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Abstract 

Brain GABAA/benzodiazepine receptors are highly heterogeneous. This heterogeneity is 
largely derived from the existence of many pentameric combinations of at least 16 different sub- 
units that are differentially expressed in various brain regions and cell types. This molecular 
heterogeneity leads to binding differences for various ligands, such as GABA agonists and 
antagonists, benzodiazepine agonists, antagonists, and inverse agonists, steroids, barbiturates, 
ethanol, and C1- channel blockers. Different subunit composition also leads to heterogeneity in 
the properties of the C1- channel (such as conductance and open time); the allosteric interactions 
among subunits; and signal transduction efficacy between ligand binding and C1- channel open- 
ing. The study of recombinant receptors expressed in heterologous systems has been very useful 
for understanding the functional roles of the different GABA A receptor subunits and the relation- 
ships between subunit composition, ligand binding, and C1- channel properties. Nevertheless, 
little is known about the complete subunit composition of the native GABA A receptors expressed 
in various brain regions and cell types. Several laboratories, including ours, are using subunit- 
specific antibodies for dissecting the heterogeneity and subunit composition of native (not recon- 
stituted) brain GABA a receptors and for revealing the cellular and subcellular distribution of 
these subunits in the nervous system. These studies are also aimed at understanding the ligand- 
binding, transduction mechanisms, and channel properties of the various brain GABA A recep- 
tors in relation to synaptic mechanisms and brain function. These studies could be relevant for 
the discovery and design of new drugs that are selective for some GABA A receptors and that 
have fewer side effects. 

Index  Entries: GABA A receptor; benzodiazepine receptor; antibody; mRNA; structure. 

Introduction 

One  of the mos t  u n e x p e c t e d  f indings  in the 
s tudy  of the brain GABA A receptors (GABAAR)/ 
b e n z o d i a z e p i n e  receptors  (BZDR) is their high 

molecu la r  h e t e r o g e n e i t y  w i th  regard  to sub-  
u n i t  c o m p o s i t i o n .  T he  s t u d y  of  r e c e p t o r  
s u b u n i t  combina t ions  exp res sed  in he te ro lo -  
gous  sys tems  (Xenopus laevis oocy tes  and  m a m -  
m a l i a n  or  insect  c u l t u r e d  cells af ter  m R N A  
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injection or DNA transfection) has shown that 
subunit composition affects the affinity of the 
GABAAR for the neurotransmitter GABA and 
for other l igands and modulators ,  such as 
benzodiazepines, barbiturates, steroids, and 
ethanol. In addition, the properties of the C1- 
channel (i.e., conductance and open time) are 
affected by the subunit composition. 

A major challenge in the field is the identi- 
fication of all the different GABAAR that are 
present in the brain, the cells that express par- 
ticular subunit combinations, and the subcell- 
ular compar tments  (i.e., axon vs soma vs 
dendrites vs specific synapses) where the dif- 
ferent  GABAAR are located (1-3). Recent 
exper iments  with single-cell reverse tran- 
scriptase polymerase chain reaction (RT-PCR) 
and electrophysiological measurements indi- 
cate that different subunit combinations can be 
assembled by a single neuron into various 
functionally distinguishable GABAAR, at least 
in primary cultures (3). Light and electron micro- 
scopy (EM) immunocytochemistry experiments 
in brain support the existence of different sub- 
unit combinations in different cell compart- 
ments (1,2). 

The expression of subunit combinations in 
heterologous systems has provided crucial 
information about the subunits required for the 
assembly of functional GABAAR/C1- channels 
having various modulatory sites. One limita- 
tion of studying recombinant receptors is that 
it is not known how well they represent the 
native receptors expressed by brain neurons. 

Recently our laboratory has elucidated for 
the first time the pentameric subunit compo- 
sition of a native cerebellar receptor using 
subunit-specific antibodies (see Subunit Com- 
position of Native Receptors). This subunit 
combination has not yet been studied in heter- 
ologous systems. Many of the subunit combi- 
na t ions  p resen t  in bra in  have  not been 
reconstituted in vitro, since the number  of 
cloned subunits from the mammalian brain is 
at least 16 (see next section) combining into 
pentameric hetero-oligomers (4). Under these 
circumstances,  several h u n d r e d  thousand 
pentameric subunit combinations are theoreti- 

cally possible (6). We do not know how many 
combinations occur in brain. Thus, we are now 
at the stage in which the identification of the 
subunit composition of the native GABAAR in 
various brain regions and cell types is needed. 
Our laboratory is involved in making  and 
using subunit-specific antibodies in this kind 
of study. 

There are important aspects of the GABAAR 
that have been covered by others in recent 
reviews, such as the biochemistry, cloning, 
and expression in heterologous systems for 
s tudying the relationship be tween subunit  
composition, ligand binding, and rC1- channel 
properties (5-9,130,134). In addition, there are 
several comprehensive studies on the map- 
ping of subunit  mRNAs in the mammal ian  
brain and spinal cord by in situ hybridization 
(10-13). I refer the reader to these reviews and 
studies for detailed coverage of the subjects. 
In this article I will review the progress made 
in our laboratory and in others' studying the 
native (brain) GABAAR by using subunit-spe- 
cific antibodies. 

The Heterogeneous Brain 
GABAAR/BZDR 

In 1987, Schofield et al. (14) published the 
cloning and the first complete amino-acid 
sequences of the ~-1 and BX subunits of the 
bovine GABAAR. Since then, several subunit 
classes and isoforms within each class have 
been cloned in the mammalian brain: o~1-c~ 6, ~1- 
~3, ~/I-Y3, ~, Pl-P2 (5,8,15). The different subunits 
are encoded by different genes. Amino-acid 
identity among isoforms of the same class is 
-70% whereas the identity among classes is 
~30%. All subunits have similar membrane  
topology, having a long N-end extracellular 
peptide, four ~ helix putative transmembrane 
domains (M1-M4), a short extracellular C-end 
peptide, and a large intracellular loop (IL) 
between M3 and M4 (14). Additional heteroge- 
neity is shown by the ~ subunit ,  which is 
expressed as ~/2s (short) and ~2L (long) forms 
resul t ing  from a l te rna t ive  RNA spl ic ing 
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(16,17). The ~2L is identical to the Y2s except for 
the insertion in the former of an octapeptide 
that is encoded by a 24-base exon. The octa- 
pept ide  has a consensus phosphory la t ion  
amino-acid sequence for protein kinase C 
located in the IL expanding between the puta- 
tive t ransmembrane  domains M3 and M4. 
Alternative exon splicing has been predicted 
for the human ~3 gene, which would result in 
two mRNAs that differ in the signal peptide 
(18). Alternative splicing of ~6 RNA affecting 
the extracellular N-end peptide has also been 
described. Only the most abundant  form of 
(~6 (the long form) is involved in the formation 
of functional receptors (19). Additional sub- 
units (~4 and "{4) and spliced forms (J32L , ~4s, 
~4L) have been found in chicken but not in 
mammals (20-22). 

The native GABAAR are pentamers (4). It is 
not yet known how many pentameric combi- 
nations exist in native brain receptors as indi- 
cated above, but it is clear that native brain 
receptors show a good deal of heterogeneity, as 
binding and biochemical studies have shown. 
The CL218-872, some ~-carbolines, and zolpi- 
dem can differentiate several types of brain 
GABAAR/BZDR (types I, II M, and II L) with dif- 
ferent affinities for these compounds (23,24). In 
addition, photoaffinity labeling of GABAAR 
with [3H]flunitrazepam (FNZ) has revealed 
(after sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis [SDS-PAGE] and fluro- 
graphy) several photolabeled GABAAR sub- 
units. This technique has been used to show 
that these subunits are differently expressed in 
various brain regions (25,26) and during brain 
development  (23,27). It is thought that the 
pho toaf f in i ty  labeled pept ides  of 51,000, 
53,000, 57,000, and 59,000 Mr (23) are the ~1, 
0: 2, o~ 5, and (z 3 subunits, respectively, based on 
their mobility in SDS-PAGE as determined by 
immunoblot t ing with subunit-specific anti- 
bodies (see Biochemical Studies with Subunit 
Specific Antibodies). Further heterogeneity of 
the GABAAR was revealed by the binding of 
the partial inverse agonist [3H]Ro15-4513. This 
ligand binds to two different GABAAR types 
(28-32). One type binds diazepam and clon- 

azepam with high affinity, making the binding 
of [3HlRo15-4513 diazepam (or clonazepam) 
sensitive (DZS). The other receptor type does 
not bind diazepam or clonazepam with high 
affinity and therefore the binding of [3H]Ro15- 
4513 is diazepam (or clonazepam) insensitive 
(DZI). We know that in the cerebellum, the 
DZI Ro15-4513 binding site corresponds to 
GABAAR having the ~6 subunit, whereas the 
DZS site corresponds to receptors containing 
o~ l, and perhaps some having o~ 2, c~ 3, or o~ 5 
(28,33-35). 

Additional biochemical evidence for hetero- 
geneity of native receptors was derived from 
studies on affinity purified receptors by three 
different methods: 

1. Affinity chromatography on immobilized 
Ro7-1986/1 (36,37); 

2. Affinity chromatography on immobilized 
1012-S (38); and 

3. Immunoaffinity chromatography on mono- 
clonal antibody (MAb) 62-3G1 (39-41). 

Although the three methods yielded similar 
GABAAR/BZDR, there were some differences 
in the subunit composition and binding prop- 
erties. We also found differences in the subunit 
composi t ion and benzod iazep ine  b ind ing  
between the immunoaffinity-purified recep- 
tors from cortex and cerebellum (41). More 
recently, immunopurifications with subunit- 
specific antibodies have shown a great deal of 
heterogeneity in native GABAAR (see Immuno- 
cytochemical Studies with Subunit-Specific 
Antibodies; Subunit Composition of Native 
Receptors). 

In situ hybridization results are also consis- 
tent wi th  the existence of high molecular  
heterogenei ty in brain GABAAR, since the 
expression of the different subunit  mRNAs 
vary through the brain and cell types (10-13). 
In addition, some neuronal types express many 
subunit mRNAs. The extreme case is repre- 
sented by the granule cells of the dentate gyrus, 
which express all GABAAR subunit mRNAs 
with the exception of ~6. Nevertheless,  the 
expression of a subunit mRNA does not guar- 
antee its translation into a pept ide  nor its 
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assembly into mature  GABAAR. The studies 
w i th  subuni t - spec i f ic  an t ibodies  descr ibed  
below have al lowed us and others to address 
these  issues.  A n o t h e r  l imi ta t ion  of in situ 
hybridizat ion studies is that when  they reveal, 
for example ,  tha t  ce rebe l la r  g r a n u l e  cells 
express  (xl, ~6, ~2, ~3' Y2" and 6, we  do not  
know w he the r  each ind iv idua l  granule  cell 
expresses all the subunits  or whe the r  single 
cells differ from each other in subunit  expres- 
sion. Some of these questions recently have been 
answered  by single-cell RT-PCR experiments  
that have shown that in culture, some cerebel- 
lar granule cells express R1 but  not oL 6 mRNAs, 
others express 0t 6 but not c~j, and others express 
both c~j and (x 6. The same s tudy has shown by 
e lec t rophys io logica l  r ecord ing  of the same 
cul tured cells that not  all cells assemble the 
same functional  type of GABAAR and that a 
single cell can assemble more than one type of 
GABAAR (3). 

Subunit-Specific Antibodies 
to the GABAAR 

The first subunit-specific antibodies to the 
GABAAR were MAbs prepared by Hans M6hler's 
group, then at Hoffmann La Roche, Inc. (42), 
by our group, then at the University of New 
York at Stony Brook (43), and by John Tal- 
lman ' s  group,  then at Yale Univers i ty  (44). 
These MAbs were  obtained by immuniz ing  
mice with bovine brain GABAAR purified by 
affinity c h r o m a t o g r a p h y  on Ro7-1986/1 as 
indicated above. Several MAbs immunopre-  
cipitated the brain GABAAR, however ,  only 
three of them are still wide ly  used in the litera- 
ture for immunocytochemistry.  These are the 
MAb 62-3G1 to ~2/3 (37,45), bd17 to ~2/3, and 
bd24 to c~ L (42,46). The amino-acid epitopes 
that these MAbs recognize have been deter- 
mined  (47,48). All are located extracellularly 
near the amino terminus of the corresponding 
subunit. We have recently made  mouse MAbs 
to the ~/2 subunit  (49). 

Following the cloning of the GABAAR sub- 
units, and therefore after deducing the amino- 

acid sequences, several groups, including ours, 
have prepared subunit-specific antibodies by 
immuniz ing  rabbits and other  animals  wi th  
synthetic peptides coupled to carrier proteins. 
F o l l o w i n g  this  a p p r o a c h ,  ou r  g r o u p  has  
o b t a i n e d  spec i f ic  a n t i s e r a  to each  of the  
d e s c r i b e d  m a m m a l i a n  GABAAR s u b u n i t s  
(34,35,50-54,129, and unpubl ished results). The 
antisera immunoprecipi ta ted the populat ion of 
brain GABAAR that contained the correspond- 
ing subunit .  In addi t ion,  we have also pre- 
pared specific antisera for ,V2s or Y2L (13, 50-52, 
54). Other  groups  have  also p r e p a r e d  anti- 
s y n t h e t i c  p e p t i d e  a n t i b o d i e s  to v a r i o u s  
GABAAR subunits  (28,55-70). 

The cloning of the cDNAs has also a l lowed 
us to express different regions of the various 
subunits as bacterial fusion proteins. We have 
also made subunit-specific antisera by immu-  
nizing rabbits wi th  the fusion proteins. In this 
way  we have prepared  fusion proteins  and  
antibodies to the IL of o h, ~1, [~2, ~3, ~/2s, and 6 
(32,34,54,71,72, and unpubl i shed  results). We 
have selected the IL, which  expands be tween  
M3 and M4, because computer  analysis shows 
little identity among the amino-acid sequences 
of the IL of various subunits (5). We have also 
produced MAbs to the h u m a n  ~'2s subunits  by 
immuniz ing  mice with the ~/2s IL fusion protein 
(49). All our antifusion protein antibodies also 
immunoprecipi ta ted the corresponding popu-  
lation of native GABAAR. Others have also pro- 
duced antisera (not monoclonal  antibodies) to 
fusion proteins of the IL of several GABAAR 
subunits (68,73-76). 

Immunocytochemical Studies 
with Subunit-Specific Antibodies 

We and others have extensively used  our  
MAb 62-3G1 for revealing the distribution of 
GABAAR in brain, spinal cord, and retina by 
both  l ight  mic roscopy  and EM i m m u n o c y -  
tochemistry (Fig. 1. and refs. 43,45,50-53,71,77- 
86). Although our MAb 62-3G1 recognizes both 
~2 and ~3 subunits, the results have p rov ided  
an extensive mapping  of the GABAAR since ~2 

Molecular Neurobiology Volume 12, 1996 



GA BA A Receptors 59 

Fig. 1. Rat brain immunocytochemistry with some of the anti-GABA A receptor antibodies in the olfactory 
bulb (A-C) and cerebellum (D-G) with MAb 62-3G1 to ~2/3 (A,D), anti-[321L (B,E), anti-cqCOOH (C), anti-?2 s 
(F), and anti-~'2L (G). EP, external plexiform layer; G, granule cell layer; GL, glomeruli; M, mitral cell layer (A-C) 
or molecular layer (D-G); P, Purkinje cell layer. Parasagittal sections. Scale bar = 77 gm. 

and/or  ~3 subuni t s  are present  in many  
GABAAR (32,34,59,66,71,72). These results 
have revealed the high presence of GABAAR 
in many GABAergic synapses, including both 
the pre- and postsynapt ic  membranes.  In 
addition, many neuronal GABAAR are also 
located ext rasynapt ica l ly .  There are also 
GABAAR subunits that are localized in intra- 
cellular compartments,  probably revealing 
subunits in the process of synthesis, assembly, 
and /o r  degradation. 

The MAb 62-3G1 has also been used to study 
the developmental expression of ~2/3 peptides 
in different brain areas and species. These 
inc lude  the sensory  motor  cortex of the 
macaque monkey (84), rat neocortex (87), and 
rat thalamus (88). These studies have revealed 

developmental changes in the laminar distri- 
bution of the 92/3 subunits. The results have 
also shown the presenc e of GABAAR in the 
brain subplate, which supports the notion that 
transient GABAergic synaptic connectivi ty 
occurs in the subplate. In other cortical layers, 
the expression of the receptors precedes the 
axogenesis of cortical neurons and the for- 
mation of symmetrical synapses. Therefore, the 
results are consistent with a morphogenetic 
role of GABA acting through GABAAR during 
early embryogenesis. The MAb 62-3G1 has 
also been used to show that the density of 
GABAAR in the monkey visual cortex (areas 
17 and 18) is regulated not only by denerva- 
tion of the ocular imput but also by reduced 
electrical activity (82,83). The results support 
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the not ion that decreased GABAergic activity 
in the cortical columns dr iven by the depr ived 
eye might  contribute to the functional expan- 
sion of the ocular dominance  columns driven 
by the other eye. 

The MAbs bd17 to ~2/3 and bd24 to bovine 
and h u m a n  c~ have also been extensively used 
in l ight  and  EM i m m u n o c y t o c h e m i s t r y  for 
GABAAR localization (1,46,89,90,133), devel- 
opmental  studies (91), and studies on synaptic 
plasticity (83). The bd17 has been more fre- 
quen t ly  used  than bd24 because  the latter 
shows species-specificity and it does not react 
w i th  the rat  cz~ subuni t .  The i m m u n o c y t o -  
chemical  results obtained with  our MAb 62- 
3G1 and M6hler 's  bd 17 are very similar, which 
is expected from two antibodies that seem to 
recognize similar, if not the same epitope (48). 

We have also obtained excellent immunocy-  
tochemical  results  wi th  an affinity pur i f ied  
anti-~2 rabbit ant ibody to a 92IL fusion protein 
(71). The comparat ive  immunocytochemis t ry  
(Fig. 1) be tween the MAb 62-3G1 to 92/3 and 
the anti-92IL has al lowed us not only to reveal 
the brain distribution of 132 but  also to identify 
neurons that express I33 but not 92 (71). At the 
present  time, we are trying to develop good 
immunocy tochemica l  reagents  for 131 and 93 
subuni t s  from our  a l ready  genera ted  anti- 
sera to [31IL and 93IL fusion proteins,  respec- 
tively. An anti-ct6IL an t ibody  and  an anti-ot~ 
pep t ide  an t ibody  made  in McKernan ' s  and 
S iegha r t ' s  l abora tor ies ,  respect ive ly ,  have  
been successful ly used in EM immunocy to -  
chemis t ry  (1,1 33). 

I should  indicate  here  that polyclonal  anti- 
sera to either coupled synthetic pept ides  or 
fusion proteins need to be affinity purified on 
immobil ized antigen before they can be used 
for immunocytochemistry.  Otherwise, the non- 
specific reactivity of the ant iserum with  the 
brain tissue produces  unacceptable levels of 
background.  Even affinity-purified antibodies 
to coupled peptides are frequently unsuitable 
for immunocytochemistry.  Only trial and error 
and the review of the literature on the successes 
with  ant ipept ide  antibodies to the GABAAR 
and to other receptors of the same gene family 

al lows the ra t ional  des ign  of s t rategies  for 
se lec t ing  the r igh t  p e p t i d e  s e q u e n c e s  for 
immunizations.  It is desirable that the antibod- 
ies to p e p t i d e s  also r e c o g n i z e  the  n a t i v e  
GABAAR. Some antipeptide antibodies do not 
immunoprec ip i ta te  nat ive receptors.  This is 
probably because of the selection of pept ide  
sequences located either in a highly structured 
receptor epitope or in a region of the nat ive 
GABAAR that is inaccessible to the ant ibody (a 
h idden  epitope) for steric h indrance or other 
reasons. Even when  the ant ipeptide antibodies 
immunoprecipi ta te  the native detergent-solu- 
b i l i zed  receptors ,  they  m i g h t  not  be good  
enough for immunocytochemis t ry  because: 

1. The antibody also reacts with epitopes 
present in other proteins, giving a high non- 
specific background; 

2. The antibody cannot bind to the receptor in 
its membrane environment (which increases 
the steric hindrance and antibody penetra- 
tion problems); and 

3. The epitope is denatured by the aldehyde 
fixation required by the immunocytochemi- 
cal techniques. 

Thus, i m m u n o c y t o c h e m i s t r y  imposes  the 
mos t  severe  test for a n t i b o d y  use.  Recen t  
advances regarding the deve lopment  of mild 
embedding  procedures allow the preservat ion 
of native epitopes that were  lost after more  
t r a d i t i o n a l  e m b e d d i n g  p r o c e d u r e s .  These  
deve lopments  are a l lowing the use of post- 
e m b e d d i n g  i m m u n o g o l d  m e t h o d s  for the 
s tudy of GABAAR subuni t  colocalization by 
EM immunocytochemis t ry  (90,133). 

We have successfully used  several  of our  
affinity-purified antibodies to cz 1, ~h, Y2s, 72L, ~t3, 
cz 4, and cz 6 synthetic peptides for mapp ing  the 
localization of the corresponding subunit  in the 
rat  b ra in  by l ight  m i c r o s c o p y  i m m u n o c y -  
tochemistry (Fig. 1 and refs. 50-53,129, and  
unpubl ished results). At the present  time we 
are also aiming to develop antipeptide antisera 
to o ther  subuni t s  va luab le  for i m m u n o c y -  
tochemistry. Others have also used light micro- 
scopy i m m u n o c y t o c h e m i s t r y  w i t h  va r ious  
antipeptide antibodies (to c~ 1, c~ 2, cz 3, ~z s, 13,6, ~1' 
[32, 7x, 72, and 8) for s tudying the distribution of 
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GABAAR subuni ts  in var ious  brain regions 
(59,60,64,66,92-95,132) and during brain devel- 
opment  (69,91,96,97). Double and triple immu- 
no fluorescence immunocytochemis t ry  has also 
been used to s tudy the colocalization of some 
receptor subunits in the same neuron. These 
studies have revealed colocalization of cz~ ~32 ?2; 
0(1 /32/3 ?2; 0(2 [~3 72; 0(2 ~2/3 ?2; 0(3 ~2/3 ?2; 0(5 ~2/3 ?2; 
0(1 0(2?2; 0(I 0(3 ~2/3 72; 0(2?2; 0(3")'2; 0(1 0(3?2; 0(2 0(3 
72; and (z 2 0(56 (2,66,132). Double immunofluo-  
rescence studies have also shown that most  
serotonergic  neurons  express 0(3 but  not 0(1, 
whereas  many  GABAergic neuron can express 
0(1 or 0(3 (98,99). Subunit colocalization in the 
same  p ro te in  c lus ter  has been  s tud i ed  by 
f reeze - f rac tu re  EM i m m u n o c y t o c h e m i s t r y  
using antipeptide and MAbs (100). We should 
indicate that the immunocytochemis t ry  stud- 
ies do not  have the resolution required to show 
subuni t  colocal izat ion in a single GABAAR 
molecule .  The avai labi l i ty  of ant ibodies  to 
various pept ide  epitopes in combinat ion with 
EM i m m u n o g o l d  immunocytochemis t ry  will 
al low the s tudy of the location of the epitopes 
re la t ive  to the m e m b r a n e  (extracel lular  vs 
intracellular face), which will test the current 
topology model  for subuni t  inser t ion in the 
m e m b r a n e  (wi th  four  t r a n s m e m b r a n e  
domains) presently based on hydropathy pro- 
files (14). 

There is good agreement  between the results 
obtained wi th  immunocytochemis t ry  and in 
situ hybridizat ion regarding receptor subunit 
distribution. Nevertheless,  the results are not 
entirely identical, which is expected given the 
different localization of mRNAs (mostly in the 
cell somas) and the localization of the subunit 
pep t ides  (which can be inser ted in the cell 
membranes  and concentrated at distal synap- 
ses). It is also possible that not all the expressed 
subuni t  mRNAs  are a lways  t ransla ted into 
protein. Another  factor to consider is that the 
subunit-specific antibodies can recognize not 
only mature  and fully assembled membrane  
receptors,  but  also unassembled subunits  as 
well  as subunits  in the process of synthesis 
and degrada t ion  that occurs in intracellular 
compar tments .  

Biochemical Studies 
with Subunit-Specific Antibodies 
We have used our MAb 62-3G1 in immuno-  

affinity chromatography experiments  for the 
purification of GABAAR from bovine cerebral 
cortex and cerebel lum that contain ~2/3 sub- 
units (39-41). The MAb 62-3G1 recognized in 
immunoblots  two peptide bands of 55 and 57 
kDa both in rat and bovine brain. These results 
are consistent  wi th  the i m m u n o b l o t  results  
obtained with two antifusion protein antibod- 
ies also made  in our laboratory. The ant ibody 
to/32IL fusion pro te in  reacted  wi th  two pep-  
tides of 55 and 57 kDa of rat brain membranes  
(71), whereas  anti-[33IL fusion pro te in  only  
reacted with a 57 kDa pept ide (72). Benke et al. 
(66), using  an t ipept ide  ant ibodies  to ~31, /32, 
and/33, have also reported that the anti-/32 anti- 
body  recognizes two pept ides  of 54 and  56 
kDa, whereas  anti-/33 and anti-/31 recognize  
peptides of 57 kDa. Immunoblo t  experiments  
using other ant ipept ide antibodies to [3 sub- 
un i t s  have  also r e v e a l e d  i m m u n o r e a c t i v e  
bands in the 54-58 kDa range (101-103). 

We have made  three mouse MAbs and two 
rabbit antisera to ?2IL fusion proteins and two 
an t ipep t ide  ant isera  specific for 72s or ?2L. 
Immunoblots  show that all the anti-Y2IL anti- 
bodies react with a wide  peptide band of 44-49 
kDa, whereas  anti-Y2 s and anti-?2 L react with 45 
and 47 peptides, respectively, (32,49,54). Anti- 
7i and ?3 peptide antibodies, also made  in our 
laboratory, react wi th  47 and 44 kDa peptides,  
respectively (129). These results show that all 
the ? subunits have similar mobili ty in SDS- 
PAGE. Other groups using different antipep- 
tide antibodies have reported similar Mr for 72 
(43-49 kDa; 58,59,69), 71 (45-51 kDa; 68), and 73 
(43-46 kDa; 70). 

Our anti-o( 1, anti-o( 4, and anti-o( 6 antipeptide 
antibodies react with 51, 66, and 58 kDa pep- 
tides, respect ively  (34,35, and  u n p u b l i s h e d  
results). Other  authors  using ant ipept ide  or 
antifusion protein antibodies have shown that 
~z 1 is 50-51 kDa (61,63,65,73,102), 0(2 is 52-53 kDa 
(61,63,73,102), 0(3 is 58-61 kDa (61,65,73, 102), 
0( 4 is 67 kDa (67), 0(5 is 53-55 kDa (65,73), and 0(6 
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Table 1 
The Mr of the Mammalian GABAAR Subunits 

Determined by Immunoblotting 
with Subunit-Specific Antibodies 

Mr x 10  -3 

Subunit I a 2 

(~1 51 50--51 
c~ 2 - -  52-53 
% - -  58-61 
c~, 66 67 
R5 - -  53-55 
c~ 6 58 57-58 
~ - -  57 
~2 55 and 57 54 and 56 
~3 57 57 
71 47 45-51 
72 44-49 43-49 
72s 45 - -  
72L 47 - -  
73 44 43-46 
6 - -  54 
1: Mr values determined in our laboratory with 

our antibodies; 2: Mr values determined in other 
laboratories with other antibodies as indicated in 
the text. --: Not determined. 

is 57-58 kDa (28,76,97). The 8 subunit has been 
reported to be 54 kDa (60). Table 1 shows the 
m o l e c u l a r  mass  of the GABAAR subun i t s  
revealed with immunoblott ing experiments. 

GABAAR Immunoprecipitation 
with Subunit-Specific Antibodies 
The GABAAR immunoprec ip i t a t i on  wi th  

subunit-specific antibodies is being done for 
four main purposes: 

1. To calculate the proportion of GABAAR that 
have a particular subunit; 

2. To study the ligand-binding specificities 
of the GABAAR that contain a particular 
subunit; 

3. To study colocalization of different subunits 
in the same receptor; and 

4. To elucidate the subunit composition of 
native receptors. 

Two conditions need  to be fulfilled for an 
antibody to be valuable in these studies: The 

antibody must  react well with the native solubi- 
lized GABAAR and it should not interfere with 
the binding of various ligands to the GABAAR. 

Quantification of GABAAR Subunit Peptides 
in Various Brain Regions 
We h a v e  a l r e a d y  d i s c u s s e d  the  u se  of 

immunocytochemica l  techniques for the local- 
ization of GABAAR subunits  in var ious CNS 
regions, cell types, and subcellular  compart -  
ments .  This level  of r e so lu t i on  c a n n o t  be 
achieved by immunoprecipi ta t ion.  However ,  
immunoprec ip i ta t ion  of radiol igand b inding 
activity can be accurately quantif ied.  More- 
over, this t echn ique  quant i f ies  m a t u r e  and  
fully assembled GABAAR, whereas  immuno-  
cytochemis t ry  can reveal not  only the assem- 
bled subunits  but  also the unassembled  ones 
and subunits  in the process of synthesis  and 
degradat ion  as indicated above. 

The first immunoprecipi ta t ion studies with 
subunit-specific antibodies were  done with the 
MAbs to ~1 and ~2/3' (37,42). Immunoprecipi-  
tation wi th  other subunit-specific antibodies 
were  done as they were developed by several 
groups, including ours. Results are emerging 
al though it is not always easy to compare the 
data obtained by different groups, since immu-  
noprecipitations have been done using differ- 
ent brain regions (i.e., whole brain vs cerebral 
cortex vs cerebellum), different receptor prepa- 
rations (solubilized crude membranes  vs affin- 
i ty-purified receptors, or brains from different 
species, such as rat, cow, and pig), and differ- 
ent radioligands (muscimol, FNZ, Ro15-1788, 
and so forth). We know that the affinity for 
each ligand depends  on the GABAAR subunit  
composi t ion .  In add i t ion ,  no t  all r e p o r t e d  
immunoprec ip i t a t i ons  are quant i ta t ive .  We 
(32,34,49,54,71,72) a n d  o t h e r s  (104) h a v e  
found  the need  for t w o  or three  sequent ia l  
immunoprecipi tat ions wi th  the same ant ibody 
f o r  r e a c h i n g  the  m a x i m u m  ( q u a n t i t a t i v e )  
immunoprecipi tat ion of detergent  solubilized 
GABAAR from crude membrane  preparations.  
However,  quantitative immunoprecipi ta t ion of 
affinity-purified receptors can be well accom- 

Molecular Neurobiology Volume 12, 1996 



G A B A  A Receptors 63 

Table 2 
Immunoprecipitation of Rat Brain GABAAR with Subunit-Specific Antibodies 

% Immunoprecipitation 

Cerebellum 

Cerebral cortex [3H]Ro15-4513 
Antibody to ~ [3H]Muscimol [3H]FNZ [3H]Muscimol [3H]FNZ D Z S  b D Z I  b 

c~lCOO H c 70 76 96 87 51 
cc11L - -  80 94 - -  94 76 
ot 6 - -  - -  39 - -  18 81 
[32IL 93 93 . . . .  
~IL 61 68 - -  50 - -  - -  
~2/s MAb 62-3G1 90 78 84 96 72 65 
"~1 22 - -  19 - -  - -  - -  
72IL 73 89 . . . .  
"tilL MAb KC5-E51 66 89 . . . .  
72 64 . . . . .  
~'2s 42 52 34 31 39 66 
"f2L 27 37 47 65 51 40 
"t3 16 - -  18 - -  - -  - -  

~ results were obtained in our laboratory with our antisera (see text). All are antisera except the MAb 62- 
3G1 to [32/3 and MAb KC5-E51 to "hIL. 

bDZS and DZI refer to the diazepam sensitive and diazepam insensitive components of [2H]Ro15-4513 binding 
(see text and refs. 32, 34, 35, and 54). 

-~--: Not determined. 

p l i shed  w i t h  on ly  one  i m m u n o p r e c i p i t a t i o n  
u n d e r  op t imal  condi t ions .  Immunopre c i p i t a -  
t ion va lues  also d e p e n d  on  the capabi l i ty  of  the 
a n t i b o d y  to recognize  wel l  the na t ive  solubi-  
l ized r ecep to r s  and  on  the speci f ic i ty  of the 
a n t i b o d y  for a par t icu lar  subun i t  vs  the  o thers  
(i.e., absence  of crossreact ivi ty) .  By select ing 
spec i f i c  a m i n o - a c i d  s e q u e n c e s ,  a n t i p e p t i d e  
a n t i b o d i e s  can be  m a d e  to ta l ly  subun i t - spe -  
cific. Unfor tuna te ly ,  specific an t ipep t ide  anti- 
b o d i e s  do  no t  a lways  b ind  wel l  to the nat ive  
r ecep to r s ,  as d i s c u s s e d  above .  O n  the  o ther  
hand ,  w e  have  f o u n d  that  ant isera to IL fus ion 
pro te ins  recognize  ve ry  wel l  the nat ive  recep- 
tors  b u t  t hey  can crossreact  w i th  the large IL of 
o ther  i so forms  of the same subun i t  class (i.e., 
~ 72, and  73) s ince the  i so fo rms  of  the same  
c l a s s  s h a r e  s o m e  c o n s e r v e d  a m i n o - a c i d  
s e q u e n c e s  in the  IL (32,49,71,72). H o w e v e r ,  
ant isera  to the IL of a par t icular  subun i t  do  not  
crossreact  w i th  i soforms  f rom other  classes. 

Table 2 s h o w s  a s u m m a r y  of the quant i ta t ive  
i m m u n o p r e c i p i t a t i o n  va lues  ob ta ined  in our  

l abora to ry  wi th  va r ious  subuni t - spec i f ic  anti- 
bodies .  With M A b  62-3G1, w h i c h  on ly  recog- 
nizes 82 and  133, w e  cou ld  i m m u n o p r e c i p i t a t e  
88-93% of [3H]muscimol  b i nd i ng  and  73-83% 
of [3H]FNZ b ind ing  in the rat  cerebral  cor tex 
and  84% of [3H]muscimol  a n d  96% of [3H]FNZ 
b ind ing  in the ce rebe l lum (32,49,54, 72). In the 
h i p p o c a m p u s  and  o l f a c t o r y  b u l b ,  the  s a m e  
an t i body  i m m u n o p r e c i p i t a t e d  86 and  96% of 
[3H]FNZ binding, respectively (72). These results  
s h o w  the a b u n d a n t  p resence  of the 82 a n d / o r  
[33 subun i t s  in the bra in  GABAAR. H i g h  i m m u -  
nop rec ip i t a t i on  v a l u e s  of [3H]musc imol  a n d  
[3H]FNZ w e r e  also o b t a i n e d  in ce rebra l  cor tex  
w i t h  an t ibod ie s  to the large IL of 132 (93%) a nd  
83 (61-68%)  (71,72), a l t h o u g h ,  as  w e  h a v e  
m e n t i o n e d  above ,  these  a n t i b o d i e s  p r o b a b l y  
have  some  c ross reac t iv i ty  w i th  the  IL of o the r  

subun i t s .  
Two an t ibod ies  to the  c~ 1 s u b u n i t  a lso m a d e  

in o u r  l a b o r a t o r y ,  one  to the  c a r b o x y - e n d  
(anti-c~lCOOH) and  ano the r  one  to the  IL of  
(z t (anti-otlIL), i m m u n o p r e c i p i t a t e  70 and  80%, 
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respectively, of the [3H]FNZ binding from rat 
cerebral cortex. In cerebellum they precipitate 
76 and 94% of [3H]muscimol binding, respec- 
tively. Thus, the immunoprecipitat ion results 
show the ubiquitous presence of the 0:1 subunit 
in b ra in  GABAAR. In a d d i t i o n ,  the anti-  
0:ICOOH precipitates 51% or the d iazepam 
insensitive DZI-[3H]Ro15-4513 binding to the 
cerebellar GABAAR. This result indicates that 
about  50% of the cerebel lar  0:6-containing 
receptors also have the 0:~ subunit, since the 
DZI-[3H]Ro15-4513 binding is characteristic of 
c~6-containing receptors (see next section). We 
have also done immunoprecipitat ions with an 
anti-o: 6 antibody, which also suggests the exist- 
ence of coassembly of cz 1 and 0:6 in the same 
ce rebe l l a r  r ecep to r  as d i s c u s s e d  below.  
Coassembly of R1 and o~ 6 has also been reported 
by others (28,111,124,125). Nevertheless, one 
group has found no evidence for 0:1 and 0:6 
coassembly (7,5). 

Two antibodies to the .v2IL fusion proteins 
(anti-'~2IL1 and anti-~/2IL2), and three antipep- 
tide antibodies (anti-72, anti-,v2s, and anti-T2 L) 
specific for Y2 (recognizing both 72s and Y2L ), "~2S, 
and ~/2L, respectively, were made in our labora- 
tory. In addition, we have also prepared three 
MAbs to ~,2IL. The anti-^/2IL1 and anti-T2IL2 pre- 
cipitate 70-76% of [3H]muscimol and 87-91% 
of [3H]FNZ binding of rat cerebral cortex mem- 
branes (32,54). The anti-Y2 peptide immunopre-  
cipitated 64% of [3H]muscimol binding. The 
three MAbs to y2IL (KC5-E51, KC4-8A7, and 
KC4-2G7) i m m u n o p r e c i p i t a t e d  56-66% of 
[3H]muscimol binding and 79-89% of [3H]FNZ 
binding (49). Anti-T2 s and anti-T2 L immunopre-  
cipitated 42 and 27% of [3H]muscimol and 52 
and 37% of [3H]FNZ binding,  respectively, 
showing the predominance of ,V2s over "~2~. in the 
cerebral cortex. The relative abundance of ~2s 
and ~[2u varies in different brain regions. Thus, 
the ratio 72S/72L goes in the following order: 
olfactory bulb (6.3) > h ippocampus  (1.85) > 
cerebral cortex (1.54) > cerebel lum (0.45) > 
inferior colliculus (0.24) (13,54). These results 
are in good agreement with the quantitative 
distribution of Y2s and ~/2L mRNAs by in situ, 
Nor thern  blot, and dot  blot  hybr id iza t ions  

(13). The immunoprec ip i t a t i on  s tudies  have  
shown that 0:1, ~2/3, and Y2 are the mos t  abun-  
dant  GABAAR subuni t s  t h r o u g h  the bra in  
and that  they are presen t  in m a n y  GABAAR, 
f requent ly  colocal izing in the same receptor  
molecule.  Thus, we have  shown  that  0: l, ~2,,3, 
and f̂2 coexist in 50% of the GABAAR of the 
rat cerebral cortex. These results  agree wel l  
wi th  in situ hybr id iza t ion  s tudies  that  have  
a lso  s h o w n  t h a t  t he  m o s t  a b u n d a n t  
GABAAR subuni t  mRNAs in the bra in  are 
0:1, ~2, ~3, and "/2 (10-12). 

Other  g roups  have  also d o n e  GABAAR 
immunoprec ip i ta t ions  with subunit-specific 
antibodies to quantify the presence of various 
subunits  in brain GABAAR (58-61,63,65,66, 
73,75,76). Table 3 includes immunoprecipi ta-  
tion values obtained by other groups using 
other subunit-specific antibodies.  For com- 
parative purposes with Table 2, Table 3 only 
includes immunoprecipi ta t ion studies using 
solubi l ized GABAAR from rat bra in  m e m -  
branes. These studies have also shown the high 
abundance of 0:1, [32, and 72 subunits through- 
out the brain and that 0:l, ~2/3, and 72 frequently 
colocal ize in the same GABAAR molecu l e  
(58,59,66). 

Benzodiazepine Binding and Subunit 
Composition of Native Receptors 
Most of the relationships between benzodi-  

azepine binding properties and subunit  com- 
p o s i t i o n  are d e r i v e d  f rom r e c o m b i n a n t  
receptors expressed in heterologous systems. 
Moreover, site-directed mutagenes is  s tudies 
have revealed the importance of several amino 
acids present in various subunits for the bind- 
ing of GABA and benzodiazepines. These stud- 
ies have  s h o w n  that  h i g h - a f f i n i t y  GABA 
binding is mainly provided by the ]3 subunits, 
al though the 0t and v subunit  also contribute to 
it (105-107,128,131,134). Reconstituted recep- 
tors with combinations of the three main sub- 
unit classes (0:, [3, and ~,) are similar to the brain 
counterparts in terms of b ind ing  properties,  
allosteric interactions, and C1- channel  func- 
tion. High-affinity benzodiazepine binding is 
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Table 3 
Immunoprecipitation of Rat Brain GABAAR with Subunit-Specific Antibodies 

% Immunoprecipitation 

Whole brain Cerebral cortex Cerebellum 

[3H]Muscimol [3H]Ro15-1788 [3H]Muscimol [3H]Ro15-1788 [3H]Muscimol [3H]Ro15-1788 

( X  1 

U- 2 

O~ 3 

@5 
~6 

13, 

' v  

Y2 
73 
6 

m 

m 

M 

1V 
59 d 
14 , 

81 ,  a 

18fl 

40 b - -  79 r 70,,~ 30 h 95/90 h 
28 b - -  __ 11 h 4 h 
24 b __ __ 12 h 13 h 
10 a - -  1 4  ~ - -  _ _  

- -  - -  - -  25,g 56 h - -  
c . . . .  

57 . . . . .  
14 . . . . .  
O,t __ __ 9J.J, 0 d 

78 ~ - -  - -  68/63 ~' 108 ~ 
18 d . . . .  
30 ~ __ 17 r 23 h O, h 23 ~ 

The results were obtained in several laboratories with antisera different from the ones used in Table 2. --: Not determined. 
"Mertens et al. (65). 
~'McKernan et al. (73). 
'Benke et al. (66). 
"Quirk et al. (76). 
"Benke et al. (138). 
~Benke et al. (60). 
~Liiddens et al. (28). 
/'Quirk et al. (75). 

main ly  p rov ided  by the c{ subuni ts ,  a l though  
the y subuni t s  are also needed  for this b ind ing  
as wel l  as for the al loster ic  b e n z o d i a z e p i n e  
s t imula t ion  of the GABA induced  C1- channel  
open ing  (108-112,135). Receptors reconst i tuted 
wi th  the Y2 subun i t  (plus ot and  [3) show high- 
af f in i ty  b i n d i n g  of b e n z o d i a z e p i n e  agonis ts ,  
an tagonis t s ,  and  inverse  agonists .  Never the-  
less, there are reports  indicat ing that  the ~[2 sub- 
uni t  in combina t ion  wi th  either 0t or 13 subuni t s  
is all tha t  is requi red  for a GABA A receptor to 
be s e n s i t i v e  to BZDs  (105,113,114) .  The  
GABAAR recons t i tu t ed  w i th  Y3 subun i t s  (plus 
ot a n d  13) also s h o w  h igh-af f in i ty  b ind ing  for 
b e n z o d i a z e p i n e  agon i s t s ,  a n t a g o n i s t s ,  a n d  
i n v e r s e  a g o n i s t s  a l t h o u g h  the  a f f i n i t y  for  
agon i s t s  is two  o rde r s  of m a g n i t u d e  smal le r  
for  )13 t h a n  ~f2 (115). The •1 a lso  p r o d u c e s  
r econs t i tu ted  receptors  wi th  one or two orders  
of m a g n i t u d e  lower  a f f in i ty  for b e n z o d i a z -  
ep ine  agonis t s  and  wi th  m a n y  orders  lower  
for an tagon i s t s  and  inverse  agonis ts  than  the 

ones r econs t i tu ted  w i th  .v 2 (116). Table 4 s h o w s  
the  r e l a t i o n s h i p  b e t w e e n  s u b u n i t  p r e s e n c e  
a n d  b e n z o d i a z e p i n e  b i n d i n g  to r e c o m b i n a n t  
GABAAR. 

The recons t i tu t ion  approach  has  also been  
very  useful  for u n d e r s t a n d i n g  the re la t ionship  
be tween  subun i t  compos i t i on  a n d  par t i cu la r  
b e n z o d i a z e p i n e  pha rmaco logy .  Thus ,  type-1 
BZDR (with h igh-af f in i ty  for zo lp idem,  CL218- 
872, and  some 13 carbolines) is associa ted  w i t h  
the presence of the cq subun i t  whereas  recon- 
s t i tu t ion  w i t h  {z2, {~3, or {x 5 p r o d u c e s  type- I I  
BZDR (73,117-120) .  In  a d d i t i o n ,  GABAAR 
reconst i tu ted  wi th  c{ 5 show lower  aff ini ty  for 
zo lp idem than  the ones recons t i tu ted  w i t h  ot 2 
or (x 3 (121). A single amino-ac id  change  f rom 
Glu to Gly  at pos i t ion  225 of o~ 3 increases the 
aff ini ty of this subun i t  for CL21-872 10-fold. In 
add i t ion ,  {z 1 has  gly  200 in the  h o m o l o g o u s  
p o s i t i o n .  T h e r e f o r e ,  th i s  G l y  s e e m s  to be  
invo lved  in type-I  BZDR p h a r m a c o l o g y  (109). 
R e c o n s t i t u t e d  r e c e p t o r  s t u d i e s  h a v e  a l so  
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Table 4 
Relationship Between Subunits and Benzodiazepine Binding Affinities of Recombinant GABAAR ~ 

K D range (M) 
Flunitrazepam Flumazenil [3-Carboline Ro15-4513 

Subunit (agonist) (antagonist) (inverse agonist) CL 218-872 Zolpidem DZS DZI 

c~ 1 10 -9 10- 9 10 -9 10  -7 10 -s 10-9 > 1 0  -5 

(x 2 10 -9 10-9 10-9 10-6 10-7 10-9 >10-- ~ 

o~ 3 10 -9 10-9 10-9 10-6 10-7 10-9 > 1 0  -5 

O~ 4 > 1 0  -5 10 -7 10 -7 >10-5 >10-5 >10-5 10-9 

Ot 5 10  -9 10 -8 10-9 10-7 >10-5 10-9 >10-~ 
% 10- 5 10- 7 10 -7 >10  -5 >10 -  5 >10 -  5 10-9 

?~ 10-8 >10-5 >10-5 ~h lO-S ? 

"[2 10-9 10-9 10-9 10-7-10-~ 10-8-10-7 10-9 10-9 

~[3 10-7 10-9 10-9 10-s 1 0 ~ - 1 0 - 5  10-9 >10-5 

~These resul ts  were  ob t a ined  by  coexpress ing  each of the c~ subun i t s  w i th  [32 and  ~'2 and  each of the ~.., subun i t s  w i th  ct~ 
(or % or  ct 3) and  [~_~ (or ]31 or ~3)" Data  are f rom refs. 28,115-117,121,136,137,139. 

b?: U n r e p o r t e d .  

shown that the DZI b inding  of Ro15-4513 is 
associated with u. 6 or c~ 4 whereas (zl, c~2, (x3, and 
(~5 show DZS binding of Ro15-4513. The pres- 
ence of His 101 in o~ 1, o~ 2, and in the homolo- 
gous position in o~ 3 and % is necessary for the 
Ro15-4513 binding to be DZS (122). This His is 
missing in u. 4 or replaced by Arg in (K 6. Besides 
His 101 and Gly 200 in (~1, Thr 162 and Val 212 
(and the homologous  amino acids in the other 
cx subunits) are also involved in benzodiaz-  
epine b inding (33). The Thr 142 from the ?2 sub- 
unit  also seems to participate in the binding of 
benzodiazepines to the GABAAR (112). Recom- 
b inant  receptors  conta in ing  ei ther  ot 4 or o~ 6 
(plus [32 and ?2) neither bind (with high affin- 
ity) d iazepam nor other benzodiazepine ago- 
n is ts  nor  [3-carbolines (28). R e c o m b i n a n t  
receptors have also been used to s tudy the con- 
tribution of ~, 13, and ? subunits to the binding of 
GABA agonists (123). 

We and others have used subunit-specific 
antibodies to s tudy the relationship between 
benzodiazepine  binding and subunit  compo- 
sition of brain receptors. Anti-cz 1 antibodies 
immunoprecipi ta te  type-I BZDR whereas anti- 
~2 and  an t i -~  3 i m m u n o p r e c i p i t a t e  type-I I  
(65,66,73,118,119). Moreover,  we  have found 
that all the type-I BZDR in the rat cerebral cor- 
tex have (z 1, that 75% of these receptors also 

have ?2 and 13213, and 20-25% of the receptors 
have 0 h but  have neither ?2 n o r  ~2/3 (119,120). 
We have also shown that anti-(x 6 and anti-c~ I 
antibodies immunoprecipi ta te  the DZI and the 
DZS-[BH]Ro15-4513 binding,  respectively, to 
the cerebellar receptors (34,35). Togel et al. (70) 
have shown that the brain GABAAR immuno-  
purified with anti-?B have about two orders of 
magni tude  less affinity for FNZ and zo lp idem 
( b e n z o d i a z e p i n e  agonis t s )  t h a n  GABAAR 
immunoprec ip i ta ted  wi th  anti-?2, whereas  the 
affinities for antagonists  and inverse agonists 
w e r e  s imi la r  (70,76). The b ra in  GABAAR 
immunopur i f i ed  wi th  anti-?j show low affin- 
ity for both f lumazeni l  (68) and Ro15-4513 
(75,76). Thus, the b ind ing  proper t ies  of the 
s tudied immunoprec ip i ta ted  brain receptors  
agree well  wi th  the data obtained wi th  recon- 
s t i tu ted receptors .  Never the less ,  g iven  the 
high heterogenei ty  in subuni t  composi t ion  of 
the brain GABAAR, we should  not  expect to 
always find agreement  be tween  the b ind ing  
propert ies of the immunoprec ip i t a ted  nat ive 
receptors and the ones reconst i tuted wi th  two 
or three different subunits.  No i m m u n o p r e -  
cipitation studies have addressed yet the con- 
t r i b u t i o n  of the  v a r i o u s  s u b u n i t s  to the  
steroid, barbiturate,  alcohol, or other  modula -  
tory b inding  sites. 
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Subunit Composition of Native Receptors 

The elucidation of the various pentameric  
subunit  combinations of the native GABAAR is 
not an easy task given the large heterogeneity 
of the GABAAR known  to exist in the brain as 
indicated above. Expression in heterologous 
systems indicate that the main properties of the 
nat ive GABAAR/BZDR can be reconsti tuted 
with  a combination (likely pentameric) of ~z, 13, 
and 7 subunits  (i.e., ~z 1 ~2 72)" We and others 
have also shown that the ~z 1, [32/3, and 72 sub- 
units coexist in many  native GABAAR recep- 
tors (32,34,58,59,66). Severa l  g roups  have  
studied the colocalization of subunit  pairs in 
brain GABAAR by subunit-specific immuno-  
p u r i f i c a t i o n  of the  GABAAR f o l l o w e d  by  
i m m u n o b l o t t i n g  (34,35,54,58,61,65,66,68,70, 
73,75,76,101,124). The following combination 
pairs have been reported to be present in the 
brain GABAAR: (z~ (z2; (z 1 (~3; (XI (X6; (X2 (X3; O~1 72; 
CK1 73; O~2 71; O~2 73; U'3 73; O~4 73; O~6 73; (XI ~2; (XI ~3; 0~2 
~3; R3 ~3; 72S 72L; 72 73; 73 ~2/3; C~I 6; O~ 3 ~; ~ ~2/3" 
These results show the extensive molecular  
heterogenei ty  of the brain GABAAR. 

Never the less ,  none  of these s tudies  have 
revea led  the comple te  pen t amer i c  subuni t  
composit ion of any brain GABAAR. Recently, 
by using a combination of quantitative immu- 
noprecipitation, immunoaff ini ty  purification, 
and  specific rad io l igand  b ind ing  assays we  
have elucidated the pentameric subunit  com- 
position of a cerebellar receptor: (z 1 (z 6 72s 72L ~2/3 
(34). This was the first time that the complete 
pentameric  composit ion of a brain receptor has 
been repor ted in the literature. This subunit  
compos i t i on  is consis tent  w i th  recent  data  
s h o w i n g  the coexis tence of two 7 subuni ts  
(54,75) or two (z subunits (34,61,63,65,111,124- 
126) in some GABAAR. Moreover, Backus et al. 
(127) have shown that in host cells, functional 
receptors are formed by preferred pentameric 
combinat ions that include two (z, two 7, and 
one 13 subunits. Recombinant  receptors of the 
complexity of the aforementioned native cer- 
ebellar receptor have not  yet been studied in 
heterologous expression systems. These native 
cerebellar receptors formed by cz 1 c~ 6 72s 72L and 

~2/3 have two classes of benzodiazepine  bind- 
ing sites; one contributed by c~ 1 and the other 
one cont r ibuted  by (z 6, as we  have  recent ly  
shown (35). The cz~ site has DZS-[BH]Ro15 - 
4513 binding,  whereas  the (z 6 site shows DZI- 
[3H]Ro15-4513 binding. Thus, in the GABAAR 
that contain both (z 1 and c~6, each c~ subuni t  
m a i n t a i n s  its i n d i v i d u a l  b e n z o d i a z e p i n e  
b ind ing  characteristics. We do not  know yet  
whe the r  this is a c o m m o n  feature of all the 
GABAAR that combine two other cz subunits  
(61,63,65,121). The receptors that have two c~ 
subunits might  also require two 7 subunits  for 
high-aff ini ty b ind ing  of benzod iazep ines  to 
each of the c~ subuni t s  and  for the h ighes t  
efficacy in the BZD modification of the GABA 
induced C1- channel  opening. The aforemen- 
t ioned cerebellar receptors have two (z and two 
72 subunits .  It is conceivable  that  receptors  
having two different (z subunits,  but  only one 
72 subunit,  have a single benzodiazepine  bind- 
ing site. This site w o u l d  be present  on the (z 
subunit that is in proper contact with the 72 sub- 
unit. We have already indicated that the 72 sub- 
uni t  is necessary  for the (z subuni t  to b ind  
benzodiazepines (131,134). Moreover, the asym- 
metry of each subunit might lead to one benzodi- 
azepine binding site even if the two cz subunits 
are in contact with the only "{2 subunit  that is 
present in the pentamer. In the aforementioned 
experiments, Backus et al. (127) has also shown 
that two other functional pentameric  combina- 
tions (two c~, two/3, and one 7 as well  as one 
~, two 13, and two 7) are also formed, al though 
they are less likely to assemble than the combina- 
tion of two (z, two 7, and one 13. Therefore, the pre- 
diction derived from this additional molecular 
heterogeneity is that the relative number of GABA 
and benzodiazepine binding sites, allosteric inter- 
actions among subunits, and the efficacy of sig- 
nal  t r a n s d u c t i o n  in the GABAAR not  on ly  
depends on the subunits present in the pentamer 
but also on the stoichiometry and relative posi- 
tion of the subunits. One of the present challenges 
in this field is to elucidate and unders tand  in 
functional terms such extensive molecular het- 
erogeneity of brain GABAAR. Subunit-specific 
antibodies will play a major role in these studies. 

Molecular Neurobiology Volume 12, 1996 



68 De Bias 

Acknowledgments 

M u c h  of the research p resen ted  in this article 
has been  done  b y  several  col leagues w h o  have  
w o r k e d  in m y  laboratory. I a m  indebted  to all of 
t h e m ,  i n c l u d i n g  Z a f a r  U. K h a n ,  A n t o n i a  
Gutidrrez,  Javier Vitorica, Lawrence Fernando,  
Juan  I. M o r e n o ,  P a b l o  Escrib~i, Mar t a  Piva ,  
Xavier Busquets ,  and  Celia Miralles. We thank 
Peter  H. Seeburg  and  Allan Tobin for giving us 
c D N A  clones. We also thank Rhonda  Ploeger  for 
typ ing  the manuscr ipt .  This research was  sup-  
p o r t e d  b y  Gran t  NS17708 f rom the Na t iona l  
Inst i tute of Neurologica l  Disorders  and Stroke. 

References 

1. Baude A., Sequier J. M., McKernan R. M., 
Olivier K. R., and Somogyi P. (1992) Neuro- 
science 51, 739-748. 

2. Fritschy J.-M., Benke D., Mertens S., Oertel W. H., 
Bachi T., and M6hler H. (1992) Proc. Natl. Acad. 
Sci. USA 89, 6726-6730. 

3. Santi M. R., Vicini S., Eldadah B., and Neale J. 
(1994) J. Neurochem. 63, 2357-2360. 

4. Nayeem N., Green T. P., Martin I. L., and 
Barnard E. A. (1994) J. Neurochem. 62, 815-818. 

5. Olsen R. W. and Tobin A. J. (1990) FASEB J. 4, 
1469-1480. 

6. Burt D. and Kamatchi G. L. (1991) FASEB J. 5, 
2916-2923. 

7. Dunn S. M. J., Bateson A. N., and Martin I. L. 
(1994) Int. Rev. Neurobiol. 36, 51-96. 

8. Macdonald R. L. and Olsen R. W. (1994) Ann. 
Rev. Neurosci 17, 569-602. 

9. Lfiddens H., Korpi E. R., and Seeburg P. H. 
(1995) Neuropharmacology 34, 245-254. 

10. Laurie D. J., Seeburg P. H., and Wisden W. 
(1992) J. Neurosci. 12, 1063-1076. 

11. Persohn E., Malherble P., and Richards J. G. 
(1992) J. Comp. Neurol. 326, 193-216. 

12. Wisden W., Laurie D. J., Monyer  H., and 
Seeburg P. H. (1992) J. Neurosci. 12, 1040-1062. 

13. Miralles C. P., Guti6rrez A., Khan Z. U., Vitorica J., 
and De Blas A. L. (1994)Mol. Brain Res. 24,129-139. 

14. Schofield P. R., Darlison M. G., Fujita M., Burt 
D. R., Stephenson F. A., Rodriguez H., Rhee L. 
M., Ramachlandran J., Reale V., Glencorse T. 
A., Seeburg P. H., and Barnard E. A. (1987) 
Nature 328, 221-227. 

15. Cutting G. R., Lu U, O'hara B. F., Kasch L. M., 
Mont rose  Raf idadeh  C., D o n o v a n  D. M., 
Shirnada S., Antonarakis S. E., Guggino W. B., Uhl 
G. R., and Kazazian H. H. (1991) Proc. Natl. 
Acad. Sci. USA 88, 2673-2677. 

16. Whiting P., McKernan R. M., and Iversen L. L. 
(1990) Proc. Natl. Acad. Sci. USA 87, 9966-9970. 

17. Kofuji P., Wang J. B., Moss S. J., Huganir  R. L., 
and Burt D. R. (1991) J. Neurochem. 56, 713-715. 

18. Kirkness E. F. and Fraser C. M. (1993) J. Biol. 
Chem. 268, 4420-4428. 

19. Korpi E. R., Kuner R., Kristo P., K6hler M., 
Herb A., Liiddens H., and Seeburg P. H. (1994) 
J. Neurochem. 63, 1167-1170. 

20. Bateson A. N., Lasham A., and Darlison M. G. 
(1991) J. Neurochem. 56, 1437-1440. 

21. Harvey R. J., Chinchetru M. A., and Darlison 
M. G. (1994) J. Neurochem. 62, 10-16. 

22. Harvey R. J., Kim H.-C., and Darlison M. G. 
(1994) FEBS Lett. 331, 211-216. 

23. Vitorica J., Park D., Chin G., and De Blas A. L. 
(1990) J. Neurochem. 54, 187-194. 

24. Ruano D., Benavides J., Machado  A., and 
Vitorica J. (1995) J. Neurochem. 64, 225-233. 

25. Sieghart W. and Karobath M. (1980) Nature 
286, 285-287. 

26. Sieghart W. and Drexler G. (1983) J. Neurochem. 
41, 47-55. 

27. Eichinger  A. and Sieghar t  W. (1986) J. 
Neurochem. 46, 173-180. 

28. Li iddens  H., Pr i t che t t  D. B., K6hler  M., 
Killisch I., Kein~inen K., Monyer H., Sprengel 
R., and Seeburg P. H. (1990) Nature 346, 648-651. 

29. Turner D. M., Sapp D. W., and Olsen R. W. 
(1991) J. Pharmacol. Exp. Ther. 257, 1236-1242. 

30. Uusi Oukari M. (1992) ]. Neurochem. 59, 568-574. 
31. Wong G., Sei Y., and Skolnick P. (1992) Mol. 

Pharmacol. 42, 996-1003. 
32. Khan Z., Fernando L., Escriba P., Busquets X., 

Mallet J., Miralles C., Filla M., and De Blas A. 
L. (1993) J. Neurochem. 60, 961-971. 

33. Wieland H. A. and L/iddens H. (1994) J. Med. 
Chem. 37, 4576-4580. 

34. Khan Z. U., Gutidrrez A., and De Blas A. L. 
(1994) J. Neurochem. 63, 371-374. 

35. Khan Z. U., Guti6rrez A., and De Blas A. L. 
(1996) J. Neurochem. 66, 685-691. 

36. Sigel E., Stephenson F. A., Mamalaki C., and 
Barnard E. A. (1983) J. Biol. Chem. 258, 6965-6971. 

37. Vitorica J., Park D., Chin G., and De Blas A. L. 
(1988) J. Neurosci 8, 615-622. 

38. Taguchi J.-I. and Kuriyama K. (1984) Brain Res. 
323, 219-226. 

Molecular Neurobiology Volume 12, 1996 



G A B A  A Receptors 69 

39. Park D., Vitorica J., Tous G., and De Blas A. L. 
(1991) J. Neurochem. 56, 1962-1971. 

40. Park D. and De Blas A. L. (1991) J. Neurochem. 
56, 1972-1979. 

41. Park D. and De Blas A. L. (1991) Brain Res. 550, 
279-286. 

42. H~iring P., Stahli C., Schoch P., Tak~cs B., 
Staehelin T., and M6hler H. (1985) Proc. Natl. 
Acad. Sci. USA 82, 4837-4841. 

43. Vitorica J., Park D., and De Blas A. L. (1987) 
Eur. J. Pharmacol. 136, 451-453. 

44. Sweetnam P. M., Nestler E., Gallombardo P., 
Brown  S., D u m a n  R., Bracha H. S., and 
Tallman J. (1987) MoI. Brain. Res. 2, 223-233. 

45. De Blas A. L., Vitorica J., and Friedrich P. 
(1988) J. Neurosci. 8, 602-614. 

46. Richards J. G., Schoch P., Haring P., Tak~cs B., 
and M6hler H. (1987) J. Neurosci. 7, 1866-1886. 

47. Ewert M., Shivers B., Lfiddens H., M6hler H., 
and Seeburg P. (1990) J. Cell Biol. 110, 2043-2048. 

48. Ewert  M., De Blas A. L., M6hler  H., and 
Seeburg P. H. (1992) Brain Res. 569, 57--62. 

49. Fernando L. E, Khan Z. U., McKernan R. M., and 
De Blas A. L. (1995) J. Neurochem. 64, 1305-1311. 

50. Guti6rrez A., Khan Z. U., and De Blas A. L. 
(1994) J. Neurosci. 14, 7168-7179. 

51. Guti6rrez A., Khan Z. U., Morris S. J., and De Bias 
A. L. (1994) J. Neurosci. 14, 7469-7477. 

52. Guti6rrez A., Khan Z. U., Miralles C. P., and 
De Blas A. L. (1996) Mol. Brain Res. 35, 91-102. 

53. Guti6rrez A., Khan Z. U., and De Blas A. L. 
(1996) J. Comp. Neurol. 365, 504-510. 

54. Khan Z. U., Guti6rrez A., and De Blas A. L. 
(1994) J. Neurochem. 63, 1466-1476. 

55. Kirkness E. F. and Turner A. J. (1988) Biochem. 
J. 256, 291-294. 

56. Sato T. N. and Neal J. H. (1989) J. Neurochem. 
53, 1089-1095. 

57. Fuch K., Adamiker D., and Sieghart W. (1990) 
FEBS Lett. 261, 52-54. 

58. Stephenson F. A., Duggan M. J., and Pollard S. 
(1990) ]. Biol. Chem. 265, 21,160-21,165. 

59. Benke D., Mertens S., Trzeciak A., Gillessen 
D., and M6hler H. (1991) J. Biol. Chem. 266, 
4478-4483. 

60. Benke D., Mertens S., Trzeciak A., Gillessen D., 
and M6hler H. (1991) FEBS Lett. 283, 145-149. 

61. Duggan M. J., Pollard S., and Stephenson F. A. 
(1991) J. Biol. Chem. 266, 24,778-24,784. 

62. Endo S. and Olsen R. (1992) J. Neurochem. 59, 
1444-1451. 

63. Endo S. and Olsen R. W. (1993) J. Neurochem. 
60, 1388-1398. 

64. Thompson C. L., Bodewitz G., Stephenson F. A., 
and Turner T. D. (1992) Neurosci Lett. 144, 53-56. 

65. Mertens S., Benke D., and M6hler H. (1993) 
J. Biol. Chem. 268, 5965-5973. 

66. Benke D., Fr i t schy  J.-M., Trzeciak A., 
Bannwarth W., and M6hler H. (1994) ]. Biol. 
Chem. 269, 27,100-27,107. 

67. Kern W. and Sieghart W. (1994) J. Neurochem. 
62, 764-769. 

68. Mossier B., T6gel M., Fuch K., and Sieghart W. 
(1994) J. Biol. Chem. 269, 25,777-25,782. 

69. Nadler L. S., Guirguis E. R., and Siegel R. E. 
(1994) J. Neurobiol. 25, 1533-1544. 

70. T6gel M., Mossier B., Fuch K., and Sieghart W. 
(1994) J. Biol. Chem. 269, 12,993-12,998. 

71. Moreno J. I., Piva M. A., Miralles C. P., and 
De Blas A. L. (1994) J. Comp. Neurol. 350, 
260-271. 

72. Fernando L. P., Khan Z. U., and De Blas A. L. 
(1995) Mol. Brain Res. 28, 94-100. 

73. McKeman R. M., Quirk K., Prince R., Cox P. A., 
Gillard N. P., Ragan C. I., and Whiting P. (1991) 
Neuron 7, 667-676. 

74. Moss S. J., Smart T. G., Blackstone C. D., and 
Huganir R. L. (1992) Science 257, 661-665. 

75. Quirk K., Guillard N. P., Ragan C. I., Whiting 
P. J., and McKernan R. M. (1994) J. Biol. Chem. 
269, 16,020-16,028. 

76. Quirk K., Gillard N. P., Ragan C. I., Whiting 
P. J., and McKernan R. M. (1994) Mol. Pharmacol. 
45, 1061-1070. 

77. Hughes T. E., Carey R. G., Vitorica J., De Blas 
A. L., and Karten H. (1989) Vis. Neurosci. 2, 
565-581. 

78. Juiz J. M., Helfert R. H., Wenthold R. J., De Bias 
A. L., and Altschuler R. A. (1989) Brain Res. 
504, 173-179. 

79. Somogyi P. (1989) in Neural Mechanisms ~ Vi- 
sual Perception (Lain D. K.-T. and Gilbert C. D., 
eds.), Portfolio, TX, pp. 35-62. 

80. Yazulla S., Studholme K. M., Vitorica J., and 
De Blas A. L. (1989) J. Comp. Neurol. 280, 15-26. 

81. Meinecke D. L. and Rakic P. (1992) J. Comp. 
Neurol. 317, 91-101. 

82. Hendry S. H. C., Fuchs J., De Blas A. L., and 
Jones E. G. (1990) J. Neurosci. 10, 2438-2450. 

83. Hendry S. H. C., Huntsman M.-M., Vifiuelas 
A., M6hler H., De Blas A. L., and Jones E. G. 
(1994) J. Neurosci. 14, 2383-2401. 

84. Huntley G. W., De Blas A. L., and Jones E. G. 
(1990) Exp. Brain Res. 82, 519-535. 

85. Spreafico R., De Biasi S., Amadeo  A., and 
De Blas A. L. (1993) Neurosci. Lett. 158, 232-236. 

Molecular Neurobiology Volume 12, 1996 



70 De Blas 

86. Spreafico R., Mennini T., Danober L., Cagnotto 
A., Regondi M. C., Miari A., De Blas A. L., 
Vergnes M., and Avanzini G. (1993) Epilepsy 
Res. 15, 229-238. 

87. Cobas A., Fair6n A., Alvarez-Bolado G., and 
S~inchez M. P. (1991) Neuroscience 40, 375-397. 

88. Bentivoglio M., Spreafico R., Alvarez-Bolado 
G., S~nchez M. P., and Fair6n A. (1991) Eur. J. 
Neurosci. 3, 118-125. 

89. Somogyi P., Takagi H., Richards J. G., and 
M6hler H. (1989) J. Neurosci. 9, 2197-2209. 

90. Nusser Z., Roberts J. D. B., Baude A., Richards 
J. G., and Somogyi P. (1995) J. Neurosci. 15, 
2948-2960. 

91. Fritschy J.-M., Paysan J., Enna A., and M6hler 
H. (1994) J. Neurosci. 14, 5302-5324. 

92. Z impr i ch  F., Zezula  J., Sieghart  W., and 
Lassmann H. (1991) Neurosci. Lett. 127, 125-128. 

93. Araki T., Kiyama H., Maeno H., and Tohyama 
M. (1993) Mol. Brain Res. 20, 263-266. 

94. Gu Q., perez-Velazquez J. L., Angelides K. J., 
and Cynader M. S. (1993) J. Comp. Neurol. 333, 
94-108. 

95. Turner J. D., Bodewitz G., Thompson C. L., 
and Stephenson F. A. (1993) Psychopharmacol. 
Ser. 11, 29-49. 

96. Paysan J., Bolz J., M6hler H., and Fritschy 
J.-M. (1994) J. Comp. Neurol. 350, 133-149. 

97. Thompson C. L. and Stephenson F. A. (1994) 
J. Neurochem. 62, 2037-2044. 

98. Gao B., Fritschy J.-M., Benke D., and M6hler 
H. (1993) Neuroscience 54, 881-892. 

99. Gao B. and Fr i tschy J.-M. (1994) Eur. ]. 
Neurosci. 6, 837-853. 

100. Caruncho H. J. and Costa E. (1994) Recep. Chan. 
2, 143-153. 

101. Pollard S., Duggan M. J., and Stephenson E A. 
(1991) FEBS Lett. 295, 81-83. 

102. Buchstaller A., Adannike D., Fuch K., and 
Sieghart W. (1991) FEBS Lett. 287, 27-30. 

103. Machu T., Olsen R., and Browning M. (1993) 
J. Neurochem. 61, 2034-2040. 

104. Duggan M. J., Pollard S., and Stephenson F. A. 
(1992) J. Neurochem. 58, 72-77. 

105. Sigel E., Baur R., Trube G., M6hler  H., 
Malherbe P. (1990) Neuron 5, 703-711. 

106. Amin J. and Weiss D. S. (1993) Nature 366, 
565-569. 

107. Smith G. B. and Olsen R. W. (1994) ]. Biol. 
Chem. 269, 20,380-20,387. 

108. Pritchett D. B., Sontheimer H., Shivers B. D., 
Ymer S., Kettenmann H., Schofield P. R., and 
Seeburg P. H. (1989) Nature 338, 582-585. 

109. Pritchett D. B. and Seeburg P. H. (1991) Proc. 
Natl. Acad. Sci. USA 88, 1421-1425. 

110. Verdoorn T. A., Draguhn A., Ymer S., Seeburg 
P. H., and Sakmann B. (1990) Neuron 4, 919-928. 

111. Korpi E. R. and Lfiddens H. (1993) Mol. 
Pharmacol. 44, 87-92. 

112. Mihic S. J., Whiting P. J., Klein R. L., Wafford 
K. A., and Harris R. A. (1994) J. Biol. Chem. 269, 
32,768-32,773. 

113. Wong G. and Skolnick P. (1992) Eur. J. 
Pharmacol. 225, 63-68. 

114. Im H. K., Im W. B., Hamilton B. J., Carter D. B., 
Vonvoigtlander P. F. (1993) Mol. Pharmacol. 44, 
866-870. 

115. Herb A., Wisden W., Liiddens H., Puia G., 
Vicini S., and Seeburg P. (1992) Proc. Natl. Acad. 
Sci. USA 89, 1433-1437. 

116. Ymer S., Draguhn A., Wisden W., Werner P., 
Kein~en K., Schofield P. R_, Sprengel R., Pritchett 
D. B., and Seeburg P. H. (1990) EMBOJ. 9, 3261-3267. 

117. Pritchett D. B., L/iddens H., and Seeburg P. 
(1989) Science 245, 1389-1392. 

118. Zezula J. and Sieghart W. (1991) FEBS Lett. 
284, 15-18. 

119. Ruano D., Khan Z., De Blas A. L., Machado A., and 
Vitorica J. (1994) Eur. ]. Pharmacol. 267, 123-128. 

120. Ruano D., Araujo F., Machado A., De Blas A. L., 
and Vitorica J. (1994) Mol. Brain Res. 25, 225-233. 

121. Pritchett D. B. and Seeburg P. H. (1990) J. Neuro- 
chem. 54, 1802-1804. 

122. Wieland H. A., Lfiddens H., and Seeburg P. H. 
(1992) J. Biol. Chem. 267, 1426-1429. 

123. Ebert  B., Wafford K. A., Whi t ing  P. J., 
Krogsguard-Larsen P., and Kemp J. A. (1994) 
Mol. PharmacoI. 46, 957-963. 

124. Pollard S., Duggan M. J., and Stephenson F. A. 
(1993) J. Biol. Chem. 268, 3753-3757. 

125. L(iddens H., Killisch I., and Seeburg P. (1991) 
J. Rec. Res. 11, 535-551. 

126. Verdoorn T. A. (1994) Mol. Pharmacol. 45, 
475-480. 

127. Backus K. H., Ar igoni  M., Dresche r  U., 
Scheurer L., Malherbe P., M6hler  H., and 
Benson J. A. (1993) NeuroReport 5, 285-288. 

128. Sigel E., Baur R., Ke l lenberger  S., and  
Malherbe P. (1992) EMBO ]. 11, 2017-2023. 

129. Khan Z. U., Guti6rrez A., Miralles C. P., and 
De Blas A. L. (1996) Neurochem. Res., in press. 

130. Stephenson F. A. (1995) Biochem. J. 310, 1-9. 
131. Galzi J.-L. and Changeux J.-P. (1994) Curr. 

Opin. Struct. Biol. 4, 554-565. 
132. Fritschy J.-M. and M6hler H. (1995) J. Comp. 

Neurol. 359, 154-194. 

Molecular Neurobiology Volume 12, 1996 



GABA A Receptors 71 

133. Nusser Z., Roberts J. D. B., Baude A., Richards 
J. G., Sieghart W., and Somogyi P. (1995) Eur. Jo 
Neurosci 7, 630-646. 

134. Smith G. B. and Olsen R. W. (1995) TIPS 16,162-168. 
135. Gfinther U., Benson J., Benke D., Fristchy J.- 

M., Reyes G., Knoflach F., Crestani F., Aguzzi 
A., Ar igoni  M., Lang Y., B l u e t h m a n n  H., 
M6hler H., and Lfischer B. (1995) Proc. Natl. 
Acad. Sci. USA 92, 7749-7753. 

136. Wisden W., Herb A., Wieland H., Keinanen K., 
Lfiddens H., and Seeburg P. H. (1991) FEBS 
Lett. 289, 227-230. 

137. Lfiddens H., Seeburg P. H., and Korpi E. R. 
(1994) Mol. Pharmacol. 45, 810-814. 

138. Benke D., Mertens S., and M6hler H. (1991) 
Mol. NeuropharmacoL 1, 103-110. 

139. Wafford K. A., Bain C. J., Whit ing P. J., and 
Kemp J. A. (1993) Mol. Pharmacol. 44, 437-442. 

Molecular Neurobiology Volume 12, 1996 


