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Abstract

v-Aminobutyric acid type A (GABA,) receptors, the major inhibitory neurotransmitter receptors
responsible for fast inhibition in the basal ganglia, belong to the superfamily of “cys-cys loop”
ligand-gated ion channels. GABA, receptors form as pentameric assemblies of subunits, with a
central CI~ permeable pore. On binding of two GABA molecules to the extracellular receptor
domain, a conformational change is induced in the oligomer and CI~, in most adult neurons,
moves into the cell leading to an inhibitory hyperpolarization. Nineteen mammalian subunit genes
have been identified, each showing distinct regional and cell-type-specific expression. The
combinatorial assembly of the subunits generates considerable functional diversity. Here we place
the focus on GABA receptor expression in the basal ganglia: striatum, globus pallidus, substantia
nigra and subthalamic nucleus, where, in addition to the standard a1p2/3y2 receptor subtype,
significant levels of other subunits (a2, a3, a4, y1, y3 and &) are expressed in some nuclei.
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GABA receptors are essential for the function of the entire basal ganglia network,
providing fast (millisecond) synaptic as well as tonic extrasynaptic inhibition within and
between the various basal ganglia nuclei (reviewed in Smith et al., 1998; Misgeld, 2004;
Tepper and Bolam, 2004). As for other brain regions, different neuronal subtypes within the
basal ganglia employ different GABA receptor subtypes. Here we first review the genetics
and structure of GABAA receptor subtypes; we then consider key drugs that act on the
receptors to enhance or decrease GABAS actions; finally, we summarize which receptor
subunit combinations are expressed in the various nuclei of the basal ganglia.

GABA receptors are GABA-gated anion channels responsible (together with ligand-gated
glycine receptors) for most fast inhibitory synaptic transmission in the vertebrate central
nervous system. GABA receptors are permeable to HCO3 and CI™ ions; the permeability
ratio of HCO5 /C1™ is approximately 0.2 to 0.4 (reviewed in Kaila et al., 1997). HCO; moves
out of the cell causing a mild depolarization (the reversal potential for HCO3 is =12 mV). In
mature neurons CI~ usually moves into the cell overriding this mild depolarization, causing
a strong inhibitory hyperpolarization, as the CI~ reversal potential is 15-20 mV more
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negative than the resting membrane potential. The CI~ gradient is maintained by K-CI co-
transporters (Rivera et al., 2005). Depending on the intracellular CI~ concentration, GABAx
receptor activation can also lead to CI~ efflux and depolarization. This is the case, for
example, during embryonic and early postnatal development when K-CI co-transporters are
not expressed at sufficient levels to efficiently transport CI~ out of the cell (Rivera et al.,
2005). There are interesting caveats: adult dopaminergic neurons in the substantia nigra pars
compacta have little KCC2 expression (Gulasci et al., 2003), possibly explaining the
relatively low efficacy of GABAA receptor-mediated inhibition in nigral dopaminergic
neurons (Gulasci et al., 2003). Further, KCC2 expression can vary in subdomains of
neurons, thus affecting local CI™ gradients. KCC2 is absent from the axon initial segments of
neocortical pyramidal cells (Szabadics et al., 2006). Thus GABAergic terminals arriving at
this location may produce depolarization via GABA, receptors in this context. In
hippocampal neurons the dendritic KCC2 channels can also be transiently inhibited by Ca2*
entry through voltage-gated Ca2* channels, thus producing local changes in the dendritic CI~
gradient and affecting the efficacy of GABA receptor inhibition, and possibly inducing
plasticity at GABAergic synapses (Fiumelli et al., 2005). This is a potential mechanism to
bear in mind when considering GABAergic function in the basal ganglia.

GABA, receptors: genes

In mammals, GABAA, receptors form as heteropentameric assemblies from a family of 19
subunits encoded by distinct genes (al-a6, B1-p3, y1-y3, 8, €, 6, ™ and pl-p3) (Korpi et
al., 2002a; Rudolph and Moehler, 2006; Whiting, 2006). Depending on the subunit
composition GABAA, receptors differ in their biophysical properties and affinity for GABA
(see Section “GABAA receptors: how subunit combinations affect synaptic and
extrasynaptic transmission” below), their pharmacology (see Section “GABA receptor
agonists, antagonists and allosteric modulators” below) and location on the cell (see Section
“Extrasynaptic GABAA receptors: a4p6 subtype” below). Along with the closely related
glycine receptors, GABAA, receptors were originally cloned by the classical tour-de-force
method: peptide sequences obtained from purified (bovine brain) receptors were used to
construct synthetic DNA probes to screen brain cDNA libraries (Grenningloh et al., 1987;
Schofield et al., 1987). This was the starting point. Within a few years, this now historical
technique of screening cDNA libraries had revealed most of the gene family, all the a1-a.6,
B1-p3, y1-y3 subunits and one & subunit (Seeburg et al., 1990); over the remaining decade,
a few more subunits, such as €, 6 and 1 were characterized (Davies et al., 1997; Hedblom
and Kirkness, 1997; Bonnert et al., 1999; Sinkkonen et al., 2000). With the completion of
the human genome database, Simon et al. (2004) did an in silico hybridization screen,
searching for further undescribed mammalian GABA receptor genes but found none. Most
of the subunit gene family members are in clusters (Simon et al., 2004), suggesting gene and
then cluster duplication during the evolutionary origin of vertebrates: $2, a6, al, y2 form a
cluster in that order on human chromosome 5934; the B3, a5, y3 genes cluster in that order
on human chromosome 15q13; the y1, a2, a4, B1 genes cluster in that order on
chromosome 4p12; the €, a3, 6 genes cluster in that order on Xq28; the p1 and p2 genes are
40 Kb apart on 6g15; the =, p3 and & subunit genes are isolated on human chromosomes
5g35.1, 3q12.1 and 1p36.3 respectively (Simon et al., 2004). The complete genome data
makes it an easy task to see the gene cluster organizations at a few keyboard strokes (http://
www.ensembl.org/Homo_sapiens/index.html).

As determined by both in situ hybridization (MRNA localization) with gene-specific probes
and immunocytochemistry (protein localization) with subunit-specific antibodies, the
expression of the individual subunit genes is age- and region-specific (Laurie et al., 1992a,
b; Wisden et al., 1992; Fritschy and Mohler, 1995; Schwarzer et al., 2001). Some GABAA
receptor subunit genes have extremely restricted expression patterns; the a6 subunit gene
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expresses only in cerebellar and cochlear nucleus granule cells (Luddens et al., 1990), the p
subunit genes are mainly expressed in retina with low transcript levels in the hippocampus
and colliculi — these receptors, because of their unique pharmacology used to be termed as
“GABA("; the i gene is expressed in non-neural tissues (Hedblom and Kirkness, 1997).
The € and 6 subunit genes are mainly transcribed in the locus ceruleus (the adrenergic
nucleus in the brainstem), dorsal raphe (serotonergic cells) and cholinergic cells (Sinkkonen
et al., 2000; Moragues et al., 2002).

The clustering of the GABA receptor subunit genes raises the question of whether the
clustered genes are co-regulated. The al and f2 genes do indeed share identical
transcription patterns, nucleus for nucleus and even have the same RNA levels in each area
(Wisden et al., 1992; Duncan et al., 1995); thus these two genes may share regulatory
elements. All the other subunit genes have sometimes common, sometimes divergent
expression patterns, with no correlation with which gene is in which cluster. The expression
of the GABA receptor genes in the basal ganglia is reviewed in the Section “Expression of
GABA receptor subunit genes in the basal ganglia” below.

GABA, receptor structure

The GABA receptor belongs to a superfamily of ligand-gated ion channels (“Cys-loop
receptors”) that in vertebrates include the nicotinic acetylcholine receptors (hAChR), the 5-
hydroxytryptamine type 3 (5-HT3) receptors, the zinc-activated ion channel (ZAC) and the
glycine receptors (reviewed in Cromer et al., 2002; Lester et al., 2004; Peters et al., 2005;
Unwin, 2005). In imagining how the GABA receptor must look, we can do no better than
quote Unwin (2005) for his empirical observations on the 7orpedo nicotinic acetylcholine
receptor: “The receptor (a large 290 kDa glycoprotein) is composed of elongated subunits,
which associate with their long axes approximately normal to the membrane, creating a
continuous wall around the central ion-conducting path. The whole assembly presents a
rounded, nearly fivefold symmetric assembly when viewed from the synaptic cleft, but is
wedge-shaped when viewed parallel with the membrane plane. All the subunits of the
receptor have a similar size 30A x 40A x 160 AA and the same three-dimensional fold.
Each subunit is a three-domain protein and so portions the channel naturally into its ligand-
binding, membrane-spanning and intracellular parts” (Unwin, 2005).

In GABAA receptors, the arrangement of subunits around the channel is probably yfapa
counter-clockwise when viewed from the extracellular space (Baumann et al., 2002).
Current thinking is that for those cells in which they are expressed, € and 1 subunits can
replace the -y and & subunit within the pentamer, whereas the © subunit might replace a
subunit (Sieghart and Sperk, 2002). As for all members of the nicotinic receptor
superfamily, all GABAA receptor subunits contain a large extracellular N-terminal domain
of approximately 200 amino acids shaped by a cysteine disulfide bridge (the so-called “Cys-
loop”). For GABA subunits, the amino acid consensus sequence of the Cys-loop is
Crox*&Xp[YP*D***Cr****G (where * is a degenerate residue; Simon et al., 2004).

Each subunit contains four predicted transmembrane spanning domains (TM1 to TM4) of
about 20 amino acids and a large intracellular loop between TM3 and TM4 (TM3-TM4
loop) (Fig. 1) (Macdonald and Haas, 2000). Many GABA receptor subunits have the amino
acid sequence (TTVLTMTT) in the TM2 domain (Seeburg et al., 1990). Five of these eight
amino acids have been proposed to line the ion channel. TM1, TM3 and TM4 segregate
TM2 from membrane lipid (Unwin, 2005). The amino acids specifying that the nicotinic
receptors gate cations have been identified. The selectivity filter and gate lies at the
intracellular end of the TM2 domains and includes part of the TM1-TM2 loop. Mutating
these amino acids in the a.7 subunit of homomeric nicotinic receptors produced
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acetylcholine-gated anion channels (Galzi et al., 1992). The converse can also be done:
mutation of five amino acids in the TM1-TM2 loop of the GABAA receptor B3 subunit to
the corresponding amino acids of the a7 nicotinic acetylcholine subunit produces cation-
selective GABAA receptors (Jensen et al., 2002). Similar mutations in the a2 or y2 subunits
did not change ion selectivity. Thus the B subunits predominantly determine the ion
selectivity of the GABAA receptor (Jensen et al., 2002).

In the 5-HT3 and nicotinic receptors, residues in the TM3-TM4 loop region influence single
channel conductance (Peters et al., 2005; Hales et al., 2006). The TM3-TM4 loop, which
may be relatively unstructured in the nAChR (Kukhtina et al., 2006), contributes key sites
for attaching anchor and regulatory proteins involved in locating the receptor at synapses
and in governing the activity of GABA receptors (Kittler and Moss, 2003) (see Sections
“Synaptic GABAA receptors: apy subunit combinations and anchoring role of the y2
subunit and gephyrin” and “Regulation of GABA receptor function by neuromodulators:
the role of kinases and phosphatases”). But the TM4 region of the y2 subunit is necessary
and sufficient to confer a synaptic localization on the receptor (Alldred et al., 2005).

The atomic structure of a GABAA receptor subunit complex has not so far been solved
directly. Instead, realistic models have used the empirically determined structural
coordinates of the muscle nicotinic acetylcholine receptor from the electric organ of the
Torpedo ray fish and a related snail acetylcholine receptor binding protein (AChBP) (Brejc
etal., 2001; Cromer et al., 2002; Ernst et al., 2003; Unwin, 2003, 2005). The AChBP shows
sequence similarity with the N-terminus of the nAChR at regions that build the agonist-
binding sites; the AChBP contains a Cys-loop but lacks the transmembrane domains. It
assembles as soluble homopentamers (Brejc et al., 2001). The crystal structure of the
AChBP, with bound ligand, provided a template for comparative modelling of the N-
terminal extracellular domain of GABAA, receptors (Ernst et al., 2003), whereas Unwin’s
most recent structure of the 7orpedo nAChR at 4 AA resolution obtained by cryo-EM, and
incorporating insights from the AChBP, has given a full-scale atomic model (Protein Data
Bank Code 2BG9). According to Xiu and colleagues, 2BG9 represents a substantial advance
for the field, and all modern attempts to obtain molecular scale information on the structure
and function of Cys-loop receptors must consider this as a starting point (Xiu et al., 2005;
Unwin, 2005). 2BG9 provides us with a view of how the entire GABA receptor must look,
including the transmembrane and large cytoplasmic loops (Unwin, 2003, 2005).

Before 2BG9, modellers used family conservation patterns and fold predictions to estimate
that 60-75% of the amino acid residues of the GABAA receptor subunits have structural
equivalents in the AChBP template (Ernst et al., 2003). The accuracy of the GABA
receptor model will be limited in regions where alignment is unclear (e.g., due to low
sequence identity) or in regions where the AChBP differs from other family members due to
its soluble, non-membrane-bound nature (Ernst et al., 2003). A model of the extracellular
domain of a pentameric GABAA receptor consisting of two a.,two p and one y2 subunit is
shown in Fig. 2. In this model the amino acids known to contribute to ligand-binding sites
and interfaces are correctly positioned and the interface-forming segments and the solvent
accessibility of individual residues correlate well with experimental data (Ernst et al., 2003).
Six “loops” (loop A, B, C for the plus side and D, E, F for the minus side) at the interface
between neighbouring subunits form the ligand-binding sites (Sigel and Buhr, 1997; Olsen
et al., 2004). The binding pocket for GABA forms at the interface between the a and the B
subunit (Figs. 2a, ¢, d), the binding pocket for benzodiazepines lies at the interface of the a
and the y subunit (Figs. 2a, b). The predicted space for agonist binding is formed by loops
A, B, C, D and E (blue volume in Fig. 2d) and correlates with experimental data from
photolabeling of a1F64 by [3H]muscimol and substituted cysteine accessibility mapping
(Ernst et al., 2003; Olsen et al., 2004). Amino acid residues on loops A, B, C, D and E at the
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interface of the a and the -y subunit influence binding, potency and efficacy of
benzodiazepines (see Section “GABA receptors: allosteric modulation by benzodiazepines
and related ligands”) (Fig. 2b) (Ernst et al., 2003). The predicted benzodiazepine pocket is
larger than the GABA pocket. It communicates with the Cys-loop of the a subunit and
extends down to the membrane-near part, which possibly contains side chains from the
linker between transmembrane region 2 and 3 of the a subunit (Ernst et al., 2003).

GABA receptor gating by agonist

As for all other ligand-gated channels, GABA, receptors convert chemical messages into
electrical signals. In less than a millisecond, the binding of two (tiny) molecules of GABA
between the a and B subunits induces a conformational change in the (giant) receptor
oligomer that opens the central ion channel (see Baumann et al., 2003). This remarkable
process is called “gating”. In the opinion of Xiu et al. (2005), “the gating mechanism for the
Cys-loop superfamily is one of the most challenging questions in molecular neuroscience”.
The full 2BG9 model of the nAChR suggests ways in which the agonist-binding site couples
to the transmembrane region and initiates gating; principles applying to the nAChR are
likely to apply, with minor variations, to other members of the superfamily (Unwin, 2005).

The basis for a model of how gating works is that specific ion pairs exert precise control
over gating (Kash et al., 2003; Xiu et al., 2005). The membrane-near location of two flexible
loops, loop 2 and loop 7 (the Cys-loop) in the crystal structure of the AChBP suggested an
involvement in gating of the Cys-loop in the GABAA receptor. Indeed, Kash et al. (2003)
using an “ion pair model”, found by site-directed mutagenesis in the a1 subunit that optimal
gating needs electrostatic interactions between negatively charged residues in loops 2 and 7
(Asp57 and Asp 149) and a positively charged residue in the region linking transmembrane
domains 2 and 3 (Lys 279). For the B2 subunit of the GABA, receptor the interaction
between an acidic residue in loop 7 (Asp 146) and a basic residue in pre-transmembrane
domain-1 (Lys 215) helps couple agonist binding to channel gating (Kash et al., 2004).
Studies on other members of the “Cys-loop” family found residues at corresponding regions
in the nicotinic acetylcholine receptor and the serotonin 5-HT3 receptor as critical coupling
elements for gating (Lee and Sine, 2005: Lummis et al., 2005). Nevertheless, building on the
results of Kash and colleagues in a detailed and broad examination of electrostatic
interactions in the subunits, Xiu et al. (2005) concluded that no specific ion pair interaction
in fact influences gating, but instead a cluster of charges is important; specific ion pair
interactions are non-essential and it is misleading to focus only on specific residues:
“Receptors have evolved to create a compatible collection of charged residues that allows
the receptor to assemble and also facilitates the existence of and interconversions among
multiple states” (Xiu et al., 2005).

Subunit assembly rules for GABA receptors

The GABA receptor subunit combinations found in brain are partly governed by which cell
types express which genes (e.g., Wisden et al., 1992) and partly by preferential partnering of
subunits within a given cell (e.g., Jones et al., 1997); for example, the a4 and a.6 subunits
assemble preferentially with the & subunit (Jones et al., 1997; Peng et al., 2002). The
majority of mammalian brain GABAp receptors are probably ap-y2 combinations. The
subunit ratio is probably 2a/2p/1y (Ernst et al., 2003). Some receptors also contain different
a and B subunits, e.g., ala2p2y2 (Benke et al., 2004). According to Benke et al., 2004,
who analysed whole mouse brain samples, the alalpy2 combination is the most abundant
GABA receptor subtype in the brain (61% of total). Other combinations were found in
smaller quantities: ala2py?2 (13%), ala3py2 (15%), a2a2py2 (12%), a2a3py2 (2%)
and a3a.3py2 (4%). Within the a1-containing receptor population, most receptors are
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alalpy2, whereas in the a2- and a3-containing receptor populations, receptors with two
different a subunit types predominate (Benke et al., 2004). Of course, these percentages are
from homogenized brain; within particular cell types, some of these rare subtypes will be the
most important receptor subtype. Other receptor subtypes relevant for the basal ganglia are
predicted from subunit expression patterns as a4pé (or possibly a4p Bencsits et al., 1999)
in the striatum and a1p2y1 in the globus pallidus.

Synaptic GABA, receptors: aBy subunit combinations and anchoring role
of the y2 subunit and gephyrin

Placing GABA, receptors at synapses requires specific proteins that interact directly or
indirectly with the -y subunits. For example, targeting some GABA receptor subtypes to
GABAergic terminals involves the widely expressed microtubule-binding protein gephyrin
(Ramming et al., 2000). The best studied brain area for this has been the hippocampus, but
splice forms of gephyrin are found throughout the basal ganglia (Ramming et al., 2000) and
so the principles of GABA receptor targeting would be expected to be similar there. In
hippocampal neurons in vitro and in vivo, gephyrin either helps convey some GABAA
receptor subtypes to the synapse or anchors them there—this requires the y2 subunit
(Kneussel et al., 1999; Brunig et al., 2002). Without the y2 subunit, no GABAx receptors
are found in synapses in the developing or adult hippocampus (Gunther et al., 1995; Essrich
et al., 1998; Schweizer et al., 2003), and without gephyrin, much reduced numbers of some
synaptic GABAA, receptor subtypes, especially a2-containing, are found; some receptor
clusters, especially those containing the a1 subunit, persist in hippocampal gephyrin
knockout neurons (Levi et al., 2004). Other y subunits can replace synaptic targeting
function of -y2; in -y2 knockout mice, GABA, receptors can be restored to hippocampal
synapses by expressing the y3 subunit by transgenic rescue (Baer et al., 1999; Luscher and
Keller, 2004). Some conserved sequence identity in the large TM3-TM4 intracellular loops
of the -y subunits may indicate binding sites for parts of the synapse-anchoring mechanism.
Distributed cysteine residues are conserved in the -y subunit large intracellular loops, but are
absent from the a, B and & subunits. Palmitoylation of these cysteine residues via a thioester
bond plays some role in targeting -y subunit-containing receptors to the synapse (Luscher
and Keller, 2004); in cultured hippocampal neurons, cysteine-alanine substitutions in the -y2
subunit loop region interfere with expression and clustering of receptors (Rathenberg et al.,
2004). A surprising finding is that the TM4 region of the -y2 subunit is also involved in
synaptic targeting, possibly by interacting with lipid rafts occurring in the synapse or by
other membrane proteins (Alldred et al., 2005). In transfected hippocampal cultures,
analyses of chimeric y2/a.2 subunit constructs showed that -y2 TM4 is necessary and
sufficient for postsynaptic clustering of GABA receptors, whereas the cytoplasmic y2
subunit domains are dispensable (Alldred et al., 2005). In contrast, both the TM3-TM4 loop
and the TM4 domain of the y2 subunit contribute to efficient recruitment of gephyrin to
postsynaptic receptor clusters and are essential for restoration of miniature inhibitory
postsynaptic currents (IPSCs) (Alldred et al., 2005). Thus the y2 subunit TM3-TM4
cytoplasmic loop might be needed for inserting receptors into the plasma membrane but is
dispensable for delivery of receptors to subsynaptic dendritic sites (Alldred et al., 2005).
Gephyrin does not bind the y2 receptor subunit directly. The identity of the missing link(s)
between gephyrin and GABA receptor subunits is unknown. As mentioned earlier, the
targeting of y2-containing receptors to hippocampal synapses must depend on both the a
subunit and the y2 subunit. According to some investigators a5py2 receptors seem largely
extrasynaptic and non-colocalized with gephyrin (Crestani et al., 2002) and when a6py2
receptors (normally only found in cerebellar granule cells) are ectopically expressed in
pyramidal cells these receptors remain extrasynaptic (Wisden et al., 2002). So it is not
simply that a -y2 subunit (or even gephyrin) guarantees a stable synaptic placement of the
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GABA receptor. In addition to gephyrin other clustering proteins must contribute to the
synaptic localization of selected GABAp receptor subtypes (Kneussel et al., 2001).

GABA receptor occupancy at synapses is dynamic

It is important to keep in mind that GABA receptor expression on the surface of neurons is
dynamic; receptors rapidly recycle and leave from or insert into the synapse by rapid lateral
diffusion and/or endo/exocytosis; a static crystalline scaffold of GABAA receptors anchored
at the synapse would seem to be the wrong view (Kittler and Moss, 2003; Thomas et al.,
2005); GABA receptors diffuse into a synaptic zone and are transiently “captured” by the
anchoring complex. However, for some inhibitory hippocampal synapses, a direct
relationship exists between the number of synaptic GABA receptors and the strength of the
synapse, but it is not clear what mechanisms maintain fixed numbers of GABA, receptors
long-term at specific synapses (reviewed in Nusser, 1999). As for glutamate receptors at
excitatory synapses, neurons probably recycle GABAA receptors as a strategy for setting
their degree of excitability (Kittler and Moss, 2003). GABA receptors constitutively
internalize by clathrin-dependent endocytosis; this requires interactions between the Sand
%2 subunits and the AP2 adaptin complex (Kittler and Moss, 2003).

Extrasynaptic GABA, receptors: a4fd subtype

Besides mediating precisely timed synaptic point to point inhibition (phasic inhibition) via
2 subunit-containing receptors, GABA receptors can also convey less time-locked
signals. Low GABA concentrations in the extracellular space, resulting from GABA
diffusing from the synapse, can tonically activate extrasynaptic GABAA receptors (Fig. 3)
(Brickley et al., 2001; Farrant and Nusser, 2005; Staley and Scharfmann, 2005). This “tonic
inhibition” is temporally uncoupled from the fast synaptic events, causing a continually
present background inhibitory conductance. Such conductances alter the input resistance of
the cell and thus influence synaptic efficacy and integration; tonic extrasynaptic
conductances, by increasing the electrical leakiness of the dendritic membrane, substantially
and indiscriminately diminish the size of excitatory signals in dendrites (reviewed in Farrant
and Nusser, 2005; Staley and Scharfmann, 2005).

Receptors with the & subunit, a4p6 in forebrain and a6p6 in cerebellar granule cells, are
extrasynaptic; & subunits are perisynaptic (annular), localized around the edge of synapses in
hippocampal dentate granule cells and totally extrasynaptic on cerebellar granule cells
(Nusser et al., 1998; Wei et al., 2003). In all regions so far tested (cerebellar granule cells,
hippocampal dentate granule cells, thalamic relay nuclei), 6 subunits contribute to GABAA
receptors that provide an extrasynaptic tonic conductance (Brickley et al., 2001; Stell et al.,
2003; Cope et al., 2005) For GABA receptors containing a4f8 subunits in the basal
ganglia, for example in the striatum, it is predicted that the receptors are extrasynaptic and
that their key properties are high affinity for neurotransmitter and limited desensitization,
enabling them to contribute to tonic background conductances (see above) (Brickley et al.,
2001; Semyanov et al., 2004).

GABA, receptors: how subunit combinations affect synaptic and

extrasynaptic transmission

Many factors will influence the type of IPSCs mediated by GABA receptors: the number
of GABAA receptors at the synapse; the subunit composition of the receptors which
influences the kinetics; the phosphorylation state of the receptor; a differential modulation of
synaptic and non-synaptic receptors; the ClI™ reversal potential; the GABA transient in the
synaptic cleft and regulation by neuromodulators (Mody and Pearce, 2004).
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A typical synaptic pulse of GABA is often cited as 0.3-1.0 mM lasting less than 1 ms (Mody
and Pearce, 2004). Under these conditions, all synaptic GABA receptors will be saturated
and give maximal responses. Nevertheless, receptor subunit composition affects the single
channel conductance, how fast the receptors gate, how fast they switch off (deactivate and
desensitize) and how they respond to allosteric modulators. GABA also diffuses out of the
synaptic cleft, where .M GABA concentrations are typically present (Nusser and Farrant,
2005); at these concentrations the GABA sensitivity of the receptor is critical. The
sensitivity of a1p3- and a1p36-containing receptors is significantly higher (mean ECsq of
approx. 2 and 3.5 M, respectively) than that of a1p3y2 -containing receptors (mean ECsgg
of approx. 13 wM) (Fisher and Macdonald, 1997). The single channel conductance of
recombinant apy2 or apé receptors lies in the range of 25-30 pS. The single channel
conductance of ap-heterodimeric channels is 11-15 pS (Fisher and Macdonald, 1997).

The transient kinetic properties of GABAp receptors depend on the subunit composition.
The time course of the GABAA receptor current is governed by three different kinetic
processes: activation, desensitization and deactivation. During activation the current shows a
rapid rise to the maximum. During this time the agonist binds to the receptor and the channel
opens. Desensitization describes the unresponsiveness of the receptor and current decline in
the continued presence of agonist. Deactivation describes the current decline after removal
of the agonist. Current activation for recombinant a1p3 and a1B36 receptors is slower than
for a1p3vy2 receptors, with mean 10-90% rise time varying from 1.7 to 2.4 ms for a1p3 and
a1B36 receptors and only 0.5 ms for a1p3y2 receptors (Haas and Macdonald, 1999). The a
subunit also influences the activation rate. Recombinant a2p1y2 receptors have a more
rapid activation (10-90% rise time of 0.5 ms) than a1B1y2 receptors (10-90% rise time of 1
ms) (Lavoie et al., 1997). Desensitization is also influenced by the subunit composition.
Currents of recombinant a1p3 and a1B3y2 receptors desensitize quicker and more
completely than currents of a1B36 receptors (Haas and Macdonald, 1999). Thus the &
subunit reduces speed and extent of receptor desensitization. As receptors with the & subunit
are primarily extrasynaptically and perisynaptically located (Nusser et al., 1998; Wei et al.,
2003), their limited desensitization and high sensitivity to GABA might be important for
their roles in tonic background conductance (see Section “Extrasynaptic GABA receptors:
a4pd subtype”, above). alB3y2 currents deactivate more slowly than a1p3 or al1p36
currents, mainly due to a significantly longer slow decay component (Haas and Macdonald,
1999). Again also the a. subunit composition influences the kinetics. Deactivation of
a2B1y2 containing receptors is six to seven times slower than deactivation of a1ply2
receptors (Lavoie et al., 1997).

GABA, receptor agonists, antagonists and allosteric modulators

GABA receptors display a rich pharmacology (Korpi et al., 2002a; Sieghart and Sperk,
2002; Rudolph and Moehler, 2006; Whiting, 2006). Generic GABA receptors are
selectively activated by the GABA agonist muscimol and blocked competitively by the
GABA antagonists bicuculline and SR95531 (receptors assembled with p subunits are
bicuculline- and barbiturate-insensitive, having their own unique pharmacology). Picrotoxin
blocks GABA receptors non-competitively, probably by binding to a site in the channel
(Korpi et al., 2002a). Many drugs bind at sites on the GABA receptor distinct from the
GABA-binding site; these drugs change the shape of the receptor oligomer so that the
efficacy of GABA at opening the channel is either increased (positive allosteric agonists,
e.g., diazepam) or decreased (negative allosteric agonists, e.g., the p-carboline, DMCM). A
few allosteric modulators occur naturally in the brain (e.g., Zn2*, neurosteroids). Generally,
positive allosteric agonists are used widely in medicine (e.g., for the induction and
maintenance of general anaesthesia or to treat anxiety disorders, states of agitation, epilepsy
or sleep disorders) and there is scope to further develop these drugs to produce receptor
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subtype-selective drugs with fewer side-effects (Whiting, 2006; Rudolph and Moehler,
2006); however, negative allosteric agonists also have potential clinical applications; for
example, the drug L-655 708 works selectively at a5py2 receptors (a subtype mainly
expressed in the hippocampus) and by decreasing GABAS action there it acts as a cognition
enhancer (Rudolph and Moehler, 2006). A feature of all allosteric modulators is that they
usually only work when GABA is at submaximal activating concentrations (below 1 mM)
and they do not work in the absence of GABA (with the exception of some intravenous
anaesthetics). Nevertheless, some modulators (e.g., benzodiazepines) also strongly influence
the deactivation rate of the receptors even at peak synaptic GABA concentrations and this
maybe how some of their in vivo effects originate (Mellor and Randall, 1997). In the
following sections, we briefly consider the drugs that could act on GABA receptor subunit
combinations relevant for the basal ganglia (e.g., a1p2y2, a2p2/3y2, a4py2, a4ps) (see
Section “Expression of GABAx receptor subunit genes in the basal ganglia” below).

GABA receptors: allosteric modulation by benzodiazepines and related ligands

The main effects of benzodiazepines are sedation, anxiolysis, suppression of seizures and
muscle relaxation. These drugs require afy2-type receptors (e.g., alp2y2 or a2p2y2 or
a1p3y2) with the drug-binding site located between the a and y2 subunits (Ernst et al.,
2003). Note a4py2-type receptors, which could potentially form in some nuclei of the basal
ganglia, are insensitive to most BZ drugs, as are any receptors that contain the & subunit.
The substances that act at the benzodiazepine-binding site include the classical
benzodiazepines like diazepam or flunitrazepam as well as chemically different substances
like the imidazopyridine zolpidem (relatively selective for a1By2-type receptors).
Depending on the ligand the benzodiazepine site can mediate different effects.
Benzodiazepine antagonists like flumazenil (Ro 15-1788) inhibit the effects of both agonists
(positive allosteric modulators) and inverse agonists (negative allosteric modulators). In
clinics, flumazenil is used in cases of benzodiazepine intoxication.

The most abundant receptor subtype in the brain, a1p2y2 or alp3y2, corresponds to the
pharmacologically defined BZ1 site with high affinity for flumazenil (Ro 15-1788), Ro
15-4513 and flunitrazepam and selective affinity for ligands like zolpidem (Niddam et al.,
1987; Pritchett et al., 1989). Receptor subtypes containing the a2 or a3 subunit along with
and -y2 correspond to the BZ2 site with high affinity for flumazenil, Ro 15-4513 and
flunitrazepam but lower affinity to zolpidem (Pritchett et al., 1989; Hadingham et al., 1993)
(see also the Section “Autoradiography of GABAA receptors”). The type of B subunit has no
effect on benzodiazepine pharmacology.

The BZ site is situated at the interface between the a and the y subunit (see Section
“GABAQ receptor structure”) (Ernst et al., 2003; Ogris et al., 2004). In the a1, a2, a3 and
a5 subunits a mutation from histidine to arginine at position 101 abolishes binding of classic
agonists like diazepam (Wieland et al., 1992; Korpi et al., 2002a). The diazepam-insensitive
a4 (or a6) subunits naturally contain an arginine residue at the homologous position and so
adfy2 or abPBy2 receptors are insensitive to most BZ ligands (Luddens et al., 1990; Wisden
etal., 1991; Korpi et al., 2002a). In the y2 subunit, a replacement of phenylalanine by
isoleucine at position 77 abolishes binding of zolpidem, DMCM and flumazenil whereas
flunitrazepam still shows high-affinity binding (Buhr et al., 1997; Wingrove et al., 1997;
Cope et al., 2004; Ogris et al., 2004). Methionine at position 130 in the y2 subunit is
required for high-affinity binding of flunitrazepam but not flumazenil (Ro 15-1788)
(Wingrove et al., 1997). The residues are distributed over the N-terminal domains of the a
and -y subunits. In the assembled receptor the residues that form the benzodiazepine-binding
pocket are brought into close physical proximity by the so-called binding site “loops” (see
Section “GABA receptor structure”). It is not clear, however, whether each of the above-
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mentioned amino acid residues really participates in the lining of the BZ-binding site or
whether the inserted mutations have allosteric effects.

GABAA receptors: allosteric modulation by intravenous anaesthetics

At clinically relevant concentrations, general anaesthetics modulate the activity of various
ion channels (Krasowski and Harrison, 1999; Thompson and Wafford, 2001). Whereas
volatile anaesthetics (e.g., halothane, enflurane or isoflurane) are positive modulators of
recombinant GABA receptors, the main targets of these drugs in vivo are probably two
pore domain (K2P) potassium channels (Franks and Honore, 2004). The intravenous
anaesthetics (e.g., barbiturates, steroidal anaesthetics, propofol and etomidate) can modulate
GABA:s action at the receptor but can also activate the receptor directly in the absence of
GABA at higher concentrations (Korpi et al., 2002a). Based on the analysis of knock-in
mouse lines with propofol- and etomidate-insensitive  subunits (see below), propofol and
etomidate exert nearly all of their anaesthetic actions entirely through GABAA receptors
(Rudolph and Mohler, 2004).

The action of etomidate and propofol absolutely requires residues in TM2 and TM3 in the
B2 or B3 subunits (Jurd et al., 2003). A mutation of asparagine to methionine at position 265
(N265 M) in the 2nd transmembrane domain of the B3 subunit abolishes the modulatory and
direct effects of etomidate and propofol in recombinant receptors (Jurd et al., 2003). A
mutation of aspargine at the same position in the B2 subunit also abolishes the action of
etomidate on the GABAA receptor (Reynolds et al., 2003). In 3(N265 M) mice propofol
and etomidate do not suppress noxious-evoked movements and show a strongly decreased
duration of the loss of righting reflex, two different endpoints of anaesthesia. These results
suggest that propofol and etomidate act mainly via the GABA, receptor and the B3 subunit
in particular to induce deep anaesthesia. The remaining effects of propofol and etomidate
could be mediated by 2 subunit-containing receptors. Studies on B2(N265S) mice
suggested that the p2 subunit mediates the sedative effects of etomidate whereas the B3
subunit is required for etomidate to induce a loss of consciousness (Reynolds et al., 2003). A
highly interesting issue is the location in the brain where etomidate and propofol exert their
anaesthetic effects. Is the modulation of GABA receptors in specific nuclei required to
induce anaesthesia or do these drugs produce global effects at many GABAA, receptors in all
brain circuits? In any case, as GABAA receptors with both 2 and B3 are found throughout
the basal ganglia (see Section “Expression of GABAA receptor subunit genes in the basal
ganglia™), the operation of these nuclei will be profoundly affected by propofol and
etomidate.

GABA receptors: allosteric modulation by neurosteroids

Neuroactive steroids modulate GABA receptor function in many brain regions (Belelli and
Lambert, 2005; Farrant and Nusser, 2005). Naturally occurring steroid metabolites form
locally in the brain: 5a-reductase transforms progesterone to 5a.-DPH, which in turn is
reduced by 3a-hydroxysteroid oxidoreductase to allopregnanolone. Allopregnanolone
potently activates GABA receptors. No absolute specificity of neurosteroids for particular
GABA receptor subunit combinations exits. Many GABA, receptors are sensitive to the
steroid tetrahydrodeoxycorticosterone (THDOC), but receptors with the & subunit are
particularly sensitive — 30 nM THDOC enhances the peak currents of a1p36 GABAA
receptors (with 1 wM GABA) by up to 800%; other receptor isoform currents, e.g., from
a1p3y2 are enhanced to a smaller degree 1(5-50%) (Mihalek et al., 1999; Wohlfarth et al.,
2002; Stell et al., 2003). Thus endogenous allopregnanolone may act on extrasynaptic a6
GABA receptors to increase basal levels of inhibition. Mice without functional & subunits
have decreased sensitivity to the sedative/hypnotic, anxiolytic and pro-absence effects of
neuroactive steroids (Mihalek et al., 1999).
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GABA, receptors: allosteric modulation by Zn2*

Zn2* inhibits GABA receptors (Hosie et al., 2003). In various brain regions, Zn?* is
synaptically released together with other neurotransmitters, both GABA and glutamate
(reviewed by Mathie et al., 2006). Hippocampal mossy fibres have actually been the main
area where synaptic Zn2* actions have been investigated, but Zn2* is worth bearing in mind
as a potential modulator of GABAergic function in the basal ganglia. Zn2* can reduce the
amplitude, slow the rise time and accelerate the decay of mIPSCs. On recombinant GABAA
receptors, Zn2* has an inhibitory potency 3400 times higher on a.p receptors than on apy2
receptors (reviewed in Hosie et al., 2003). Thus the »2 subunit lowers the sensitivity of the
GABAQ receptor complex to Zn2*. Hosie and colleagues hypothesize that in addition to its
role in promoting synaptic targeting and single channel conductance, the y2 subunit evolved
to retain the fidelity of GABAergic inhibition in the presence of Zn?* (Hosie et al., 2003).
Nevertheless, the potency of Zn2*is also a. subunit- and & subunit-dependent.

Extrasynaptic & subunit-containing GABA receptors: allosteric potentiation by ethanol

Blood alcohol levels of 1-3 mM can result from drinking half a glass of wine or less.
Ethanol influences many channels, including the A~methyl-o-aspartate (NMDA) glutamate
receptor (Hanchar et al., 2005). But amongst GABA receptor subunit combinations, low
concentrations of ethanol (about 3 mM, a concentration six times lower than the legal blood-
alcohol limit for driving in most States in the USA) specifically potentiate GABA responses
of cloned a4B& and a6p6 receptors expressed in Xenopus oocytes (Sundstrom-Poromaa et
al., 2002; Wallner et al., 2003; Hanchar et al., 2004, 2005). This effect is p subunit-
dependent; B3 subunits provide maximal sensitivity to ethanol (Wallner et al., 2003). Thus a
glass of wine might, via a4p36 and a.6p36 receptors, enhance GABAergic tonic
(extrasynaptic) inhibition in the striatum and cerebellum respectively (Hanchar et al., 2005).
On the other hand, the ethanol sensitivity of a6/6 KO mice is not different from wild-type
mice (Korpi et al., 1999).

New subtype-selective drugs for GABA, receptors

GABA receptors have always been fertile ground for drug companies. Benzodiazepines,
although for many years the main stay of clinical treatments for anxiety disorders, fell out of
favour to selective serotonin reuptake inhibitors (SSRIs) due to side-effects like sedation,
cognitive impairment and abuse liability. But SSRIs are too slow acting for some situations,
requiring several weeks to work. Thus there is a medical need for fast-acting anxiolytics
with few/no side-effects (Whiting, 2006). To dissociate the wanted anxiolytic effects from
the unwanted side-effects of GABA agonists, two different strategies were pursued: The
development of partial agonists and the development of receptor subtype specific
compounds. Despite promising preclinical assays, partial agonists (e.g., bretazenil) so far did
not meet the expectations in clinical trials. One compound (ocinaplon) though was reported
to show anxiolysis and strongly-reduced sedative side-effects in Phase 1l clinical trials
(Whiting, 2006). Since different effects of benzodiazepines are mediated by different
receptor subtypes, the second strategy has focussed on the development of compounds with
selectivity for those subtypes proposed to mediate the anxiolytic effects of benzodiazepines,
that is a2 and a3 subunit containing receptors (see Section “Function and physiological
significance of GABA receptor diversity for the basal ganglia”, below). Some of these
compounds (e.g., L-838417, TP003, SL 651498) showed a promising separation of
anxiolytic effects and side-effects when tested in rodents and primates (McKernan et al.,
2000; Griebel et al., 2001, 2003; Dias et al., 2005; Rowlett et al., 2005; Whiting, 2006). The
usefulness of this second approach now has to be evaluated in clinical trials.
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Regulation of GABA, receptor function by neuromodulators: the role of
kinases and phosphatases

Given that dopamine is a key neurotransmitter/neuromodulator in many parts of the basal
ganglia and that dopamine receptors couple to G-protein-linked second messenger systems
to alter kinase and phosphatase activity, it is appropriate to consider how GABA receptor
function is regulated by phosphorylation initiated by dopamine receptor activation (e.g.,
Chen et al., 2006). There has been one intriguing report that dopamine D5 receptors directly
crosslink with GABA receptors by using the TM3-TM4 loop of the y2 subunit (Liu et al.,
2000); so far this finding has not been followed up, but it should not be dismissed too
prematurely. But more conventionally, phosphorylation is the common way to regulate ion
channels (Kittler and Moss, 2003). This is underlined by studies on, for example, PKC €
knockout mice; these mice show increased anxiety and have impaired GABA receptor
function (Hodge et al., 1999). For the GABA, receptor, the intracellular loops of the p and
2 subunits in particular are phosphorylation targets. Studies of recombinant receptors have
shown phosphorylation of these subunits by PKA, PKC, Src and PKB (Kittler and Moss,
2003; Wang et al., 2003). Depending on the subunit phosphorylation can have different
functional effects, which might contribute to the diversity of GABAA receptor function. For
example PKA mediated phosphorylation of the 1 subunit (serine 409) leads to negative
modulation of the receptor, whereas phosphorylation of the 3 subunit (serine 408 and
serine 409) enhances the activity of GABAA receptors (Kittler and Moss, 2003).
Neuromodulators that influence GABA receptor function via PKC include M1 muscarinic
acetylcholine receptors, serotonin (5-HT) type 4 receptors and TrKB receptor stimulation
via BDNF (Kittler and Moss, 2003; Jovanovic et al., 2004). Modulation of GABA receptor
function after dopamine D4 and D3 receptor activation depends on PKA (Wang et al., 2002;
Chen et al., 2006). Protein kinase B (Akt) can phosphorylate the f2 subunit at serine 410,
which promotes rapid insertion of the GABA receptor into the membrane, resulting in
increased sIPSC amplitudes after stimulation with insulin (Wang et al., 2003).

Function and physiological significance of GABA, receptor diversity for the
basal ganglia

An important consequence of differences in subunit expression between cells or differential
sub-cellular localization of subunits within a cell is that GABA, receptor kinetics might
differ between different cells and different synapses (Thomson et al., 2000; Nyiri et al.,
2001; Freund, 2003). In the hippocampus, for example, functionally distinct interneurons
might signal via distinct GABAx receptor subtypes (Freund, 2003). A similar situation
could occur in the basal ganglia.

Knockout mouse lines have been generated for many of the GABA receptor subunit genes
(reviewed by Vicini and Ortinski, 2004), but it would be hard to make observations
specifically about altered basal ganglia function in these lines. In a beautiful series of papers,
mice with specific mutations in the key H101 coding position affecting BZ sensitivity were
generated in the a1, a2, a3 and a5 subunit genes and the behavioural effects of diazepam
were tested (Rudolph and Mohler, 2004). These mice have normal GABA receptors, but in
a1H101R mice for example, only the a2py2, a3py2 and a5py2-type GABAA receptors
are diazepam-sensitive. Thus by a process of subtraction, it can be deduced how different
alpy2, a2fy2, a3py2 and a5py2 subtypes contribute to the diverse in vivo
pharmacological effects of diazepam and other ligands requiring the H101 site. Thus,
a1H101R mice no longer become sleepy when given diazepam and so the a1py2 receptors
are required for the sedative effects of diazepam (Rudolph and Mohler, 2004), whereas the
a2 subunit mediates diazepam’s anxiolytic effects (under the influence of diazepam

Prog Brain Res. Author manuscript; available in PMC 2009 February 26.



syduasnue|A Joyiny siapun4 JIAd adoin3 ¢

syduosnuelA Joyiny sispun4 DA @doing ¢

Goetz et al.

Page 13

a2H101R mice do not venture more into threatening areas, whereas their wild-type
littermates do) (Rudolph and Mohler, 2004). A different set of studies using a.3 selective
inverse agonists and agonists also showed a significant contribution of the a3 subunit in
anxiogenesis and anxiolysis (Atack et al., 2005; Dias et al., 2005). The muscle relaxant
activity of diazepam is mediated by the a.2 and a3 subunits, probably because these subunits
are expressed in spinal motor neurons (Rudolph and Mohler, 2004). Nevertheless, because
of the widespread expression of the a1, a2 and a3 subunits, it is not easy to use results
obtained from these mouse lines to make observations specifically about which GABAA
receptor subtypes respond to diazepam and influence basal ganglia function at the whole
animal level; stereotactic injection of ligands into the various lines might be possible.

Expression of GABA, receptor subunit genes in the basal ganglia

GABA receptor expression in the basal ganglia has been mapped by ligand
autoradiography (e.g., Niddam et al., 1987; Faull and Villiger, 1988; Olsen et al., 1990;
Duncan et al., 1995; Waldvogel et al., 1999; Korpi et al., 2002a), in situ hybridization with
gene-specific probes (e.g., Laurie et al., 1992a; Persohn et al., 1992; Petri et al., 2002;
Wisden et al., 1992), single-cell polymerase chain reaction (PCR) (e.g., Criswell et al., 1997;
Guyon et al., 1999; Okada et al., 2004) and immunocytochemistry with subunit-specific
antibodies at the light and electron microscopic level (e.g., Fritschy and Mohler, 1995;
Somogyi et al., 1996; Pirker et al., 2000; Fujiyama et al., 2000, 2002; Schwarzer et al.,
2001).

Autoradiography of GABA, receptors

Ligand autoradiography, although usually lacking cellular resolution, serves as a highly-
useful indicator of which afy2 subunit combination is present in a brain region (Korpi et
al., 2002a) and is also a superbly quantitative technique (Korpi et al., 2002a). For example,
the ligand [3H]flunitrazepam is incubated with a brain section in the absence or presence of
the discriminating ligand CL 218 872. If the binding signal is reduced or even completely
vanishes by co-incubation with CL 218 872 (which has high affinity for a1p-y2 receptors
and so displaces [3H]flunitrazepam), then this is a “BZ1 region”. If CL 218 872 fails to
displace [®H]flunitrazepam, then this is a “BZ2 -region” (reviewed in Niddam et al., 1987).
Thus BZ1-type binding marks a1py2 receptors; 3H-zolpidem autoradiography on brain
sections also selectively highlights a1py2 receptors directly (Duncan et al., 1995; Korpi et
al., 2002a). BZ2-type binding marks a2, a3 and a5py2 type receptors (the a4py2 receptors
are not picked up by this method, as they do not bind [3H]flunitrazepam — see Section
“GABA receptors: allosteric modulation by benzodiazepines and related ligands”). The
aPy-type receptors with -y1 or y3 are not picked up by BZ1 and BZ2 screening, neither are
a4ps-type receptors. However, many novel ligands are available these days, which could be
used as autoradiographic probes.

Autoradiography with [BH]muscimol (high-affinity site), commonly assumed to mark all
GABA receptors, selectively marks only a4f6 and a6p6 receptors; mouse brain sections
with no & subunit no longer give detectable [3H]muscimol signals (Korpi et al., 2002b).
Thus the [3H]muscimol autoradiographic signals detected in many basal ganglia areas such
as the striatum (Olsen et al., 1990; Jones et al., 1997; Korpi et al., 2002b) will originate from
a46 -containing receptors.

In situ hybridization and immunocytochemistry of GABA, receptors

In situ hybridization is used to localize mMRNA in brain regions or cell types. The radioactive
version is a sensitive assay for which cell type expresses which gene; the use of
digoxygenin-labelled probes is less sensitive but permits double labelling for multiple gene
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expression. There is good agreement between different labs on the results with GABAA
receptor gene expression, probably because hybridization of nucleic acids is reasonably
standardized between labs. The disadvantage of in situ hybridization is that no information
is obtained on protein localization on the cell, or even if the mRNA is translated. Thus
immunocytochemistry with subunit-specific antibodies gives the ultimate biological
information. However, antibodies can be problematic; Saper and Sawchenko (2003) point
out that antibodies are biological agents, not standard chemical reagents: antibodies may
bind to a wide variety of antigens other than the one that they were raised to recognize and
there is no way to be sure that the pattern they stain really represents that antigen. If
investigating localization in the rodent nervous system, a knockout mouse for the particular
antigen is the best control of antibody specificity (Saper and Sawchenko, 2003; Aller et al.,
2005). This has been done for some (e.g., al, a3, a6 and &) (Jones et al., 1997; Tretter et
al., 2001; Yee et al., 2005; Kralic et al., 2006), but not all GABA receptor antibodies used
in published papers.

Occurrence of al/B2/3y2 receptors throughout the basal ganglia

The al/B2/y32 GABAA receptor subtype is the most abundant subtype in the brain (Benke
et al., 2004). Many cell types in the basal ganglia use the “standard” BZ1-type a1p2y2
receptor subtype: neurons in the caudate-putamen (striatum), substantia nigra pars reticulata;
globus pallidus and subthalamic nucleus, all use this receptor (see Niddam et al., 1987;
Wisden et al., 1989, 1992; Criswell et al., 1997; Chen et al., 2004). The subthalamic
nucleus, substantia nigra pars reticulata, globus pallidus and ventral pallidum are classic
BZ1 sites, having some of the highest densities of [2H]zolpidem binding (Niddam et al.,
1987; Duncan et al., 1995).

Mixed GABAA receptors in the striatum: synaptic alp2y2, a2p3y2, a3f2/3y2 and
extrasynaptic a4p3d

Consistent with the diversity of neuronal cell types in the striatum (Tepper and Bolam,
2004), a diverse mixture of GABA, receptor subtypes exists in this structure. By in situ
hybridization, this region expresses moderately a1, strongly a2, moderately a.3, strongly a4
(about the same as a2), moderately B2 (about the same as a.1), strongly B3 (about the same
as a2 and a4), moderately y1, y2 and y3 and moderately 8§ mRNAs (Wisden et al., 1991,
1992; Herb et al., 1992). In the rat, y3 mRNA is slightly more abundant in the caudate-
putamen than y2 and y1 mRNAs (see Figs. 2 and 3 in Herb et al., 1992). The significance
of receptors containing the -y1 and y3 type receptors has not been investigated, but we think
it would be rewarding to examine.

In the rat striatum, based on assembly rules from other brain regions, we might expect
alP2y2, a2p3y2, a3p2y2 (all synaptic, or alaX mixtures), and a4p36 (or possibly
a4p3) receptors, distributed within and between different cell types, and sometimes co-
expressed on the same cell type (Fujiyama et al., 2000). Just by the sheer abundance and
rather uniform distribution in the striatum of the a2 and f3 mRNAs, we predict that
GABA receptors containing a2 and B3 will be on GABAergic projection neurons.

Strong developmental switch in GABA, receptor subunit expression in the striatum from
neonate to adult

There is much interest in identifying the role(s) GABA and its (generic) receptors may have
in shaping the development of the postnatal nervous system (Ben-Avri et al., 2004). A
marked switch in a subunit gene expression takes place during rat striatal development: the
a2, and a5 mRNAs are present in the neonatal period at E19 to P6; but in the adult, the a2
and a4 mRNAs predominate (Laurie et al., 1992b). The a5 subunit gene is strongly
expressed in the neonatal period in the caudate; and then the gene switches off. Any
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significance of this very clear subunit switch in GABA receptor expression during striatal
development has remained unstudied.

Occurrence of alB2yl or a2B2y1l receptors in the rodent globus pallidus

The globus pallidus expresses a lot of a1l mRNA, some a2, a lot of 2 mRNA, and some of
both y1 and some -y2, with more y1 than -y2 mRNA,; -y3 mRNA is not present (Wisden et
al., 1992). The subunits in the globus pallidus (examined with a1, f2/3 and -y2 antibodies)
are concentrated in GABAergic (symmetrical, type 1) synapses as assessed by
postembedding, immuno-electron-microscopy (Somogyi et al., 1996). The mIPSCs recorded
in the rat globus pallidus are zolpidem-sensitive, fitting with the expected a1p2y2 type
receptors (Chen et al., 2004). But the globus pallidus is one of the few brain areas that have
elevated levels of the otherwise rarely expressed y1 subunit, although its levels in the
neighbouring bed nucleus, stria terminalis and medial preoptic nucleus are even higher
(Pirker et al., 2000; Schwarzer et al., 2001; Herb et al., 1992; Laurie et al., 1992b; Wisden et
al., 1992). The brain areas that express y1 tend to also have a2 mRNA (Wisden et al., 1992)
and so a2p2y1 might be the combination. It is not known if the occurrence of a1, a2, f2,
v1 and y2 produce subtypes of receptor on the same cell type or if the -y1 and y2 are in
different cell types in the globus pallidus. The function of receptors with the -y1 subunit has
been relatively ignored by GABA researchers, but one would expect that, for example,
alp2vy1 receptors would be synaptically located, with a 25-30 pS single channel
conductance, but with an unknown pharmacological profile.

Strong developmental changes in GABA, receptor subunit expression in the developing
globus pallidus

During postnatal development, the expression of -yl mRNA in the globus pallidus is even
higher (Laurie et al., 1992b). As for the striatum, a very marked switch in subunit gene
expression takes place during rat globus pallidus development: the a2, (a3), p2 and y1
genes are expressed in the neonatal (E19-P6) globus pallidus, whereas the a1, (a2), p2, y1
and -y2 mRNAs are found in the adult structure (Laurie et al., 1992b).

Substantia nigra reticulata

Substantia nigra neurons express mainly al, f2 and -y2 mRNA and protein (Wisden et al.,
1992; Fujiyama et al., 2002); post-embedding immunogold labelling showed that these
subunits are enriched in symmetrical (GABAergic) synapses (Fujiyama et al., 2002). The
main receptor subtype in all cell types in the reticulata will thus be the “standard” BZ1-
version (a1/p2/3y2) (see also Niddam et al., 1987; Duncan et al., 1995).

Substantia nigra compacta

The dopaminergic compacta cells receive GABA from GABAergic interneurons in the pars
reticulata and in addition, a direct GABAergic input from the striatum and the pallidum,
although controversy exists about the involvement of postsynaptic GABA and/or GABAg
receptors in the striato-nigral and pallido-nigral paths (Misgeld, 2004). GABA, receptors
could be on the cell soma and dendrites of the compacta cells; some GABAA receptors
could be located on the compacta axon terminals far away in the striatum, where they might
regulate locally release of dopamine. Compacta cells express a complex mix of GABAA
receptor subunits, which may also vary with species: by in situ hybridization, rodent cells
express significant a4, less a3, no &, B3, and possibly all three -y subunits (Wisden et al.,
2002). Note this is one of the few brain areas where the a4 subunit occurs without the &
subunit, hippocampal pyramidal cells being the other example; thus in nigra compacta cells,
a4 either forms a4p complexes or a4fy complexes; this is unknown. Single-cell PCR on
rodent dopaminergic compacta cells gives contradictory results: a3, a4, 2, p3 and -y3 were
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detected in one study (Guyon et al., 1999), a.2, a3, a4, p1, p3 and y2 in another (Okada et
al., 2004). Both studies agree on a3 and a4, and that there is no 6 subunit mRNA, fitting
with the in situ hybridization data. In contrast, immunocytochemical analysis showed
immunoreactivity mainly for a3, y3 and 6 on potentially dopaminergic neurons (Schwarzer
et al., 2001); but here the detection of the & immunore-activity is at odds with the RNA data.
The relevance of the a3 subunit in dopaminergic neurons is supported by
electrophysiological analysis of a3 KO animals. Whole-cell GABA currents were reduced
to less than 50% after bath application of GABA to compacta neurons (Yee et al., 2005).

Species differences in expression are likely: an in situ hybridization study on human
substantia nigra compacta found strong expression of al subunit mMRNA along with p2 and
2 in about 25% of the compacta cells, suggesting an inhibitory input via the *“standard”
alp2y2 receptor subtype in a subpopulation of dopaminergic neurons in humans (Petri et
al., 2002).
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Fig. 1.

Predicted topology of a GABAA receptor subunit. The cysteine-disulfide bridge in the N-
terminus is indicated by a black bar. Transmembrane domains are shown as open boxes
labelled TM1-4.
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Fig. 2.

Model of the extracellular domains of a pentameric GABAA receptor consisting of two a,
two B and one y2 subunit. (a) View from the extracellular space. GABA binds to the
interface between the a and the B subunit, benzodiazepines bind to the interface between the
a and the -y2 subunit. (b) Predicted benzodiazepine-binding pocket between the a and the
2 subunit, viewed from the side. The binding site loops are labelled A to G. (c) and (d) The
a and B subunit viewed from the side. Loops A, B, C, D and E form the predicted GABA-
binding pocket (blue volume in (d)). The volume shown in green might be used in
antagonist-bound states. (Adapted from Ernst et al., 2003 used with permission.)
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Fig. 3.

Phasic and tonic GABAergic inhibition. Fast synaptic (phasic) inhibition is mediated mainly
via -y2 subunit-containing receptors (shown in black). & subunit-containing receptors (shown
in grey) are located peri- or extrasynaptically and are tonically activated by GABA diffusing
out of the synaptic cleft.
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