent interference. 

Electroencephalogram (EEG) recordings from individuals with DS sug
gest indirectly that such an aberrant processing of information may exist in 
the hippocampus. During eyes-closed resting conditions, humans with DS 
show increased power at low EEG frequencies with a reduction in power at 
higher frequencies when compared to controls (Babiloni et al., 2009). Simi
lar shifts in EEG frequency content were observed in Ts65Dn mice during 
sleep and, although they did not show a significant difference, there was 
a similar trend in the EEGs recorded during wakefulness (see Fig. 2A in 
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FIGURE 8 GABAB-mediated GIRK currents after stimulation of the temporoammonic pathway. (A) Diagram showing whole-cell recording electrode 
on CA1 pyramidal neuron and stimulating electrode placed just opposite the hippocampal fissure in the SLM. (B) Whole-cell recordings from diploid (top) 
or Ts65Dn (bottom) hippocampal slices after stimulating the TA path with five pulses at 5 or 100 Hz. 
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Colas et al., 2008). While EEGs do not necessarily reflect oscillations of 
deeper brain structures such as the hippocampus, these findings are consistent 
with enhanced processing of low-frequency information and aberrant hand
ling of higher-frequency content. While there is evidence to suggest that the 
magnitude of EEG abnormalities correlates with cognitive function (Partanen 
et al., 1996), exactly how the putative aberrant flow of information through 
the hippocampus resulting from gene dosage-enhanced GABAB-mediated 
GIRK currents translates into cognitive deficits remains to be determined. 

E.	 Effect of GABAB–GIRK2 Localization at Postsynaptic 
Active Zones 

While GABAB receptors and GIRK2-containing channels are found 
distributed along dendritic shafts and spines of pyramidal cells within the 
hippocampus, they are in closest proximity to each other near glutamatergic 
synapses on dendritic spines (Kulik et al., 2006). At this location, GIRK 
channels may also strongly influence the gating of NMDA receptors in 
Ts65Dn neurons by enhancing their voltage-dependent Mg2+ block thereby 
contributing to the decrease in LTP that we previously reported in the 
Ts65Dn hippocampus (Siarey et al., 1997a). Opposite effects related to 
attenuation of voltage-dependent Mg2+ block should increase LTP in 
GIRK2�/� knockout mice. In fact we found that LTP is increased in the 
CA1 region of hippocampus, which is consistent with a weaker Mg2+ block 
(Fig. 4c (bottom)). In addition, the inhibitory currents mediated by these 
clusters can be potentiated by the same intracellular signaling cascades that 
are responsible for LTP of glutamatergic EPSCs (Huang et al., 2005). This 
suggests that GABAergic signaling can also closely regulate the magnitude of 
excitatory transmission at a fundamental level by narrowing the window 
during which glutamatergic inputs can summate to produce LTP. The over-
expression of GIRK2 channels in the DS hippocampus and the exaggerated 
GABAB response seen in DS hippocampal cells might thus actively suppress 
excitatory inputs at the synaptic level and constitute an additional brake on 
the induction of LTP. Given the importance of hippocampal LTP in memory 
formation and consolidation, this GABAB-mediated inhibition of LTP 
resulting from a dosage-sensitive increase in GIRK expression may also 
contribute to the cognitive deficits associated with DS. 

VI.	 Potential Evidence for GABAB-Mediated Developmental 
and Morphological Changes in DS 

Individuals with DS have a reduction in absolute brain volume (Pinter 
et al., 2001) that likely results from a combination of early developmental 
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problems and neurodegeneration later in life. In Ts65Dn mice, longer cell 
cycle durations and reduced neurogenesis during the prenatal period con
tribute to a delay in the growth of the cerebral cortex and hippocampus 
(Contestabile et al., 2007). An apparent increased vulnerability to apoptosis 
in DS (Sawa, 1999) may also contribute to the hypocellularity. Apoptosis
related genes present on Hsa21 likely contribute to the increased suscept
ibility of DS neurons to the initiation of apoptosis (Sawa, 1999; Wolvetang 
et al., 2003). 

Evidence that fluoxetine, a selective serotonin reuptake inhibitor (SSRI) 
and GIRK channel antagonist (Kobayashi et al., 2003), can rescue deficits 
in neurogenesis in Ts65Dn mice (Clark et al., 2006) suggests that 
GABAB–GIRK coupling may also play a role in adult neurogenesis. In fact, 
observations in the mutuant weaver mouse support a role for GIRK2 in 
neurogenesis. These mice have a single amino acid mutation in the pore-
forming region of the GIRK2 subunit, which causes a loss of K+ selectivity 
and permits a tonic Na+ current through the channel (Slesinger et al., 1996). 
Weaver mice show enhanced neuronal death during development, an effect 
that can be prevented with fluoxetine treatment, which effectively blocks 
mutant GIRK2 channels (Takahashi et al., 2006). While the effects of fluox
etine on serotonergic pathways must also be considered, these findings 
support an important role for GIRK channel activity in development. Simi
larly, ethanol was reported to open GIRK channel (Lewohl et al., 1999) and 
is a cause of fetal alcohol syndrome leading to mental retardation and 
numerous developmental disabilities. 

During the embryonic stage, cortical lamination is delayed and disorga
nized in DS individuals and in Ts65Dn mice and may indicate disruption of 
axonal and dendritic connections (Chakrabarti et al., 2007; Golden & 
Hyman, 1994). In addition to reduced neuronal populations, individuals 
with DS show changes in neuronal morphology and dendritic spine density 
(Takashima et al., 1981; Weitzdoerfer et al., 2001). Initially, dendritic 
branching is greater in DS infants but, by 2 years of age, it declines below 
that observed in normal children (Becker et al., 1986). Ts65Dn mice show 
similar changes in dendritic malformations and have a preferential loss of 
presumably excitatory synapses (Ayberk et al., 2004). While the exact 
mechanisms underlying these changes remain to be determined, a potential 
enhancement in the magnitude of hyperpolarization in forming synapses 
in DS brains conferred by exaggerated GABAB–GIRK signaling could 
make significant contributions. The formation of synapses is believed to 
be use-dependent requiring depolarizing events (Jontes & Smith, 2000). 
As structural changes in dendritic spines involve calcium (Schubert & 
Dotti, 2007), a GABAB–GIRK suppression of depolarizing events that 
drive calcium influx would be expected to disrupt this important spine 
regulation pathway. However, such a role for GABAB in spine regulation 
remains to be determined. 
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VII. Role of GIRK in DS Pain and Cerebellar Phenotypes 

In addition to the cognitive and morphological alterations highlighted 
above, individuals with DS show a range of phenotypes including an altered 
response to nociceptive stimuli and other phenotypes that can be caused by 
abnormal cerebellar and/or sensory nuclei function. Evidence from mouse 
models suggests that DS is associated with an increase in pain thresholds. 
Following injection of formalin into the paw, Ts65Dn mice spend less time 
licking the injured paw than their control litter mates (Martinez-Cue et al., 
1999). Similarly, in a noxious heat test, Ts65Dn mice show longer latencies 
to remove their tail from the stimulus than their control litter mates (Marti
nez-Cue et al., 1999). Thus, it appears that DS confers a reduction in pain 
sensitivity. Investigations with GIRK knockout mice suggest a potential 
mechanism for these observations. 

Using a targeted mutation technique, GIRK2 knockout mice were gen
erated that show normal presynaptic response to neurotransmitters known 
to act through GPCRs but lack typical postsynaptic effects (Lüscher et al., 
1997). These mice survive into adulthood and perform equally well as 
control mice on many behavioral tests (Blednov et al., 2001). They do, 
however, show a slight thermal hyperalgesia. Additionally, the antinocicep
tive effects of drugs that target GIRK2 channels were reduced or completely 
eliminated (Blednov et al., 2003). This included the GABAB agonist baclo
fen. In investigating the observation that male mice tend to have higher pain 
thresholds than female mice, Mitrovic et al. (2003) noted that this difference 
is lost in GIRK2 knockout strains. The knockout mice also showed less 
antinociceptive benefits from clonidine (an alpha2 agonist) and morphine 
(m-receptor agonist). Thus, the increased pain thresholds observed in 
Ts65Dn mice may be related to the overexpression of GIRK2 channels. It 
also suggests that drugs that activate these channels, such as GABAB ago
nists, may convey a stronger analgesic effect in Ts65Dn mice. This increased 
analgesic potency, however, remains to be investigated. 

Early reports in humans, based primarily on behavioral observations, 
suggested that individuals with DS also have higher pain thresholds than 
individuals from the general population (Biersdorff, 1994). In a study by 
Hennequin et al. (2000), testing the response of individuals to cold pain, it 
was found that DS individuals had a longer latency until the expression of 
discomfort and were less successful in localizing the site of discomfort than 
normal controls. While the results seem to support the notion that indivi
duals with DS have increased pain thresholds, the authors noted that other 
factors such as aberrant processing of sensory information may underlie the 
slow response latencies. The sensations are clearly felt but the recognition of 
the input as painful is delayed. In contrast, Defrin et al. (2004) found that 
when a test that did not rely on reaction times was used, individuals with DS 
had a lower threshold for heat-induced pain. They also found evidence for 
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slower conduction velocities of sensory information with corresponding 
slower reaction times in DS individuals. These latter observations, combined 
with cognitive delays in processing sensory information, may be sufficient to 
explain the perception of higher pain thresholds in individuals with DS. In 
either case, it is noted that DS individuals are not insensitive to pain and the 
proper use of anesthetics and analgesics is still essential. More research is 
required to resolve the apparent discrepancies between animal model and 
human observations regarding pain perception in DS. 

One of the possible approaches would be to use a special mating scheme 
where crossing Ts65Dn mice and heterozygous knockout for a single gene 
from chromosome 21 mice produces small percentage offsprings that have 
all triplicated genes encoded by Ts65Dn chromosomal segment beyond this 
selected gene. We applied this strategy to produce Girk2-disomic Ts65Dn 
mice using Girk2 knockout (Harashima et al., 2006b; we have already 
discussed the results of this strategy for hippocampal neurons in Fig. 5). In 
the Ts65Dn cerebellum we found dramatically elevated levels of GIRK2 in 
unipolar brush cells (UBCs; Harashima et al., 2006b). UBCs are unique 
interneurons with a brush-like dendrite structure that are found in the 
granule cell layer of the vestibular cerebellum and in the dorsal cochlear 
nucleus (DCn; Abbott & Jacobowitz, 1995; Floris et al., 1994; Mugnaini 
et al., 1997). UBCs are excitatory granule layer interneurons that are cap
able of intrinsic firing that at least in part is regulated by GIRK channels 
(Jaarsma et al., 1996; Russo et al., 2008). The Girk2 disomic Ts65Dn mice 
(Ts65DnGirk2�/+/+) show restoration of cerebellar phenotype related to 
overexpression of GIRK2 in UBCs (Harashima et al., 2006b). The beha
vioral consequences of this restoration were not addressed because of poor 
efficiency of Ts65Dn breeding scheme. The increased expression levels of the 
GIRK2 subunit may contribute to the motor and sensorimotor cognitive 
sequelae seen in the Ts65Dn mouse and DS individuals by impacting phy
siological properties of cerebellar and auditory neuronal circuits and may 
contribute early in development to hypotonia that is a prominent feature of 
DS during the time of birth. 

VIIl. Conclusions 

It is clear that the complexity of Down syndrome cannot be linked to the 
overexpression of a single gene or even the limited segment of genes on 
chromosome 21 (Korenberg, 2009; Olson et al., 2007; Pereira et al., 2009). 
However, examining the effects of increased dosage in particular genes offers 
a tractable starting point for investigating the complex interactions that 
occur in DS. Using this approach we presented evidence that the presence 
of a gene encoding GIRK2 subunits on a triplicated region of mouse 
chromosome 16 (and also present on human chromosome 21) leads to 
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dosage-sensitive changes in the properties of neurons within the CNS 
(Harashima et al., 2006a). Based on the properties of these channels and their 
functional coupling to GABAB receptors, we postulated how enhanced inhibi
tory tone canaffect proper functioning at both the cellular andbehavioral levels. 

In postulating the effects of a dosage-sensitive increase in GIRK expres
sion, we also elaborated how alterations in the expression of functionally 
related genes and their resulting products may interact to either ameliorate 
or exacerbate DS phenotypes. As signaling pathways do not act in isolation 
and overlap extensively, untangling the functional impact of these altera
tions becomes quite complex. This complexity can occur at different 
hierarchical levels of brain anatomy (in set of networks through single 
microcircuit and/or in a single neuron) potentially leading to attenuating 
or enhancing consequences of the chromosome 21 gene overexpression in 
not easily predictable manner. As therapies targeting specific DS phenotypes 
are developed it will be critically important to keep the interactions of gene 
products and miRNAs in mind. In some instances, like the ability to rescue 
cognitive deficits in DS mice by interfering with GABAergic signaling 
(Fernandez et al., 2007; Rueda et al., 2008), interactions between signaling 
pathways and GABAA receptors may be of less concern although cross talk 
between pathways that are abnormal in DS and inhibitory GABAA activity 
likely takes place and may provide explanation why this approach is suc
cessful (Jacob et al., 2008; Wang et al., 2003). Therefore, targeting specific 
pathways altered by one or a few overexpressed genes provides a strong 
foundation to begin to understand the complexities of DS. In this light, 
GABAB–GIRK2 signaling emerges as a potentially important and promising 
pharmacological target to reverse some of the DS cognitive phenotypes. 
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Abstract 

Dysfunction of the gamma amino butyric acid (GABA)-ergic system has 
been purported to play a role in psychiatric disorders, including anxiety and 
major depression. A clear link between GABAA receptors and anxiety has 
long been established. However, despite the GABA system being the promi
nent inhibitory neurotransmitter in the brain, a role in depression has been 
less well validated. GABAB receptors, first characterized by Bowery and 
colleagues 30 years ago, have been long postulated to be involved in the 
etiology of depression, but a lack of selective, orally active, pharmacological 
compounds slowed down their assessment. From the mid-1990s, more 
selective pharmacological and genetic tools for examining the GABAB 
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system have provided greater insight into their role in complex behavioral 
and molecular characteristics. The resulting literature garnered from recent 
behavioral studies employing selective GABAB receptor antagonists and 
knockout mice suggests in the main that the blockade, or loss of function, 
of GABAB receptors causes an antidepressant-like phenotype. The GABAB 

receptor system has been shown to have substantial interactions with the 
serotonergic system and neurotrophic factors, such as BDNF. We argue that 
the potential antidepressant properties of GABAB receptor antagonists may 
be, at least in part, mediated via these interactions. Clinical studies have 
repeatedly reported alterations in GABA levels, particularly in cortical areas, 
but studies to specifically assess GABAB receptors are lacking. Those avail
able have documented differential gene expression of the GABAB(2) subunit 
but require replication. Therefore, while further research is necessary, it is 
suggested that GABAB receptor antagonists may represent a new class of 
antidepressant compounds. 

I. Introduction 

Despite a biological basis for mood disorders been described as early as 
the fifth century BC, by Hippocrates, and substantial research efforts, the 
underlying etiology of major depressive disorder (MDD) remains poorly 
understood. The World Health Organization positions depression as the 
second largest global health burden (Licinio & Wong, 2005; Murray & 
Lopez, 1997), and current lifetime prevalence rates are estimated at 16.2% 
in the United States (Kessler et al., 2003). Moreover, the average cost 
burden on society in the United States is approximately $80 billion per 
year and in Europe as high as €106 billion (Andlin-Sobocki & Wittchen, 
2005). All currently available antidepressants have a delayed onset of 
action (Slattery et al., 2004) and are ineffective in up to 30–40% of patients 
(Kirsch et al., 2008; Matthews et al., 2005). Moreover, all currently avail
able antidepressants are believed to exert their therapeutic benefits by 
modulation of monoamine neurotransmission. Thus, efforts to develop 
more efficacious antidepressants have more recently focused on other neu
rotransmitter systems and molecular pathways (Berton & Nestler, 2006; 
Cryan et al., 2008; McKernan et al., 2009). Therefore, attention has been 
focused on the GABAergic (gamma amino butyric acid) system (Brambilla 
et al., 2003; Slattery & Cryan, 2006). GABA is the main inhibitory trans
mitter in the central nervous system (CNS), and there is accumulating 
evidence purporting a specific GABAergic dysfunction in mood disorders 
(Slattery & Cryan, 2006). While there are two main receptor classes, 
ionotropic GABAA and GABAC receptors and metabotropic GABAB recep
tors, via which GABA acts (Cryan & Kaupmann, 2005), the following 
review focuses on GABAB receptors. 
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Metabotropic GABAB receptors were first implicated to play a role in 
MDD more than 25 years ago (Pilc & Lloyd, 1984). However, the lack of 
pharmacological tools with which to study this system prevented detailed 
assessment of their role, particularly as the prototypical receptor agonist, 
baclofen (Brogden et al., 1974), causes sedation, motor incoordination, and 
hypothermia (Jacobson & Cryan, 2005). However, within the past 15 years, 
novel receptor antagonists, positive modulators, and subunit-specific knock
out mice have become available to study with more specificity the role of 
these receptors (Bettler et al., 2004; Cryan & Kaupmann, 2005). 

II. GABAB Receptors 

It is appropriate to mention in this special issue that it is now 30 years 
since GABAB receptors were first identified by Norman Bowery and cow
orkers. Their seminal work showed that a GABA-sensitive blockade of nor
adrenaline release from rat atria was not altered by application of the GABAA 

receptor antagonist bicuculline but by baclofen, the prototypical GABAB 

receptor agonist (Bowery et al., 1980; Hill & Bowery, 1981). It was then 
almost 20 years before the GABAB receptor was cloned revealing it as the first 
heteromeric metabotropic receptor (Kaupmann et al., 1997). There are two 
major subunits, GABAB(1) and GABAB(2), both of which are required to 
generate functional receptors with the former providing the ligand-binding 
domain and the latter coupling to the intracellular signaling cascade (Couve 
et al., 2000; Kaupmann et al., 1998 but see Gassmann et al., 2004). There are 
also two major isoforms of the GABAB(1) subunit, namely, the GABAB(1a) and 
GABAB(1b) (although GABAB1c–g splice variants have been identified, their 
physiological relevance remains to be elucidated). While the GABAB(1a) is the 
predominant isoform in the developing brain, GABAB(1b) is the main isoform 
in the adult brain (Cryan & Kaupmann, 2005). The cloning of GABAB 

receptor cDNAs in 1997 (Kaupmann et al., 1997) also paved the way for 
the generation of mice lacking either the GABAB(1) (both GABAB(1a) and 
GABAB(1b)) or the GABAB(2) subunits (Gassmann et al., 2004; Prosser et al., 
2001; Queva et al., 2003; Schuler et al., 2001). More recently, mice lacking 
either the GABAB(1a) or GABAB(1b) receptor isoform have been generated 
(Vigot et al., 2006) and should be very useful in understanding the role 
of these receptor isoforms in brain function and behavior (Jacobson et al., 
2006a, 2006b, 2007; Vigot et al., 2006). 

In situ hybridization and autoradiography studies have demonstrated 
that GABAB receptors are abundantly and widely expressed in the CNS. 
Presynaptic GABAB receptors inhibit neurotransmitter release via inhibition 
of voltage-gated Ca2+ channels while postsynaptic receptors are coupled 
to K+ channels to generate inhibitory postsynaptic potentials (IPSPs) 
(see Bettler et al., 2004; Bowery et al., 2002 for reviews). 
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High-affinity phosphinic acid-derived GABAB receptor antagonists, 
such as CGP36742, CGP55845, and CGP56433A have recently been 
described (Froestl et al., 2003). These compounds have largely replaced 
the GABAB receptor antagonists phaclofen, saclofen, and 2-hydroxysaclofen 
that had emerged in the late 1980s as tools for assessing GABAB function in 
vitro and in vivo (Bowery et al., 2002; Kerr & Ong, 1992). Following the 
characterization of these novel antagonists, GABAB receptor-positive mod
ulators, GS39783 and CGP7930, were designed, which have been shown to 
bind to the transmembrane region of the GABAB(2) subunit (Binet et al., 
2004; Dupuis et al., 2006), a site distinct from where GABA binds (Jensen & 
Spalding, 2004; Soudijn et al., 2002). These ligands provide a powerful tool 
to assess GABAB receptors, as they have been shown to potentiate GABAB 

receptor activity following stimulation by an agonist but retain no intrinsic 
activity (Urwyler et al., 2003). Thus, positive modulators have been shown 
to be devoid of the side effects such as motor incoordination and hypother
mia, which limit in vivo use of full agonists, such as baclofen (Cryan et al., 
2004; Slattery et al., 2005a). 

Therefore, the combination of the new pharmacological and genetic 
tools has provided highly selective mechanisms by which to study the func
tion of GABAB receptors using both neurochemical and behavioral 
paradigms. 

III.	 Role of GABAB Receptors in Animal Models 
of Antidepressant Action 

Animal models of depression are responsive to acute and/or chronic 
administration of currently available antidepressants and can thus be used 
to investigate the therapeutic potential of novel compounds (Cryan et al., 
2002). The following section reviews the literature to date that has exam
ined the GABAB receptor system in different animal models. 

A.	 Learned Helplessness 

In this model of depression, an animal is subjected to inescapable 
shocks, which result in a reduced number of escape attempts when they 
are subsequently placed in an escapable situation (Cryan et al., 2002). This 
behavior is reversed by a wide range of antidepressants and the GABAergic 
system was first shown to be involved in helpless behavior by Sherman and 
Petty (1980). They showed that microinjection of GABA into the frontal 
cortex, hippocampus, or lateral geniculate nucleus prevented or reversed 
learned helplessness and that hippocampal GABA release was attenuated in 
animals that exhibited helpless behavior (Petty & Sherman, 1981). How
ever, Nakagawa and colleagues provided evidence in a series of experiments 
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that GABAB receptor blockade displayed antidepressant-like activity in the 
learned helplessness paradigm. Thus, systemic baclofen, but not bicuculline 
(a GABAA receptor agonist), administration exacerbated learned helpless
ness and also abolished the antidepressant-like effect of the tricyclic anti
depressant desipramine in this paradigm (Nakagawa et al., 1996a, 1996b), 
while the GABAB receptor antagonist CGP36742 dose-dependently 
improved the number of escapes (Nakagawa et al., 1999). 

It has also been demonstrated that animals that did not develop helpless 
behavior (typically 30%) had decreased GABAB receptor but increased 
GABAA receptor levels in the medial and lateral septum (Kram et al., 
2000), a region that has been implicated in depressive behavior (Duncan 
et al., 1996; Estrada-Camarena et al., 2002; Price et al., 2002; Sheehan et al., 
2004). This suggests that decreased septal levels of GABAB receptors confer 
the animal with an antidepressant-like coping strategy, at least in this model. 
However, it is noteworthy that a prior study revealed that GABAB receptor 
levels were decreased in the frontal cortex of learned helpless rats (Martin 
et al., 1989). A number of differences in protocol may account for this 
discrepancy, including rat strain (Sprague Dawley vs. Wistar), shock proto
col (100 shocks lasting 5 s at an intensity of 1.0 mA vs. 60 15 s 0.8 mA 
inescapable shocks), and the technique to assess GABAB receptor levels 
(quantitative autoradiography vs. membrane ligand binding). However, it 
may also help to explain the conflicting pharmacological findings as GABAB 

receptor levels in different brain regions may be differentially regulated in 
order to provide an antidepressant-like effect. 

B. Olfactory Bulbectomy 

The removal of the olfactory bulbs results in numerous behavioral, 
neuroendocrine, neurochemical, and immune alterations, which are also 
observed in clinical studies (Harkin et al., 2003; Song & Leonard, 2005). 
The olfactory bulbectomy model of depression is solely responsive to 
chronic administration of antidepressants and as such represents an animal 
model that is responsive in a clinical time frame (Cryan et al., 2002; Song & 
Leonard, 2005; Willner & Mitchell, 2002). The most consistent behavioral 
alterations caused by bulbectomy are hyperactivity in a novel brightly lit 
open field arena and deficits in passive avoidance learning, both of which 
are responsive to chronic antidepressant administration (Cryan et al., 1998, 
1999; Kelly et al., 1997; Song & Leonard, 2005). Baclofen was reported to 
reverse the bulbectomy-induced hyperactivity (Leonard & Tuite, 1981) but 
it is problematic to separate an antidepressant-like response to the known 
sedative properties of baclofen. The GABA mimetic progabide has also been 
demonstrated to show antidepressant-like behavior in the olfactory bulbect
omy model by reversing the passive avoidance deficits (Lloyd et al., 1983). 
The generation of novel GABAB receptor antagonists has enabled a more 
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selective examination of the GABAB system’s involvement in bulbectomy
induced deficits. Thus, CGP36742 and CGP51176 were shown to reverse 
the passive avoidance deficits in bulbectomized rats (Nowak et al., 2006). 
GABAB receptor expression has been assessed in a number of studies follow
ing bulbectomy and has consistently been shown to be decreased in the 
frontal cortices (Lloyd & Pichat, 1986; cited in Dennis et al., 1993, 1994; 
Lloyd et al., 1989). Therefore, when these findings are coupled with those 
showing a decreased level of GABAB receptors in the frontal cortex of 
learned helpless rats (Martin et al., 1989), it appears that low expression 
of GABAB receptors in this region may confer an increased risk of depres
sion following stress exposure. 

Thus, results obtained from these studies collectively demonstrate that 
GABAB receptors are likely to play a role in the olfactory bulbectomy animal 
model of depression. However, further research is required to determine 
whether GABAB receptor activation is also beneficial as the initial baclofen 
reports suggest. The assessment of the behavioral effects of the novel allos
teric positive modulators GS39783 or CGP7930, which lack the sedative 
effects of the full agonist, would help to address this question (Cryan et al., 
2004; Jacobson & Cryan, 2008). 

C. Forced Swim Test 

The most widely utilized animal model of antidepressant action is the 
forced swim test (FST) (see Cryan et al., 2002, 2005b; Lucki, 1997 for 
reviews). When a rat is exposed to an inescapable cylinder filled with 
water, after initial escape-directed behavior the animals quickly adopt an 
immobile posture, which is believed to reflect either a failure to persist with 
escape-directed behavior or a passive behavior to cease active forms of 
coping to the stressful stimuli (Cryan et al., 2002; Lucki, 1997). While the 
traditional rat version (Porsolt et al., 1977, 1978) comprises of an initial 
pre-exposure followed 24 h later by the test exposure, the mouse swim test 
only requires a single exposure to the swim cylinder. Nevertheless, in both 
the rat and mouse versions, antidepressants have been selectively shown to 
increase the time that rodents spend in active behaviors (Borsini, 1995; 
Borsini & Meli, 1988; Cryan & Mombereau, 2004; Petit-Demouliere 
et al., 2005). 

Baclofen administration has been shown to attenuate the antidepres
sant-like effect induced by desipramine, mianserin, and buspirone in the rat 
FST (Nakagawa et al., 1996c) and to be without intrinsic effect itself in the 
test (Nakagawa et al., 1996c) at doses that do not impair motoric behavior. 
These findings are similar to those observed in the learned helpless para
digm, which suggest that GABAB receptor activation blocks the antidepres
sant-like effects of clinically efficacious drugs. These effects were not due to 
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any sedative effect of baclofen as it was without any effect itself on immo
bility behavior at the doses tested (Nakagawa et al., 1996c). 

In agreement with the above findings, both GABAB receptor antagonists 
(Mombereau et al., 2004; Nowak et al., 2006) and genetic ablation of either 
GABAB(1) or GABAB(2) receptor subunits (Mombereau et al., 2004, 2005) 
induce an antidepressant-like phenotype in the mouse FST. Interestingly, the 
antidepressant-like effect of CGP51176 was prevented by coadministration 
of CGP44532, a GABAB receptor agonist, further supporting a GABAB-
mediated effect (Nowak et al., 2006). 

A modified version of the rat FST has emerged over the past decade, 
championed by Lucki and colleagues (Cryan et al., 2005; Lucki, 1997) in  
part as a response to the fact that the traditional rat FST has proven to be 
somewhat unreliable in detecting the antidepressant-like efficacy of selec
tive serotonin reuptake inhibitors (SSRIs) (Borsini, 1995). The modified 
version enabled the scoring of two active behaviors, swimming, which is 
increased by serotonergic antidepressants, and climbing, which is 
increased by catecholaminergic drugs (Cryan et al., 2002, 2005; Lucki, 
1997). We have examined GABAB receptor antagonists in this version of 
the FST and the results confirm those observed in the traditional and 
mouse versions of the test (Slattery et al., 2005a). However, the ability to 
distinguish between the different active behaviors revealed that GABAB 

receptor antagonists selectively increased swimming behavior, as observed 
by SSRI administration (Cryan et al., 2002). Interestingly, and confirming 
the link to the 5-hydroxytryptamine (5-HT) system, depletion of central 
5-HT levels with para-chlorophenylalanine blocked the antidepressant-like 
effect of GABAB receptor blockade (Slattery et al., 2005a). Interestingly, 
the GABAB receptor-positive modulator GS39783 did not alter any beha
vior in this test, which is similar to that shown for the full agonist 
baclofen in the traditional rat swim test (Nakagawa et al., 1996c). How
ever, it remains unknown at present whether GS39783 would attenuate 
the effect of antidepressants in a similar vein to that reported by baclofen. 
The data described above supports a role of the GABAB receptor in the 
depression-related behaviors as assessed by the FST and provides evidence 
that antagonism of these receptors display antidepressant-like effects in 
this model. More recently, Frankowska et al. (2010) demonstrated that 
the GABAB receptor antagonist SCH 50911 (0.3 mg/kg) reduced cocaine 
withdrawal-induced elevations in immobility in the FST at doses lower 
than that which induces antidepressant-like effects (Frankowska et al., 
2007). However, the same studies also show that activation of GABAB 

receptors with agonists and positive modulators has antidepressant-like 
effects. This conundrum cannot be easily explained currently and rein
forces the difficulty in dissecting out the behavioral role of a receptor that 
has both pre- and postsynaptic effects. Interestingly, both GABAB receptor 
and antagonists also behave similarly in intracranial self-stimulation 
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procedures, in cocaine discrimination, or cocaine-induced seeking beha
vior in self-administration procedures in rats (Filip & Frankowska, 2007; 
Filip et al., 2007; Macey et al., 2001). Theoretically, GABAB receptor 
agonists (used in low doses) might cause the stimulation of presynaptic 
GABAB receptors leading to decreased GABA release, thus mimicking the 
effects of antagonists at GABAB postsynaptic sites. On the other hand, 
blockade of presynaptic GABAB receptors may result in the enhanced 
GABA release, which may stimulate postsynaptically localized GABA 
receptors. Interestingly, there is no evidence to date of such effects in 
other paradigms used to assess antidepressant activity. 

D. Tail Suspension Test 

When a mouse is suspended by its tail after initial struggling behavior, 
the animal will quickly adopt an immobile posture. Antidepressant admin
istration increases the duration of struggling (Cryan et al., 2005a; Steru et al., 
1985) in the mouse. Similar to the results obtained in the olfactory bulbect
omy model and FST, baclofen was shown to have a prodepressant-like effect 
in this model but as was the case in the former these effects are likely to be 
due to the motor impairing, muscle relaxing, and sedating effects induced by 
GABAB receptor activation (Cryan et al., 2005; Jacobson & Cryan, 2005). 
Interestingly, it was shown that the GABAB receptor antagonist 
CGP56433A did not have any antidepressant-like effect in this test (Mom
bereau et al., 2004). Similar GABAB(1) receptor subunit-deficient mice also 
failed to demonstrate altered behavior in the tail suspension test (TST) 
(Mombereau et al., 2004). Interestingly, GABA transporter subtype 1 knock
out mice display reduced immobility in the TST suggesting that an enhanced 
GABAergic drive leads to an antidepressant-like phenotype (Liu et al., 
2007). However, it should also be noted that these animals displayed greater 
locomotor activity, as measured in the open field and that a general increase 
in activity may underlie the decreased immobility in the TST. Despite the 
similarities between the TST and FST it is becoming increasing apparent that 
different biological substrates underlie the tests (Cryan & Mombereau, 
2004; Cryan et al., 2005a, b), which may have a GABAB receptor compo
nent to them. 

E. Chronic Mild Stress 

The chronic mild stress (CMS) paradigm is based on the initial discov
ery by Katz (1982) that exposure to severe predictable stressors leads to an 
anhedonic phenotype in rats. The severity of the stressors was reduced (e.g. 
change of cage-mate, overnight lighting, novel housing, restraint, and depri
vation of food or water) and was also extended to over a period of weeks to 
months (Willner, 1997, 2005). Similar to the original paradigm, CMS has 
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been shown to decrease consumption of a sweet (sucrose or saccharin) 
solution, i.e. an anhedonic-like effect, and that this effect is long-lasting 
and reversible by numerous antidepressants when administered chronically 
but not acutely (Willner, 1997, 2005). It should be noted that there is much 
controversy in the literature surrounding the reliability and robustness of the 
CMS paradigm (Reid et al., 1997; Willner, 1997). 

Studies of GABAB receptor ligands in this model have been limited 
but it has been demonstrated that the GABAB receptor antagonist 
CGP51176A fully normalized sucrose consumption in rats following 
4 weeks treatment at doses of 3 and 10 mg/kg p.o. but not at 0.3 mg/kg 
(Bittiger et al., 1996). The antidepressant imipramine (10 mg/kg p.o.) was 
included in this study as a positive control and also fully restored sucrose 
consumption in rats that had undergone CMS (Bittiger et al., 1996). This 
finding has recently been recapitulated for CGP51176 (Nowak et al., 
2006). Moreover, the time-course of treatment was assessed and it 
demonstrated that following 3–4 weeks of treatment sucrose intake was 
increased compared with vehicle-treated CMS rats and after 5 weeks there 
was no difference between the CMS CGP51176 group and controls 
(Nowak et al., 2006). Therefore, in agreement with data outlined above 
in other models, these data demonstrate that GABAB receptor antagonists 
display antidepressant-like behavioral effects. Furthermore, it has been 
demonstrated that CMS resulted in decreased sucrose preference as well 
as decreased GABA levels in the hippocampus (Gronli et al., 2007). 
However, there was no correlation between sucrose intake and hippo
campal GABA levels and the authors did not attempt to reverse these 
deficits with GABAergic ligands. Contrastingly, it has been demonstrated 
that baclofen administration blocked the reduced social interaction of rats 
repeatedly exposed to ethanol or restraint stress (Knapp et al., 2007). 
While the authors suggest that this effect is related to anxiety, previous 
studies have shown that repeated exposure to restraint stress or ethanol 
causes depression-like behavior and that chronic antidepressant adminis
tration can reverse the social interaction deficits caused by such stressors 
(Berton et al., 2006; Krishnan et al., 2007; Tsankova et al., 2006). Thus, 
it is possible that the reversal of the effects of stress and alcohol exposure 
by baclofen may also be related to an antidepressant-like response but 
further studies are warranted to test this hypothesis. 

IV. GABAB Receptors and Cognition 

Cognitive impairments, including decreased ability to concentrate, 
decreased learning and memory, and deficits in executive function (the 
ability to plan and participate in goal-directed behavior) are observed in 
depressed patients (Beck, 2008; Elliott et al., 1996; Wang et al., 2008). The 
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deficits in cognition can be partially explained from neuroimaging studies 
demonstrating decreased activity in many regions of the frontal cortex 
(Phillips et al., 2003), as executive function has been shown to be dependent 
on these regions (Dalley et al., 2004; Rogers et al., 2004). There is preclinical 
data showing that administration of the GABAB receptor antagonist 
SGS742 (or CGP36742) improves cognition, or more specifically spatial 
working memory, using the Morris water maze radial maze (Helm et al., 
2005; Sunyer et al., 2007, 2008). Interestingly, this observation has been 
replicated in a small clinical sample (Bullock, 2005; Froestl et al., 2004). 
A potential mechanism whereby GABAB receptor antagonism improves 
cognitive functioning is by enhancing hippocampal theta and gamma 
rhythms (Leung & Shen, 2007). This study demonstrated that icv adminis
tration of CGP35348 increased gamma waves in the hippocampus while 
medial septal infusion increased the power and frequency of theta waves in 
the hippocampus (Leung & Shen, 2007). Thus, GABAB receptor antagon
ism may enhance cognition by elevating neural activity in the hippocampus. 
Adding further credence to this hypothesis is the recent finding by Pilc and 
colleagues that administration of CGP51176 increased GABAB receptor 
density in the mouse hippocampus (Nowak et al., 2006). 

Another potential mechanism of action for this improved cognition is 
via modulation of activating transcription factor 4 (ATF4, or CREB2) as 
SGS742 was shown to reduce basal CRE binding in the hippocampus, 
which was mainly associated with ATF4 binding (Helm et al., 2005). 
ATF4 acts to suppress gene transcription (Cardin & Abel, 1999) and 
GABAB receptors are functionally linked to this transcription factor 
(Nehring et al., 2000; Vernon et al., 2001; White et al., 2000). Thus, 
together with improving spatial memory, this mechanism may be respon
sible, at least in part, for the antidepressant-like properties of GABAB 

receptor antagonists. Such a mechanism is also in line with the recent 
neurotrophic hypotheses of depression (Berton & Nestler, 2006). One 
neurotrophic factor that has received much interest is brain-derived neuro
tropic factor (BDNF), which leads to neuronal plasticity (Duman, 2002, 
2004; Duman et al., 1997). A number of studies have shown that a variety 
of antidepressants increase levels of BDNF in rodents and intracerebral 
administration of BDNF has been shown to result in antidepressant-like 
behavior (Duman et al., 1997; Eisch et al., 2003; Hoshaw et al., 2005; 
Shirayama et al., 2002; Siuciak et al., 1997), although there are also some 
negative studies (for example, Altar et al., 2003). In humans, depression 
has been associated with a decreased level of postmortem BDNF levels in 
untreated depressed patients compared with control and treated groups 
(Shimizu et al., 2003). Heese et al. (2000) demonstrated that a single admin
istration of four different GABAB receptor antagonists increased the concen
tration of BDNF in the hippocampus, cortex, and spinal cord, which was 
confirmed by Enna and colleagues in the striatum (Enna et al., 2006). 
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Therefore, this represents a possible mechanism that may contribute to the 
antidepressant-like effects of GABAB receptor antagonists. 

V. Chronic Antidepressants and GABAB Receptor Function 

There has been a substantial research effort over the past three decades 
into the effects of chronic antidepressant administration on GABAB receptor 
function and density and how this may correlate with their delayed onset of 
action (for review see Enna & Bowery, 2004). This research has focused on 
the premise that secondary alterations on neurotransmitter receptors caused 
by chronic administration of antidepressants may underlie or contribute to 
their overall efficacy (Duman, 2002, 2004; Nestler et al., 2002). However, 
in the context of GABAB, this research has been largely inconsistent with 
findings of no change or increases in GABAB receptor density, mRNA, or 
function following chronic antidepressant administration (see Enna & Bow
ery, 2004; Slattery & Cryan, 2006 for comprehensive reviews of the litera
ture). Reasons for the variability may be due to discrete differences in the 
methodologies used between various laboratories. 

VI. GABAB Receptors and the Reward System 

Anhedonia, the inability to experience pleasure from normally reward
ing stimuli, is a core symptom of depression (Cryan & Slattery, 2007). Thus, 
a number of studies have been performed examining the influence of the 
GABAB receptor ligands on rewarding-drug administration and on the 
dopamine system, the key neurotransmitter in the brain reward circuitry 
(Wise, 2002). Thus, direct effects on dopamine release have been observed 
following intracerebral administration of GABAB receptor ligands. While 
intra-ventral tegmental area (VTA) baclofen decreased dopamine release in 
the prefrontal cortex (Westerink et al., 1998) and nucleus accumbens (Wes
terink et al., 1996; Xi & Stein, 1999), intracerebral phaclofen was shown to 
increase dopamine release in numerous regions associated with the reward 
system (Giorgetti et al., 2002; Gong et al., 1998; Santiago et al., 1993; 
Smolders et al., 1995). Therefore, the antidepressant-like potential of 
GABAB receptor antagonists may be due in part to an increase of dopami
nergic transmission in the brain reward circuitry, which may help to alle
viate the anhedonic-like symptoms. 

In agreement with this hypothesis a number of behavioral studies have 
been performed, which reveal that GABAB receptor activation, either with 
baclofen or the positive modulator GS39783, attenuate the rewarding prop
erties of cocaine and nicotine (Lhuillier et al., 2007; Mombereau et al., 
2007; Slattery et al., 2005b; Willick & Kokkinidis, 1995) in addition to 
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the neurochemical (Fadda et al., 2003) and molecular consequences (Lhuil
lier et al., 2007; Mombereau et al., 2007). 

VII. GABAB–5-HT Interactions 

As alluded to above, a link between GABAB receptors and the seroto
nergic system has been demonstrated in behavioral studies (Slattery et al., 
2005a). In addition there is substantial evidence from neurochemical and 
electrophysiological studies. Varga et al. (2002) demonstrated that over 
95% of 5-HT immunoreactive cell bodies in the raphe complex are coposi
tive with GABAB receptors. Systemic administration of baclofen was shown 
to increase 5-HT release with the dorsal raphe nucleus (DRN) while intra-
DRN application of baclofen resulted in dose-specific alterations in 5-HT 
release (Abellan et al., 2000). In another study, intra-DRN administration of 
phaclofen (a GABAB receptor antagonist) did not alter basal 5-HT levels, 
which suggests that activation of GABAB receptors is required before affect
ing the 5-HT system (Tao et al., 1996). Administration of baclofen into the 
DRN has also been demonstrated to decrease 5-HT release in the nucleus 
accumbens (Tao et al., 1996), a region that is implicated in the reward 
circuitry of the brain (see Wise, 2002 for review). Therefore, it is possible 
that GABAB receptors in the DRN could be overactive in major depression 
and lead to the decrease in 5-HT neurotransmission that is seen in patients. 
However, as yet there is no direct evidence for this. 

A link between the GABAB receptor and 5-HT system has also been 
supported in studies employing genetically-modified mice. Thus, in mice 
lacking the 5-HT transporter, which also have a desensitization of DRN 
5-HT1A autoreceptors, baclofen was shown to have a reduced potency in 
inhibiting 5-HT cell firing (Fabre et al., 2000; Mannoury la Cour et al., 
2004). Given that no deficits in GABAB receptor function were observed in 
5-HT1A receptor knockout mice and that GABAA receptors are unaffected 
in both knockouts, the link between GABAB receptors and 5-HT1A appears 
to be specific (Mannoury la Cour et al., 2004). Furthermore, GABAB and 
5-HT1A receptors share the same pool of G-proteins (Andrade et al., 1986) 
and are coupled to the same G-protein-gated potassium (GirK) channels in 
the DRN (Innis et al., 1988). Therefore, it is plausible to assume that down
stream effects are responsible for these observations. In support of this, tar
geted deletion of GIRK2 has been shown to attenuate the hypothermic 
response elicited by 5-HT1A and GABAB receptor agonists (Costa et al., 
2005). Moreover, a recent study revealed that chronic treatment with the 
SSRI antidepressant fluoxetine reduced 5-HT1A and GABAB receptor-
mediated GirK currents in the dorsal raphe in control rats or following a social 
stressor, daily defeat for 5 consecutive days (Cornelisse et al., 2007). These 
findings suggest that fluoxetine desensitizes a shared downstream component 
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of the receptors (Cornelisse et al., 2007). It was also recently shown that a 
member of regulator of G-protein signaling (RGS) family, RGS2, was respon
sible for the coupling of GABAB receptors and GirK channels in dopaminergic 
VTA neurones (Labouebe et al., 2007). It is intriguingly possible that a similar 
mechanism exists within the DRN. Of interest, increased RGS2 immunoreac
tivity in the prefrontal cortex and amygdala of suicide victims has been 
reported (Cui et  al., 2007) and RGS2 knockout mice display increased emo
tionality and anxiety levels (Oliveira-Dos-Santos et al., 2000). Given that 
desensitization of 5-HT1A autoreceptors is hypothesized to occur before the 
onset of antidepressant efficacy following SSRI treatment (Artigas et al., 2006; 
Blier & Ward, 2003; Hensler, 2003), this may in turn lead to a decrease in 
GABABergic function in the DRN. Therefore, it is plausible that this link 
between GABAB receptors and the 5-HT system may contribute to the clinical 
benefit of SSRIs and provide an explanation for the antidepressant-like poten
tial of GABAB receptor antagonists. 

VIII.	 Clinical Evidence for a Role of GABAB Receptors in 
Depression 

The recent preclinical interest in GABAB receptors in the etiology of 
depression has not been replicated in clinical studies, mainly for the same 
reason that hindered earlier preclinical research, a lack of appropriate tools 
and therapeutic agents. Therefore, despite GABAergic dysfunction being 
reported in patients, a specific role of GABAB receptors has not yet been 
comprehensively studied (Brambilla et al., 2003; Cryan & Kaupmann, 
2005; Krystal et al., 2002). Emrich et al. (1980) were among the first to 
ascribe a role for GABAergic dysfunction in bipolar depression based on the 
fact that that valproate (an indirect GABA agonist) displayed antimanic 
effects. The GABA mimetics, progabide and fengabine, were reported to 
result in a clinical improvement in depressed patients to a similar extent as 
classical tricyclic antidepressants (Morselli et al., 1988). However, regarding 
the GABAB system, only one small study with five patients, to date, has been 
performed, which employed baclofen. In agreement with the recent precli
nical evidence, baclofen was reported in three out of the five patients to 
worsen their symptoms but clearly such a small sample size means that the 
findings are questionable (Post et al., 1991). 

While studies examining the direct effect of baclofen on depressive 
symptomology have not been extensively performed, a number of studies 
have assessed the impact of acute baclofen administration on endocrine 
parameters in depressed patients. Both growth hormone (Cavagnini et al., 
1977 but see also Markar et al., 1989) and cortisol (Morosini et al., 1980) 
concentrations are increased following acute baclofen administration. How
ever, the majority of these studies employed low numbers and nonuniform 
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patient populations and thus it may not be surprising that blunted (Marchesi 
et al., 1991; O’Flynn & Dinan, 1993) or no effect (Davis et al., 1997; 
Monteleone et al., 1990) on growth hormone levels have been reported. 

Further assessments of the GABAergic system have been performed 
utilizing cerebrospinal fluid (CSF) measurements and neuroimaging in 
depressed patients. These studies have shown, in the main, that GABA levels 
are decreased in the CSF of depressed patients (see Brambilla et al., 2003 for 
review) and within the occipital and dorsal medial/dorsal anterolateral 
cortices of patients with depression (Bhagwagar et al., 2004; Hasler et al., 
2007; Sanacora et al., 2002, 2003, 2004). Interestingly, the neuroimaging 
studies demonstrated that fluoxetine, citalopram, or electroconvulsive ther
apy (ECT) normalized the GABA levels in patients (Sanacora et al., 2002, 
2003, 2004). Correspondingly, increased GABA levels in the occipital cor
tex were reported following acute administration of citalopram in healthy 
volunteers (Bhagwagar et al., 2004). In agreement with these findings a 
reduction in glutamic acid decarboxylase (GAD—the enzyme that catalyzes 
the synthesis of GABA from glutmate) activity has been reported in several 
cortical and subcortical brain regions in depressed patients (Perry et al., 
1977), as well as a reduction in plasma GAD activity (see Brambilla et al., 
2003 for review). A recent postmortem study demonstrated significantly 
lower expression of GAD65 and GAD67 mRNA (GAD67 is the predomi
nant isoform in humans whereas GAD65 is the most prominent in rodents) 
in the cerebellum of unipolar depressed patients (Fatemi et al., 2005 but see 
Bielau et al., 2007). Similiarly, a reduction in the density and size of 
GABAergic interneurones in the prefrontal cortex, and density in the occi
pital, of depressed patients compared with control subjects was recently 
revealed (Maciag et al., 2009; Rajkowska et al., 2007). These findings 
clearly indicate a disruption of the GABAergic system in the frontal cortices 
of patients with depression but need to be extended to additional brain 
regions implicated in mood disorders and also elaborated upon to distin
guish the role of GABAA and GABAB receptors downstream of the changes 
in GABA levels. 

A microarray analysis of suicide and control subjects also revealed 
many alterations in relation to GABAA-relevant genes but also when 
assessed using a global analysis paradigm found that GABAB(2) subunit 
was differentially expressed between controls and suicide victims (Sequeira 
et al., 2009). This finding was also demonstrated in postmortem samples 
taken from BA44–BA47 in a different cohort of suicide victims (Klempan 
et al., 2009). These findings require additional replication and verification 
(i.e. by RT-PCR) but further support a role of the GABAB system in MDD. 
Transcranial magnetic stimulus (TMS) can be used to assess cortical inhibi
tion, a process mediated partly via GABA interneurones. The paradigm 
employed to assess cortical silent period (CSP) is believed to be more 
dependent on GABAB receptors than GABAA based on studies with 



GABAB Receptors and Depression 441 

baclofen, which lengthen this period. This technique provided more direct 
evidence for an alteration in GABAB receptor functioning in MDD as the 
CSP was longer in MDD patients compared with controls (Levinson et al., 
2009). This suggests that MDD patients display deficits in neurophysiolo
gical indexes of GABAB function. Moreover, while a deficit in both GABAA 

(short-interval cortical inhibition (SICI)) and GABAB function was found in 
severe treatment-resistant patients, only GABAB function was altered 
in unmedicated MDD and euthymic MDD patients. Therefore, deficits in 
GABAB receptor functioning, at least in relation to cortical inhibition, 
appear to be common across different modalities (Levinson et al., 2009). 

IX. Conclusion 

The recent preclinical findings regarding the GABAB receptor system 
utilizing novel ligands and genetic tools have shown that antagonists may 
represent a novel therapeutic strategy for the treatment of depression. The 
molecular basis of such effects remains elusive although increases in both 
BDNF (Enna et al., 2006; Froestl et al., 2004; Heese et al., 2000) and 
serotonergic neurotransmission (Cornelisse et al., 2007; Costa et al., 2005; 
Mannoury la Cour et al., 2004; Slattery et al., 2005a) have been implicated. 
On the clinical front, deficits in GABAergic neurotransmission have been 
consistently reported, particularly in the prefrontal cortex of MDD patients; 
however, a more causal role of the GABAB receptor system from clinical 
studies is lacking. Finally, a conundrum exists that activation of GABAB 

receptor reduces anxiety in a variety of paradigms, whereas antagonists have 
an antidepressant potential (Cryan & Kaupmann, 2005) especially given the 
extensive comorbidity of such disorders clinically. Further studies are 
needed to understand the functional interactions of GABAB receptors with 
other neurotransmitter systems and how these might contribute to the 
manifestation of differential anxiolytic and antidepressant-like effects of 
GABAB receptor-positive allosteric modulators and antagonists, respec
tively. Therefore, despite much more research required, the data gathered 
to date support a role of the GABAB receptor system in MDD and that 
GABAB receptor antagonists may represent a viable approach to a novel 
therapeutic intervention strategy. 
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GABA-B Receptors in Drosophila


Abstract 

Drosophila melanogaster, the “fruit fly,” is being increasingly used as an 
experimental model in neurosciences, including neuropharmacology. The 
advantages of Drosophila over typical mammalian models in neuropharma
cology include better access to genetic manipulation and the availability 
of almost unlimited numbers of experimental subjects at relatively low cost 
and with minimal regulatory restrictions. Nevertheless, one should remain 
cognizant of the substantial differences between insects and mammals. 
Insects, including Drosophila, utilize g-aminobutyric acid (GABA) as a 
neurotransmitter and express both ionotropic GABA receptors and metabo
tropic GABA-B receptors. Before cloning of the Drosophila GABA-B recep
tors (subunits 1–3), it had been assumed that flies did not express these 
receptors since baclofen, a typical agonist for mammalian GABA-B receptors, 
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does not produce any effects in insects. Subsequently, it was confirmed that 
cloned Drosophila GABA-B receptors exhibit a unique pharmacology. Using 
Drosophila as a model, it has been shown that GABA-B receptors are 
involved in the behavioral actions of alcohol and g-hydroxybutyric acid, 
and possibly in pain. Furthermore, recent research suggests that in flies 
these receptors may play an important developmental role and that they 
participate in olfaction and in regulation of circadian rhythms. 

I. Introduction 

Drosophila melanogaster, the “fruit fly,” is a preeminent model organ
ism in experimental genetics and developmental biology. Its usefulness for 
unraveling the mysteries of neuroscience became evident with the pioneering 
work of Seymour Benzer, who introduced Drosophila in studies of genetic 
basis of behavior (for review, see Vosshall, 2007). In one of the first papers 
in this field, he reported on the discovery of a specific gene mutation that led 
to a deficit in the locomotor response of these flies to light (i.e., a defect in 
the natural affinity of flies to move toward light—phototaxis). Subsequent 
studies have identified Drosophila genes responsible for complex behaviors 
and nervous system functions, such as sexual behavior and even learning 
and memory. In spite of major differences between insects and mammals, 
striking resemblances exist with respect to behavior, including the effects of 
social environment on their behavior. For example, social isolation increases 
aggression as well in Drosophila as it does in mammals (Wang et al., 2008). 

II. Drosophila Model in Pharmacology 

In pharmacology, insects including fruit flies have typically been con
sidered in experiments designed to discover drugs that selectively kill 
them—insecticides (Raymond-Delpech et al., 2005). Hence, dieldrin, one 
of the now obsolete major insecticides (its extensive use in the period after 
World War II has been blamed for development of resistance to insecti
cides), is an antagonist of insect-specific ionotropic GABA (g-aminobutyric 
acid) receptors (Buckingham et al., 2005). Only recently has the fruit 
fly model become of interest for broader neuropharmacological research 
and possibly for therapeutic drug discovery (Atkinson, 2009; Manev et al., 
2003; Nichols, 2006). Surprisingly, neuropharmacological studies of the 
mechanisms involved in a psychiatric disorder, that is, drug addiction, 
appear to have benefited substantially from the use of the Drosophila 
model (Atkinson, 2009; Wolf & Heberlein, 2003). For example, in flies, 
psychostimulants such as cocaine produce similar behavioral effects as 
in mammals, that is, repeated/intermittent cocaine administration to 
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Drosophila triggers locomotor sensitization (Dimitrijevic et al., 2004; 
McClung & Hirsh, 1998). Using  a  method for  in vivo electrochemistry 
in the Drosophila central nervous system (CNS) to measure dopamine 
uptake (a carbon fiber microelectrode was inserted into the protocerebral 
anterior medial area of an adult Drosophila brain), Makos et al. (2010) 
demonstrated that cocaine potently decreases dopamine uptake and that 
this action of cocaine requires the presence of an intact dopamine trans
porter. Thus, in spite of major anatomical differences between the fly and 
the mammalian CNS, the shared molecular architecture of the insect and 
mammalian nervous system appears to be similar enough to allow for the 
use of fruit flies in neuropharmacology. 

The advantages of the Drosophila model over typical mammalian mod
els in neuropharmacology include better access to genetic manipulation and 
the availability of almost unlimited numbers of experimental subjects at 
relatively low cost and with minimal if any regulatory (e.g., animal protec
tion) restrictions. Nevertheless, one should remain cognizant of the substan
tial differences between insects and mammals that sometimes go beyond the 
typical species differences, such as the species-specific sequence of genes 
encoding the same functional protein structures, for example, receptors 
(Elphick & Egertová, 2005). 

One peculiarity of the fruit fly model is the characteristic of the Droso
phila life cycle; fruit flies hatch as larvae, which behave as fully functional 
organisms expressing a wide array of behaviors before they develop into 
pupae and subsequently into flies. Hence, using Drosophila, pharmacologi
cal and behavioral experiments (e.g., in pain research) can be performed 
with two dramatically different organisms—the wingless and legless larvae 
(Tracey et al., 2003) and the fully developed fruit fly (Manev & Dimitrijevic, 
2004; Xu et al., 2006). With respect to GABA, the larva model has been 
used to demonstrate developmental involvement of GABA-B receptors 
(Dzitoyeva et al., 2005). 

In taking advantage of the Drosophila model for pharmacological 
research, an important technical aspect relates to the methods of drug 
delivery. These include exposing large numbers of flies to pharmacologically 
active compounds by mixing drugs with food, volatilizing drugs and deli
vering them as vapor, or injecting flies or larvae using specially designed 
microinjecting procedures (Manev et al., 2003). With these techniques at 
hand, one can fully tackle the unique methodological advances offered by 
the Drosophila model. Not only are fruit flies amenable to large-scale 
mutagenesis screens, but they are also easily modifiable into transgenic 
flies that can be used in combination with pharmacological challenges 
(Nichols, 2006). Also useful is the method of specific gene silencing via 
RNA interference (RNAi), which can be performed both in Drosophila 
cells in culture (Bai et al., 2009) and in adult flies (Dzitoyeva et al., 2001; 
Goto et al., 2003). 
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III. Drosophila GABA System 

A. GABA Synthesis 

In mammals, GABA is synthesized in brain via at least two molecular 
forms of glutamic acid decarboxylase (GAD), the principal synthetic enzyme 
for GABA, and in at least two compartments, the transmitter and the 
metabolic compartment (Martin & Rimvall, 1993). The two GAD forms, 
GAD65 and GAD67, are the products of two different genes. GAD65 
appears to be localized in nerve terminals and responds to short-term 
changes in demand for transmitter GABA, whereas GAD67 appears to be 
more uniformly distributed throughout the cell. In Drosophila, GABA is 
synthesized by two enzymes, GAD1 encoded by Drosophila GAD (Dgad1) 
and GAD2 (Dgad2). GAD1 is expressed exclusively within the nervous 
system during embryogenesis and in adult flies (Featherstone et al., 2000; 
Jackson et al., 1990). On the other hand, GAD2 appears to be expressed in 
glia (Phillips et al., 1993). In adult flies, the cells expressing GAD1 form 
clusters in the rind (cortex) around the neuropils, whereas GAD2 expression 
was detected preferentially in the lamina (Okada et al., 2009). Mutant flies 
heterozygous for Dgad2 deletions show wild-type levels of GAD activity 
but Dgad1 mutants lack GAD activity. The latter experimental model of 
GAD1-deficient flies demonstrated that GAD1 is necessary for synaptogen
esis at the glutamatergic Drosophila neuromuscular junction. Hence, it was 
shown that GAD function is required in the presynaptic motor neurons for 
the proper development of a functional postsynaptic glutamate receptor 
field; these authors proposed that GAD functions at this synapse to locally 
regulate glutamate levels, which in turn regulate levels of postsynaptic 
receptors (Featherstone et al., 2000). 

B. GABA Transport 

A key component in terminating the neurotransmitter action of GABA 
in a GABAergic synapse and in recycling GABA molecules is the sequestra
tion of GABA into presynaptic neurons and glia via a GABA transporter. 
The distribution of immunoreactivity to the putative Drosophila vesicular 
GABA transporter (vGAT) (CG8394) has been mapped in the fly brain 
(Enell et al., 2007). These authors observed that the vGAT antiserum did 
not label cell bodies or axonal projections but the calyces of the mushroom 
bodies were labeled, as were distinct layers in the optic lobe neuropils and 
many nonglomerular neuropil areas in the brain and subesophageal ganglia. 
The antennal lobe glomeruli were also densely immunolabeled. Pharmaco
logical experiments using systemic treatment of Drosophila larvae with the 
GABA transport inhibitor D,L-2,4-diaminobutyric acid (DABA) revealed 
that blocking the transporter leads to inhibition of motor-controlled body 



TABLE 1 Drosophila GABA Receptors 

Receptor type Drosophila name Mammalian ortholog 

Ionotropic 
Ionotropic 
Ionotropic 
Metabotropic 
Metabotropic 
Metabotropic 

RDL 
LCCH3 
GRD 
D-GABA-B-R1 
D-GABA-B-R2 
D-GABA-B-R3 

GABA-A/A-� 
GABA-A/A-� 
GABA-A/A-� 
GABA-B 
GABA-B 
None 
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wall and mouth hook contractions and impaired rollover activity and con
tractile responses to touch stimulation (Leal et al., 2004). On the other hand, 
DABA-treated larvae responded normally in olfaction and phototaxis 
assays. Recovery of DABA-impaired behaviors was achieved by a GABA-A 
receptor antagonist picrotoxin. These pharmacological studies suggested 
shared conservation of GABA transport mechanisms between Drosophila 
and mammals (Leal et al., 2004). 

C. GABA Receptors 

Insects including Drosophila express both ionotropic and metabotropic 
GABA receptors (Table I). Drosophila expresses three genes that encode 
ionotropic GABA receptors, RDL, LCCH3, and GRD. The corresponding 
three Drosophila genes are Rdl (resistance to dieldrin), Lcch3 (ligand-gated 
chloride channel homolog 3), and Grd (GABA and glycine-like receptor of 
Drosophila) (Hosie et al., 1997). The majority of mammalian ionotropic 
GABA receptors are classified as GABA-A (bicuculline-sensitive and regu
lated by allosteric modulators) whereas a smaller proportion is known as 
GABA-A-� receptors (bicuculline- and allosteric-modulator-insensitive). In 
contrast, insect ionotropic GABA receptors are generally insensitive to 
bicuculline (like GABA-A-�) but respond to GABA-A allosteric modulators 
(Buckingham et al., 2005; Hosie et al., 1997). Nevertheless, both mamma
lian and Drosophila ionotropic GABA receptors are blocked by picrotoxin. 
It has been established that RDL receptors are widely expressed throughout 
the insect CNS and are important in inhibitory neurotransmission. For these 
reasons, RDL receptors are a major insecticidal target site (McGonigle & 
Lummis, 2009). Based on common sensitivity of mammalian and Droso
phila ionotropic GABA receptors to picrotoxin it was proposed that a 
pharmacological model in Drosophila (i.e., feeding flies picrotoxin) could 
be used as a seizure model for in vivo high-throughput anticonvulsant drug 
screening (Stilwell et al., 2006). 

Since baclofen, a typical agonist for metabotropic GABA receptors used 
to pharmacologically characterize the mammalian GABA-B receptors, does 



TABLE II Effects of Various GABA Receptor Ligands (Concentrations up to 100 mM) 
on Drosophila GABA-B Receptors (Tested in Stably Transfected HEK293 Cells with 
D-GABA-B-R1 þ D-GABA-B-R2) 

Drug Effect (yes/no) 

GABA-B agonist 
GABA Yes 
Baclofen No 
Saclofen No 
3-APMPA Yes 
GABA-B antagonist 
CGP52432 No 
CGP46381 No 
CGP35348 No 
CGP54626 Yes 
CGP55845 Yes 
GABA-B positive modulator 
GS39783 No 
GABA-A antagonist 
Picrotoxin No 
Bicuculline No 

Adapted from Mezler et al. (2001) and Dupuis et al. (2006). 

not produce any biochemical and electrophysiological effects in insects 
(Table II), it had been assumed that Drosophila does not express GABA-B 
receptors. This was disproved by Mezler et al. (2001) who cloned three 
GABA-B receptors isolated from Drosophila: D-GABA-B-R1, D-GABA-B
R2, and D-GABA-B-R3 (Table I). 
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IV. Drosophila GABA-B Receptors 

A. Physiology 

As in other species, GABA-B receptors also belong to the family of 
G-protein-coupled receptors in Drosophila. D-GABA-B-R1 and D-GABA
B-R2 but not the D-GABA-B-R3 are coupled to the Gai signaling pathway 
so that they inhibit cAMP formation when stimulated (Mezler et al., 2001). 
Hence, an expression of D-GABA-B-R1 or D-GABA-B-R2 alone in mam
malian cell lines did not induce measurable activation of second messenger 
cascades, but coexpression (in a ratio of 1:1) of these Drosophila subunits 
produced a functional receptor. On the other hand, a coexpression of 
D-GABA-B-R3 with either D-GABA-B-R1 or R2 or D-GABA-B-R3 alone 
did not result in the expression of a functional receptor. Furthermore, 
coexpression of all three receptors failed to modulate the GABA response 
compared to the coexpression of D-GABA-B-R1/2. 
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Mezler et al. (2001) described the distribution of the mRNA of all three 
Drosophila GABA-B subunit mRNA in the embryonic CNS. They found that 
GABA-B-R1 and GABA-B-R2 were expressed in similar regions, whereas 
GABA-B-R3 demonstrated a unique expression pattern. In the adult brain, 
all three genes were expressed in overlapping areas, although GABA-B-R3 
showed a slightly different pattern (Okada et al., 2009). Furthermore, it was 
found that the expression pattern of GABA-B receptors differs from the 
pattern of GABA-A (e.g., Rdl) receptor expression. The distribution of 
GABA-B-R protein has been analyzed for GABA-B-R2. Its presence was 
found in pacemaker neurons of the circadian clock of Drosophila (Hamasaka 
et al., 2005), as well as in other areas of the CNS (Enell et al., 2007). The latter 
studies found a selective distribution of GABA-B-R2 immunoreactivity in the 
CNS of larval and adult Drosophila. In the adult brain, the most prominently 
labeled structures were neuropils of the antennal lobes, mushroom 
body calyces, ellipsoid body, and specific layers of the optic lobes. No 
GABA-B-R2 immunoreactivity was found in peripheral tissues. 

A developmental role for Drosophila GABA-B-R1 receptors was demon
strated using a method for GABA-B-R1 knockdown based on injectable 
RNAi (Dzitoyeva et al., 2005). This method was originally developed for 
selective gene suppression in adult flies (Dzitoyeva et al., 2001; Goto et al., 
2003) and adapted for embryo injections. For embryo collection, female flies 
were placed on agar/grape juice plates and syncytial blastoderm-stage 
embryos were collected every 30–40 min and injected with double-stranded 
RNA oligonucleotides against D-GABA-B-R1 or with a GABA-B antagonist 
CGP54626 (Dzitoyeva et al., 2005). Ultimately, these treatments were lethal 
by the time of the third instar larvae. The affected larvae were smaller than 
controls, and compared to controls with symmetrical and straight tracheae, 
the tracheae of GABA-B-blocked larvae were compressed and folded. The 
authors suggested that inhibition of GABA-B receptors during development 
impairs the larvae molting process. 

It has been reported that in the adult Drosophila the expression of 
GABA-B receptors by the olfactory receptor neurons (ORNs) innervating 
different glomeruli is heterogeneous (Root et al., 2008), and that their 
expression is greater by ORNs innervating the VM2 glomerulus, compared 
to the DM2 glomerulus (Dacks et al., 2009). In these studies, serotonin 
enhanced the responses of inhibitory local interneurons, resulting in a 
reduction of neurotransmitter release from the olfactory sensory neurons 
via GABA-B receptor-dependent presynaptic inhibition (Dacks et al., 2009). 
These authors proposed a role for GABA-B receptors in a mechanism 
underlying the odorant-specific modulation of projection neurons. 

It appears that circadian rhythms influence the pharmacology and phy
siology of all living systems and that G-protein-coupled receptors participate in 
these mechanisms (Manev & Uz, 2009). In Drosophila, GABA-B receptors 
play a role in the regulation of circadian rhythms via the clock neurons and 
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neuronal circuits of the circadian system. Hamasaka et al. (2005) showed that 
the master clock neurons, s-LN(v)s, in Drosophila utilize GABA as a slow 
inhibitory neurotransmitter and that the response to GABA can be blocked by 
a GABA-B antagonist, CGP54626. Furthermore, they demonstrated the pre
sence of GABA-B-R2 immunoreactivity in the dendritic regions of the s-LN(v)s 
in both adults and larvae, as well as in the dissociated s-LN(v)s. 

B. Pharmacology 

In their original studies of cloned Drosophila GABA-B receptors, 
Mezler et al. (2001) reported that the coexpressed D-GABA-B-R1/2 receptor 
exhibited a unique pharmacology. Even prior to their work, it was known 
that GABA and the potent GABA-B agonist 3-APMPA stimulate insect 
receptors at low concentrations, but the insect receptors did not respond 
to the widely used GABA-B agonist baclofen. This phenomenon has been 
observed in insect preparations, based on biochemical as well as electro
physiological experiments (for review, see Mezler et al., 2001). In prepara
tions using the cloned Drosophila GABA-B receptor, it was shown that 
neither the antagonist saclofen nor CGP35348, which is highly effective 
on mammalian GABA-B receptors, inhibits D-GABA-B-R1/2, and that 
picrotoxin and bicuculline are ineffective. Table II summarizes the pharma
cology of cloned Drosophila GABA-B receptors. 

Dupuis et al. (2006) used interspecies combinations of GABA-B recep
tor subunits to characterize the interaction of the positive modulator N,N0
dicyclopentyl-2-methylsulfanyl-5-nitro-pyrimidine-4,6-diamine (GS39783) 
with the GABA-B receptor heterodimer. Using functional guanosine 50-O
(3-[35S]thio)triphosphate binding assays, these authors observed positive 
modulation by GS39783 in different vertebrate species but not in Droso
phila. However, coexpression of Drosophila GABA-B-R1 with rat GABA-B
R2 yielded functional receptors positively modulated by GS39783. These 
studies helped to identify a critical role of the GABA-B-R2 transmembrane 
region for positive modulation (Dupuis et al., 2006). 

C. Modeling System 

Although GABA-B ligands have not reached a wide clinical use, and 
many are still at the level of preclinical development, a number of clinical 
conditions have been identified as putative targets for GABA-B pharmacol
ogy. These include spasticity, drug addiction, pain, cognition, and depres
sion and anxiety (Bowery, 2006). 

In drug addiction research, GABA-B receptors have been studied in 
preclinical models and at least one GABA-B receptor agonist, baclofen, 
has been tested clinically (Filip & Frankowska, 2008). Thus, baclofen 
reduced cocaine and alcohol use and was able to reduce some aspects of 
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alcohol withdrawal. In Drosophila, it was found that a reduced expression 
of GABA-B-R1 via RNAi, that is, injection of double-stranded RNA com
plementary to GABA-B-R1 into adult Drosophila attenuated the behavioral 
actions of the GABA-B agonist 3-APMPA. In addition, both GABA-B-R1 
RNAi and the GABA-B antagonist CGP54626 reduced the behavior-impair
ing effects of ethanol (Dzitoyeva et al., 2003). Thus, it appears that Droso
phila could be used not only to model the general aspects of alcohol 
addiction (Devineni & Heberlein, 2009) but also to explore the putative 
role of GABA-B receptors in behavioral effects of alcohol. 

Another drug of abuse, gamma-hydroxybutyric acid (GHB), has been 
studied in Drosophila (Dimitrijevic et al., 2005). In addition to its pharma
cological use, GHB occurs endogenously in the brain, including in flies 
(Satta et al., 2003). Although putative GHB receptors have been cloned, it 
has been proposed that, similar to the behavior-impairing effects of ethanol, 
the in vivo effects of pharmacological GHB may involve GABA-B receptors. 
Injecting GHB into flies produced a dose-dependent motor impairment, 
which was greater in ethanol-sensitive cheapdate mutant Drosophila than 
in wild-type flies. This effect of GHB was attenuated by the GABA-B 
antagonist CGP54626 and by GABA-B-R1 RNAi as was previously 
observed with the behavioral effects of alcohol. Interestingly, GHB pretreat
ment diminished the behavioral response to subsequent GHB injections, that 
is, it triggered GHB tolerance, but did not produce alcohol tolerance. In 
contrast, alcohol pretreatment produced both alcohol and GHB tolerance, 
suggesting that in spite of many similarities between alcohol and GHB, the 
primary sites of their action may differ (Dimitrijevic et al., 2005). 

There is evidence for a key function of GABA-B receptors in the mod
ulation of pain (Bettler et al., 2004), which could involve both the periph
erally and centrally expressed GABA-B receptors. Gangadharan et al. (2009) 
addressed contribution of GABA-B receptors expressed on primary afferent 
nociceptive fibers to the modulation of pain, and found that neither the 
development of pain nor the analgesic effects of GABA-B agonists required 
peripherally expressed GABA-B receptors. These authors concluded that 
GABA-B receptors in the peripheral nervous system play a less important 
role than those in the CNS in the regulation of pain. Currently, it is believed 
that in Drosophila GABA-B receptors are expressed selectively in the CNS. 
An apparatus has been designed to assess pain threshold in freely moving 
adult flies (Manev & Dimitrijevic, 2004). It consists of a spiral plastic tube 
that forms a tunnel for flies to negotiate—hot water is pumped through this 
tube to produce a heat barrier, which prevents naive or control flies from 
crossing. Flies treated with a GABA-B agonist 3-APMPA cross this heat 
barrier suggesting that, similar to a rat model in which a GABA-B receptor 
agonist produced antinociception in a hot-plate test, the Drosophila model 
can be used to explore a role for GABA-B receptors in pain (Manev & 
Dimitrijevic, 2004). 
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V. Conclusion 

Since the cloning of Drosophila GABA-B receptors, fruit flies are 
increasingly being used as a model system to investigate the molecular 
mechanisms of GABAergic neurotransmission and physiological pathways 
modulated by GABA-B receptors. Notwithstanding significant differences 
between the mammalian and Drosophila GABA-B receptors, Drosophila 
could also prove useful in research related to development of GABA-B 
receptor pharmacology. 
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immuno-electron microscopy studies, 152

microdialysis studies, 152


BHF177 and CGP44532, 352f

Bicuculline, See Baclofen

Binding of GABA to GABAB1 subunit, 73–74


antagonist binding, 73

GABAB1/GABAB2 subunit, role of, 73–74

ligand-binding mutagenesis of Tyr366, 73 

Ser246 and Asp471, agonist binding, 73
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effect of baclofen on cocaine, 37

improved learning and memory retention,


37

increased swimming time, 37


CGP56999A, 36–38

CGP62349A, 38

CGP63360A, 38

GABABR agonist/antagonist ligand, 38
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calcitonin gene-related peptide (CGRP) 

receptor, 81 
chemokine receptor pair CXCR1/ 

CXCR2, 80 
homodimerization of b2AR/CaSR, 80 
RAMP1, 81 
taste receptors TIR2/TIR3 or TIR1/ 
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See also GABAB–GIRK2-mediated 
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413–415

hippocampi of Ts65Dn mice, 413

model for disrupted hippocampal


circuitry in Ts65Dn, 412

principal pathways, 411

stimulation of temporoammonic


pathway, 414f
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seeking behavior, 334 
VTA neurons, 334 
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radioligand-binding studies, 74

single transmembrane domains (TMD)
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GABA/baclofen/lesogaberan and


AZD9343, 293

GABABR ligand binding site, 292–294
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G protein-coupled receptors (GPCR), 64,


231, 259

drug discovery, relevance to, 82–83

allosteric ligands, 83


allosteric modulators, 83

calcium-sensing receptor, 83

GABAB heterodimer, 83
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effect of dimerization on GPCR 

signaling, 81–82 
relevance to GPCR drug discovery, 82– 

83 
role of dimerization on GPCR 
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Ca2+o- and baclofen, 160
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