
REVIEW 
Which GABA,-receptor subtypes really 
occur in the brain? 

Ruth M. McKernan and Paul J. Whiting 

GABA, receptors a heterogeneous family ligand-gated ion responsible for 

mediating inhibitory 

Trends Nurosci. (1996) 19, 139-143 

R ECEPTORS FOR the major inhibitory neurotrans- 
mitter, GABA, are divided into two main classes: 

GABA, receptors which are members of the ligand- 
gated ion channel superfamily and GABA, receptors 
which are almost certainly members of the G protein- 
linked receptor superfamily, although these have yet 
to be cloned. In this article, we consider only the 
GABA,-receptor family. 

It is nine years since cDNAs encoding the first two 
GABA,j-receptor subunits were cloned’. In the inter- 
vening period, the number of known members of the 
mammalian family has grown to 13 (six cy subunits, 
three B subunits, three y subunits and one 6 subunit) 
as shown in Fig. 1. It might be possible that further 
subunits remain to be discovered; however, none has 
been reported in the past three years. 

Although knowledge of the diversity of the GABA,- 
receptor gene family represents a huge step forward in 
our understanding of this ligand-gated ion channel, 
insight into the extent of subtype diversity is just the 
beginning, opening the way to a plethora of ques- 
tions. Which subunits co-assemble to form receptor 
subtypes? What is the abundance of the major sub- 
types in the brain? What approaches can we take to 
determine the functions of these subtypes? 

How many GABA,-receptor subtypes are there? 

The first indication of a blueprint for assembling 
GABA,-receptor subunits came from the experiments 
performed by Dolan Pritchett and colleagues2 who 
showed that an cy subunit, a p subunit and a y subunit 
are required to form a fully functional GABA, recep- 
tor, which can be expressed by transiently transfecting 
cDNAs into cells. Studies of receptor size and visualiz- 
ation by EM conclude that, like other members of this 
family, the receptor is a pentamer and a prototypic 
molecule is shown in Fig. 2. 

The selection of at least one cx, one p and one y sub- 
unit from a repertoire of 13 allows for the possible 
existence of more than 10000 pentameric subunit 
combinations. This calculation does not consider the 
further permutations that would be possible if there 
were no constraints to the arrangement of subunits 
around the ion channel (there could be 120 possible 
variants for a receptor composed of five different sub- 
units; potentially a receptor-biologist’s dream, but a 
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nightmare to dissect and understand). A variety of 
approaches have been used to begin to understand the 
real, rather than theoretical, diversity of GABA, recep- 
tors in mammalian tissue. 

Which subunit combinations exist? 

Antibodies have become an almost obligatory tool 
for studying the structure of receptor molecules, and 
the GABA, receptor is no exception. Different labora- 
tories have taken slightly different approaches to gen- 
erate subunit-selective antisera. Some have used short 
peptide sequences 3-6 from the N or C termini, while 
others7-‘” have exploited the existence of regions of 
non-conserved amino acid sequences between puta- 
tive transmembrane regions (M3 and M4) to generate 
subunit-specific antibodies. Such antibodies have 
been utilized in several ways to probe the subunit 
composition of the receptor. 

Antibodies have been used to immunoprecipitate 
all of the receptors containing a specific subunit from 
solubilized preparations of mammalian brain, which 
can then be quantified using radioligand binding 
techniques. This measures the abundance of each sub- 
unit, even when it is present in several different recep- 
tor subtypes. Assuming that all GABA,t receptors bind 
the GABA-site radioligand, [3H]muscimol, then the 
proportion of radioligand binding sites immuno- 
precipitated by each antiserum is a direct measure of 
its abundance in the brain. Furthermore, by employ- 
ing combinations of antisera it is possible to deter- 
mine whether pairs of subunits are co-assembled in 
the same receptor molecule. The rationale behind this 
approach is that when a combination of two antisera 
immunoprecipitate fewer radioligand binding sites 
than the sum immunoprecipitated by each antisera 
individually, then the two subunits must exist in the 
same receptor molecule (although this does not pre- 
clude them also existing in combination with other 
subunits). This method has proved particularly useful 
for analysing discrete brain areas where a limited 
repertoire of subunits are expressed. For example, in 
the cerebellum the major 01 and y subunit combi- 
nations identified in this way comprise orly2, a2y1, 
(~6~2 and a66 (Ref. 11). The subunit combinations ~3~2 
and a2y2 have also been identified in other brain 
regions (K. Quirk and R.M. McKernan, unpublished 
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Fig. 1. The human CABA, receptor polypeptide family. The dendrogram to Ihe left of the figure indicates the homologies between Ihe deduced amino acid sequences 
of each subunit; the length of the line separating rhe subunits represents the distance between their sequences. 72s/r2~ and flZslp2~ are the alternative splice isoforms 
of these subunits. The tab/e to the right of the figure indicates the number of amino acids in each polypeptide, the chromosome assignment of each gene and Ihe 
putative phosphorylotion sites. Abbreviations: PKA, protein kinase A; PKC, protein kinase C; and Tyr kinase, lyrosine kinase. 

observations). However, although this approach is 
appropriate for abundant populations of receptors, and 
can be quantitative, it is not sufficiently sensitive or dis- 

A more discriminating approach which has been 
quite widely used is to immunopurify detergent-solu- 
bilized receptors using antisera against one subunit, 

criminating to analyse more minor receptor subtypes. 

western blot the eluted receptor and probe it with 
antisera to other subunits. Whereas this is a more 
qualitative method it does unequivocally allow 
identification of pairs of subunits coexisting in the 
same receptor molecule. Subunit combinations identi- 
fied using this approach are largely consistent with 
those identified by quantitative immunoprecipitation. 
This method also reveals further details of the diver- 
sity of subunit co-assembly. Some receptors have been 
found to contain two types of (Y subunit. For example, 
several laboratories have detected small populations of 
receptors containing both al and a3 subunits’0,‘2,‘3. 
There have also been reports of the co-assembly of (~1 
and (~6 subunits’4*15, although different conclusions 
have been reached for both native” and recombinant 
receptors16. 

Fewer immunoprecipitation studies have focused 
on the p subunits because the closer homology 
between them has made p subunit-selective antisera 
more difficult to obtain. To date, there is no evidence 
of receptors containing more than one type of p sub- 
unit”. The p2 subunit is by far the most abundant’8,‘9, 
associating primarily with the al and y2 subunits2’. 
The pl and p3 subunits are somewhat less abun- 
dant18,19 and there is evidence that the p3 subunit is 
found co-assembled with the (-u2 and y2 subunits”. 

By analogy with the (Y subunit, small populations of 
receptors containing two types of y subunit have been 
identifiedzl”‘, although most receptors appear to con- 
tain only one type of y subunit6,“. Interestingly, there 
is evidence that some receptors contain two copies of 
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the y2 subunit: one copy of the long form, ~ZL, which 
contains eight extra amino acids conferring an extra 

The 6 subunit remains an enigma. Its most likely 

protein kinase C binding-site23, and one copy of the 

role is to substitute for a y subunit and the majority of 
studies suggest that 8 and y subunits are largely mutu- 

short form, ~2s (Ref. 22). 

ally exclusive 21J24,25 although one report suggests that 
6 and 72 subunits co-assemble to produce a receptor 
with a novel pharmacology26. 

A unique property of some GABA, receptors is the 
presence of a number of modulatory sites, the most 
characterized of which is the benzodiazepine site 
through which anxiolytic drugs such as Valium and 
temazepam act. By using subunit-specific antibodies 
to immunoprecipitate solubilized GABA, receptors 
from mammalian brain, followed by radioligand bind- 
ing studies, it has been possible to characterize the 
pharmacology of the benzodiazepine site. By compar- 
ing the affinities of a number of compounds with data 
obtained using recombinant GABA, receptors, we can 
infer which subunit combinations reproduce a particu- 
lar pharmacology. For example, the pharmacologies 
for the benzodiazepine binding site on receptors 
immunoprecipitated with al, (~2, a3, cx5 or a6 sub- 
units is in excellent agreement with that produced by 
these (Y subunits when they are co-expressed with a p 
subunit and the y2 subunit2~‘0~‘3~‘5~27. In contrast, the 
pharmacology produced in recombinant systems by 
the al, pl and yl subunitP has not been found in 
vivo, suggesting that this combination does not actu- 
ally exist. Receptors immunoprecipitated from the 
cerebellum with 6 subunit-specific antisera do not 
bind benzodiazepines2’, although in other brain 
regions a novel or hybrid pharmacology has been 
observed2(j. Consistent with cerebellar receptors, 
recombinant receptors composed of CUPS subunits are 
not modulated by benzodiazepines”. 
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Which GABA,-receptor 
subtypes are the most abundant? 

Taking all the information from 
these three approaches it has been 
possible to assign values to the 
proportions of the major GABA,- 
receptor subtypes in rat brain 
(Table 1). This does not mean that 
further subtypes do not exist or that 
populations cannot be subdivided 
further, particularly where there are 
small populations of receptors that 
contain two types of (Y or y subunits. 
The proportions of each subtype 
will obviously be subject to refine- 
ment as more information becomes 
available. Because of the relative 
paucity of data available for the B 
subunit, one current limitation is 
their assignment with o and y sub- 
units; therefore, the type of B sub- 
unit present has, in some cases, not 
been assigned. 

It is also possible to construct a 
similar model for other discrete brain 
areas as has been proposed, for 
example, for the cerebellum”. As 
shown in Table 1, by far the largest 
population (representing almost 
half of all GABA, receptors in the 
brain) is that containing the crl sub- 
unit in combination with the B2 
and y2 subunits. This combination 
is equivalent to the BZ, subtype as 
it was previously defined by radio- 
ligand-binding studies before cloning 
of the GABA,-receptor gene family. 
This subtype is present throughout 

GABA 

Fig. 2. A schematic representation of the GABA, receptor. The structure is shown with the a and y subunits juxta- 

posed to form the benzodiazepine binding site. The p subunit, carrying the loreclezole binding site is depicted between 

two other subunits whose identity remains unclear. These are most likely an (Y ond a y subunit, o/though the arrange- 

ment of the five subunits around the pore is unknown. Binding sites for CABA and receptor modulators are assigned to 
their respective subunits where evidence for such exists. It is possible that a// subunits might have binding sites for bar- 

biturates and steroids. 

the brain as demonstrated by in situ and immunocyto- 
chemical techniques, particularly on hippocampal and 
cortical interneuroneP” . The BZ,-selective (that is, al 
subunit-selective) compound, zolpidem is clinically 
prescribed as a hypnotic. This suggests that benzo- 
diazepine-induced sedation results from the widespread 
decrease in neuronal activity mediated primarily 
through this receptor. 

There might well be further subdivisions within this 
category which reflect receptors that contain more than 
one type of (3~ subunit. One such category for which 
evidence has been obtained is the ala3By2 subtype. 
It has also been proposed that the combination of 
subunits, olla6By2, also exists in the cerebellum’4,‘5, 
but a consensus on this has yet to be reached”. 

Two other major populations are the (w2p3y2 and 
the a3py2/y3 (primarily (u3By2) subtypes. Together 
these constitute approximately a further 35% of the 
total GABA, receptor repertoire. Pharmacologically, 
this combination is equivalent to the BZ, subtype as 
defined previously by radioligand binding. The physio- 
logical role of these (and all other) subtypes is less 
clear because there are no selective agonists or antag- 
onists available. However, some limited information 
can be gleaned by considering their location in the 
nervous system. There are a2By2 subtypes throughout 
the forebrain particularly in the hippocampus and 
striatum’s”9. They are also found on the moto- 
neurones of the spinal cord where they could well be 

involved in mediation of motor co-ordination3’. The 
a3By2 subtype is found predominantly in the cortex. 
Immunofluorescence experiments indicate that they 
are localized on cholinergic and monoaminergic 
neurones and therefore one could speculate that they 
might regulate the turnover of noradrenaline, 
dopamine or 5HT (Refs 30 and 33). The a3B3y2 
receptors are located on the cholinergic neurones of 
the medial septum34; these project to the hippo- 
campus and have a putative role in learning and 
memory. In experiments in which dopamine-contain- 
ing neurones are destroyed after lesioning with the 
selective neurotoxin 6-hydroxydopamine an increase 
in the number of BZ, receptors is observed3’. This 
suggests that these receptors are actually post-synaptic 
to dopamine-containing neurones rather than being 
located directly on them. Resolution using EM will be 
required to determine precisely on which side of the 
synapse these receptors lie. 

The next subtype to be considered is the (~5 subunit- 
containing receptors. These represent one of a number 
of more minor combinations in the brain as a whole, 
although they are relatively highly expressed in the 
hippocampus where they constitute approximately 
20% of the GABA,-receptor population’“. There is evi- 
dence that the a5 subunit can exist in combination with 
the y2 or y3 subunits or a combination of both. Selective 
compounds for the benzodiazepine site on this sub- 
type have been identified and selective radioligands 

71N.Y Vol. 19, No. 4, 1996 141 



REVIEW 

(Y I p2y2 43 Present in most brain areas. Localized to interneurones in hippocampus and 

cortex, and cerebral Purkinje cells 

18 

I7 

Present on spinal cord motoneurones and hippocampal pyramidal cells 

Present on cholinergic and monoaminergic neurones where they regulate ACh 

and monoamine turnover 

ol2Pny I 8 Present on Bergmann glia, nuclei of the limbic systems, and in pancreas 

(w5p3y2Iy3 4 Predominantly present on hippocampal pyramidal cells 

a6py2 2 Present on cerebellar granule cells 

cr6pS 2 Present on cerebellar granule cells 

o!4@ 3 Present in thalamus and hippocampal dentate gurus 

Other minor subtypes 3 Present throughout brain 

Location and function are listed where these have been investigated, and are not comprehensive. Other minor subtypes include cy I a6py2, a I ry3py2, 

cu2cu3py2 and (~5py26 subtypes and are represented together as a small population. 

are being developed that could prove to be very useful 
tools for dissecting out the physiological relevance of 
this subtype36. Most of the GABA, subunits are ex- 
pressed in the hippocampus. Until the precise location 
of individual subtypes on particular neuronal popu- 
lations is determined, it is not possible to link hippo- 
campal functions with receptor subtypes. 

The 016 subunit-containing receptors are of particu- 
lar interest because they are expressed almost ex- 
clusively in granule cells in the cerebellum. There are 
two populations of receptors which contain an 016 
subunit: those in combination with the y2 subunit 
and those in combination with a 6 subunit. It appears 
to be a general property of 6 subunit-containing recep- 
tors that they do not have a high affinity benzo- 
diazepine binding site. The a6py2 receptors, like other 
y2-containing receptors, do have a benzodiazepine 
site but it is insensitive to most currently prescribed 
benzodiazepines. A strain of rats have been identified 
whose (~6 subunit contains a point mutation confer- 
ring a high affinity for classical benzodiazepines”‘. 
These animals have increased sensitivity to the ataxia 
and postural impairment produced by these drugs, 
suggesting that cerebellar motor control may be medi- 
ated, at least in part, by the a6py2 subtype. It is 
important to note that other subtypes (including the 
u6p6 subtype”R and the (-rlpZy2 subtype) are also pres- 
ent in cerebellar granule cells and these could equally 
play a part in motor control. 

The only subtype containing a yl subunit to be 
identified so far is the 0l2pyl subtype. This has been 
identified in the cerebellum by immunoprecipitation, 
where in situ hybridization studies have localized it to 
the Bergmann glia”. It might also be present in other 
yl subunit-rich regions including the medial preoptic 
area of the hypothalamus, some septal nuclei and the 
medial and central amygdala. 

GABA, receptors are also known to exist outside the 
CNS. In the anterior lobe of the pituitary rul, pl, p2, 
p3 and 72s subunits have been identified”“. In the 
intermediate lobe (~2, (~3, pl, p2, ~2s and yl subunits 
have been identified, which one could speculate from 
the above discussions are co-assembled into cw2ply1, 
a2p3y2s and cr3p3y2s receptors. Activation of GABA, 
receptors on melanotrophs results in a depolarizing 
current (due to high internal chloride concentration), 
which activates voltage-dependent calcium channels 
leading to hormone secretion through a calcium- 
dependent mechanism. The (~2plyl subtype has also 
been identified on the (Y cells of the pancreas where it 
might be involved in the control of glucagon release4”. 
Cells in the adrenal medulla have long been known to 
express GABA, receptors, which increase the release of 
catecholamines at normal membrane potentials by 
depolarization (as discussed for the pituitary GABA, 
receptors). The identity of these subtypes has not been 
clearly defined although at least the al subunit, a p 
subunit and the y2 subunits are expressed”‘. 

Probably the least characterized members of the Interestingly, many of the subunit combinations 
GABA, receptor family are those containing the ~r4 described above also appear to exist in clusters within 
subunit. Immunoprecipitation studies indicate that, the human genome (see Fig. 1). For example, genes 
like the a6p6 receptor, they are insensitive to benzo- encoding the al, 1~x6, p2 and y2 subunits are clustered 
diazepines and in situ hybridization studies show co- on chromosome 5q32cl33 (Refs 42-44); those encoding 
localization with the 6 subunit in some regions of the 
thalamus and hippocampus1s8’9. It is likely that other 

the (~2, a4, j31 and yl subunits are located together on 
chromosome 4p13-4qll (Refs 42,44 and P. Whiting, 

very minor populations of (r4 subunit-containing A. Wilcox and J. Sikela, unpublished observations); 
receptors also exist since the 014 subunit is present in and the ~5, p3 and ~3 subunits are found on chromo- 
some brain structures where the 6 subunit is not ex- some 15qll-q13 (Refs 45-47). One could envisage 
pressed (for example, taenia tecta, CA1 and CA3 regions, some form of co-ordinated transcription from a clus- 
paraventricular nucleus and rhomboid nucleus). ter of genes. However, although the subunits might be 
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in the same chromosomal location, the genes could 
still be considerable distances apart. Furthermore, 
while association of gene loci with subunit assembly 
holds for some receptor subtypes, there are many 
exceptions. For example, the (r3py2 subtype is a rela- 
tively major population but the y2 subunit is located 
on chromosome 5 (Ref. 42) and the (r3 subunit is 
Iocated on the X chromosome (Ref. 44). 

How can we refine the model? 

The model that we have described here represents 
our first attempt at defining the relative proportions 
of GABA,-receptor subtypes in the brain, and will 
undoubtedly require many refinements before defini- 
tive understanding of the diversity of this receptor 
family can be achieved. The reasons for such a diver- 
sity remain unclear given that, so far, the data describ- 
ing the channel properties and GABA affinities of 
recombinant receptors show little discrimination 
between subtypes. Information from several 
approaches will be required to refine the model. For 
example, understanding the mechanisms by which 
subunit transcription is controlled in an apparently 
co-ordinated manner, and determining the con- 
straints on subunit assembly and stoichiometry 
should both give us further insight. 

The physiological role of individual subtypes 
remains largely to be determined. There are several 
approaches which can be taken to address this crucial 
issue. Now that subunit-selective antisera are avail- 
able, lesioning of specific pathways in the brain, fol- 
lowed by a more detailed molecular analysis than has 
previously been possible might reveal association 
between GABA,-receptor subtypes and known neuronal 
pathways. The establishment of cell lines expressing 
individual recombinant receptor subtypes should 
allow the development of more specific subtype-selec- 
tive compounds. These could be used pharmacologi- 
cally to discrimate receptors in vivo and to correlate 
the roles of receptor subtypes in behavioural para- 
digms using animal models. Alternatively, the genetic 
approaches of antisense technology and transgenics 
might also be useful to manipulate the expression of 
individual subunits, the effects of which can be deter- 
mined using a variety of biochemical, electrophysio- 
logical or even behavioural techniques”*. Clearly, the 
next leap forward will be from the determination of 
the composition of receptor subtypes to the under- 
standing of their roles in brain function. 
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Corrigendum 
It has been brought to our attention that in our review 

on striatal interneurones in the December 1995 issue 

of TINS’ that on p. 529 we misplaced the citation to 

the work of Baldi et CI/.~ in the text. This possibly would 

give the impression that in referring to our own work 
on the effects of NMDA on striatal release of ACh in 

vivo (Fig. 5B), we might have suggested that the work 

of Baldi et al. on trans-synaptic modulation of striatal 

release of ACh by the parafascicular thalamic nucleus 

in viva, and cited as Reference 59 in the TINS article, 
originated from our group. 

We feel that our sentence in the review should be 

corrected to ‘If these thalamic inputs are glutamatergic 

(although this is still unresolved) then thalamostriatal 

fibres to cholinergic interneurones that act through 

NMDA receptorss9 may be responsible for the stimu- 
lation of ACh release observed in vivo’. 

We apologize to the readers and to Baldi et al. for 
this solecism. 

Pien C. Emson, Dept ofNeurobiology, The Bobrohom Institute, 
Cambridge, UK CB2 4AT. 
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