Bigchemical Pharmacology, Vol, 37, No. 18, pp. 3369-3375, 1988,
Printed in Great Britain.

GO06-2952/88 33.00 + 0.00
© 1988, Pergamon Press plc

COMMENTARY

THE GABA, RECEPTOR-GATED ION CHANNEL: BIOCHEMICAL
AND PHARMACOLOGICAL STUDIES OF STRUCTURE AND
FUNCTION

ROCHELLE D. SCHWARTZ*
Department of Pharmacology, Duke University Medical Center, Durham, NC 27710, U.S.A.

Over the past several years neurobiologists have
engaged in intense study of neurotransmitter recept-
or-gated ion chasnels. Their presence in neuronal
and non-neuronal membranes of both invertebrates
and vertebrates indicates their importance in main-
taining and regulating a variety of cellular functions.
One of the most thoroughly studied neurotransmitter
receptor-gated ion channels is the nicotinic acetyl-
choline receptor (nACHR). Because of the abundant
supply of nACHR provided by the Torpede electric
fish, this receptor has been purified, and its subunits
have been sequenced (amino acid}, cloned and func-
tionally reconstituted [1-5]. These molecular bio-
logical approaches, when combined with classical
pharmacologic studies using receptor binding, ion
flux and electrophysiologic techniques, have given
us a detailed picture of the structure and function of
the nACHR. It is not surprising, therefore, that
similar approaches are now being used to study the
structural and functional characteristics of other ion
channels activated by neurotransmitters such as y-
aminobutyric acid (GABA), glycine and glutamate.
One of the most interesting aspects of these studies
is that some structural and functional properties are
shared among the nicotinic, GABA and glycine
receptor-gated ion channels (regardless of their ion
selectivities) [6-8]. The evidence is particularly strik-
ing for structural similarities between the nicotinic
and GABA [6] and nicotinic and glycine [7] receptor-
gated ion channels, leading researchers to propose
that neurotransmitter receptor-gated ion channels
may have evolved from a common gene pool [6, 7).
This article presents recent data from biochemical
and pharmacological studies of GABA receptor-
gated chloride (Cl™) channel structure and function
which contribute to the concept of super families of
ligand-gated ion channels [6,7, 9}.

Structural properties of the GABA 4 receptor complex

Successful identification of the structural prop-
erties of the GABA, (muscimol- and bicuculline-
sensitive, baclofen-insensitive) receptor complex in
brain has been largely dependent on the availability
of pharmacologic data from functional and receptor
binding studies. Initially, electrophysiologists
demonstrated that the inhibition of neuronal activity
by GABA could be modulated by various
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depressant/anticonvulsant and convulsant agents
{e.g. benzodiazepines, barbiturates and picrotoxin}
{see Refs. 10-13 for review]. Subsequent receptor
binding studies indicated that these agents inferact
allosterically with GABA recognition sites in a CI™-
dependent manner [see Refs. 13~15 for review]. Such
studies provided a starting point for structural analy-
ses of the GABA 4 receptor protein from mammalian
brain. For instance, investigators have taken advan-
tage of the association between benzodiazepine rec-
ognition sites with the GABA, receptor complex
and used benzodiazepine affinity chromatography to
purify GABA, receptors to homogeneity [16-23].
The binding characteristics of purified GABA,
receptors are modulated by benzodiazepines, bar-
biturates and convulsants [e.g. #butylbicyclo-
phosphorothionate (TBPS)] in a Ci -dependent
manper, indicating that GABA, benzodiazepine
and TBPS recognition sites are copurified with a CI™
channel [20, 22]. Thus, the GABA, receptor, com-
prising several recognition sites and an ion channel,
has been purified in sufficient quantities so that its
molecular and structural properties can be studied
in more detail. (See Fig. 1 for a schematic rep-
resentation.}

Subunit composition of the GABA, recepior
complex. The subunit composition of the GABA,
receptor complex in brain has been studied with a
variety of techniques. Target size analysis
{irradiation inactivation} has been used to determine
the apparent molecular weight (,) of GABA 4 and
benzodiazepine binding proteins in sif: {24-28]. Sub-~
unit target sizes of 45,000-57,000 daltons have been
reported for GABA and benzodiazepine binding
sites in frozen membranes [24-27]. In lyophilized
membranes, larger target sizes have been observed
{M, 220,000) [28] which are consistent with the M,
of the puriied GABA, receptor oligomer deter-
mined by gel filiration and sucrose density gradient
analysis [29]. Target size analysis of GABA and
benzodiazepine binding sites performed in the same
membrane preparation reveals that these recognition
sites reside on subunits of the same size (but see
below) [25-27]. However, such studies cannot ascer-
tain whether these two recognition sites reside on
the same subunit. Target size analysis also indicates
that the cage convulsant, TBPS, which {abels the
GABA receptor ClI” ionophore [30, 31}, binds to a
subunit(s) of approximately 140,000 daltons [25-27].
This entity could consist of subunits containing rec-
ognition sites for GABA and benzodiazepines, as
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Fig. 1. Schematic model of the GABA, receptor complex. This model is not meant to indicate the
subunit assembly or the location and stoichiometry of the various recognition sites associated with the
subunits. Arrows indicate the enhancement ( 1) or inhibition ( | ) of GABAergic function by various
agents. Abbreviations: GABA, y-aminobutyric acid; THIP, 4,5,6,7-tetrahydroisoxazolo[5,4-c]pyridin-

3-0l; TBPS, t-butylbicyclophosphorothionate; PTZ, pentylene tetrazole; TPP, tetraphenylphosphonium;
and PCP, phencyclidine.

well as another unidentified subunit [25-27]. The
irradiation inactivation studies suggest that a fully
functional protein species of approximately 548,000
daltons is necessary to observe modulation of TBPS
binding by benzodiazepines and pyrazolopyridazines
[27].

More specific information on GABA receptor sub-
unit M, has been obtained from biochemical studies
of purified GABA receptors. When purified GABA ,
receptor preparations are subjected to sodium dode-
cyl sulfate (SDS) polyacrylamide gel electrophoresis,
two major protein subunits of molecular weights
(M,) 50,000-53,000 daltons (a) and 55,000-58,000
daltons () are resolved [16-23]. Incubation of either
brain membranes or a purified receptor preparation
with low concentrations of [*H]flunitrazepam in the
presence of UV light results in apparently selective
photoaffinity labeling of the a subunit [23, 32-36].
Minimal photolabeling of the B subunit has been
detected wunder other conditions [16, 35, 36],
although Sweetnam and Tallman [37] have suggested
that this could represent an artifact of the photo-
labeling process.

The M, of the [*H]flunitrazepam photolabeled sub-
unit (50,000-53,000) is decreased after incubation of
membranes or purified receptors with glycosidases
[33, 37], indicating that the subunits carrying benzo-
diazepine recognition sites are glycosylated. Sweet-

nam and Tallman [37] have proposed that differing
degrees of a subunit glycosylation in different brain
regions may underlie benzodiazepine receptor
heterogeneity. In other studies, a small degree of
glycosylation of the 8 subunit has also been detected
[33].

Techniques have been developed recently to
photolabel the GABA, receptor complex with
[*H]muscimol. In rat cerebellar membranes, the
GABA, agonist, [*H]muscimol, photolabels pre-
sumably the « subunit (M, 50,000-52,000) [38, 39],
while in purified receptors from bovine cortex only
the B subunit (M, 57,000) is photolabeled by
[*H]muscimol [33, 36, 40]. These studies suggest that
the benzodiazepine and GABA recognition sites
exist on separate subunits (& and B respectively),
although coexistence (perhaps region-specific) of
these two sites on the 8 subunit remains a possibility.

The subunit composition of the GABA 4 receptor
has been analyzed further using polyclonal or mono-
clonal antibodies which recognize the purified recep-
tor protein [33,41-43]. Haring et al. [41] have
identified monoclonal antibodies to bovine GABA 5
receptors which exclusively recognize either the o or
the f subunits in rat, bovine and human brain. Since
antibodies specific for either the a or f subunit
immunoprecipitated both GABA and benzo-
diazepine recognition sites, the authors concluded
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that the GABA 4 receptor complex comprises both
the « and B subunits. In other studies, Mamalaki et
al. [33] have identified a monoclonal antibody which
recognizes both the & and B subunits and concluded
that there must be some degree of structural homo-
logy between the two subunits. In addition, both
groups of investigators [33,41] have deduced the
subunit stoichiometry to be a tetramer of a2f2,
consistent with previous determinations of the native
protein M, (approximately 230,000) [29].

Direct evidence for structural homology between
subunits has been provided recently by Schofield et
al. [6]. Using recombinant DNA techniques to clone
the aand Ssubunits of the GABA 4 receptor complex
from bovine brain, the authors demonstrated a 35%
sequence (amino acid) homology between the two
subunits [6]. The deduced subunit sizes (M, «,
48.000; B, 51,400) are consistent with the molecular
sizes of the deglycosylated subunits observed on SDS
gels {33, 37].

The proposed subunit composition of the GABA
receptor complex is also supported by functional
reconstitution studies [6]. Schofield et al. [6] have
elegantly shown that insertion of o and § specific
mRNA derived from the cDNA clones into Xenopus
oocytes results in the expression of functional
GABA, receptors. The reconstituted receptors pos-
sess all of the pharmacological properties of native
GABA , receptors. These experiments indicate that
both the o and f§ subunits are required for a func-
tional GABA , receptor, although the subunit stoi-
chiometry for functional reconstitution cannot be
assessed. Since target size analysis suggests that the
size of a fully functional protein (at least 400,000
daltons) is larger than an a2f2 tetramer {27], it is
possible that additional copies of the & or § subunit,
or an as yet unidentified subunit, are necessary to
form the complete, functional oligomer as it exists
in situ.

After sequencing the amino acid structure of both
GABA, receptor subunits, Schofield et ai. {6]
observed a high degree of homology between the
subunit amino acid sequences of the GABA 4 recep-
tor from bovine brain and the nACHR from Torpedo
electroplax. The nACHR of the electroplax is a
pentameric protein, with a subunit composition of
a2Ba8 [1-3]. (Although the structural properties of
the brain nACHR have not been fully described,
both a22 and a3f2 structures have been proposed
[5].) The & subunits contain recognition sites for the
agonist acetylcholine [1-3,44], whereas noncom-
petitive inhibitors of the receptor are thought to act
at sites associated with the cation channel [44, 45].
As discussed below, the structural homologies
between the subunits of these two receptor-gated ion
channels [6] may explain some of the non-specific
interactions of several structurally diverse phar-
macologic agents with the nACHR and GABA
receptor-gated ion channels [46].

Functional properties of the GABA receptor complex

As with the structural studies, various techniques
have been used to examine the functional properties
of the GABA receptor at the cellular level. Twenty
years ago, Krnjevic and Schwartz [47] used elec-
trophysiologic techniques to show that GABA was

3371

the neurotransmitter mediating inhibitory post-
synaptic potentials in cerebral cortical neurons. Since
intracellular injection of Cl™ reversed the GABA-
induced membrane hyperpolarization, they con-
cluded that GABA increased membrane CI™ per-
meability [47]. Subsequent electrophysiologic studies
have indicated that benzodiazepines and barbiturates
act either indirectly or directly at the GABA 4 recep-
tor to enhance GABA actions [10-13]. The mech-
anisms for this modulation have been examined using
fluctuation analysis in cultured spinal cord neurons
[48]. Study and Barker [48] have reported that benzo-
diazepines increase the frequency of channel opening
induced by GABA, while barbiturates prolong the
open channel time. The basis for this differential
modulation is not yet clear, although one could
speculate that benzodiazepines and barbiturates, act-
ing at different sites on the GABA , receptor oligo-
mer, induce different conformational (allosteric)
changes in the receptor oligomer.

Although electrophysiologic studies are functional
in nature, they often provide information on the
structural properties of ion channels. Hamill et al.
[49] have used patch clamp analysis to study both
GABA- and glycine-induced Cl™ conductance in spi-
nal cord neurons. They concluded that the structure
of the two receptor-gated CI™ channels is similar
based on similar anion selectivities and conductance
states (a measure of the amount of current flowing
across the membrane during the time the ion channel
is open) [49]. In related experiments, Bormann et al.
[8] estimated that the pore diameters of the open
GABA and glycine receptor anion channels are simi-
lar (5.6 and 5.2 A respectively). They calculated
that, in order to form a pore of about 5.8 A, the
channel walls consist of five transmembrane a~helical
segments of the subunits [8]. However, they also
suggested that the proposed GABA receptor subunit
size of 50,000 daltons is larger than would be required
to account for the five membrane spanning helices
{8].
Electrophysiologic studies of the functional prop-
erties of the GABA receptor-gated ion channel have
been complemented by recent efforts using bio-
chemical assays of GABA receptor-mediated ion
channel activity in brain. Both GABA- and bar-
biturate-induced radioactive Cl™ flux (uptake and
efflux) have been measured in cultured neurons
[50-52], brain slices [53,54] and brain vesicles
(synaptoneurosomes) [55-59]. As demonstrated in
electrophysiologic studies, concentrations of bar-
biturates and benzodiazepine agonists that do not
directly affect **Cl~ flux enhance the actions of
GABA [53, 54, 57, 60-63], whereas benzodiazepine
inverse agonists inhibit GABA-mediated 3*Cl™ flux
[61, 63].

In addition to barbiturates and benzodiazepines,
a number of other compounds with diverse chemical
structures has been shown to modulate GABA,
receptor function. For example, alcohols [51, 57, 64—
66] and volatile anesthetics [66, 67] stimulate *CI~
flux directly and/or enhance GABA-mediated 6CI~
flux in brain synaptoneurosomes or cultured neur-
ons. A number of synthetic and natural steroids also
affect GABA, receptor function. The anesthetic
steroid, alphaxalone, has been reported to enhance
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the inhibitory actions of GABA in cultured spinal
cord neurons [68, 69]. Similarly, the naturally occur-
ring metabolites of the steroids deoxycorticosterone
and progesterone have been shown to stimulate 3Cl~
flux directly [70], enhance GABA-mediated *°Cl~
flux [71] and enhance GABA inhibition of spinal
cord neurons [72].

Conversely, Majewska and Schwartz [73] have
demonstrated that the steroid pregnenolone-sulfate
inhibits GABA-mediated **Cl” flux. Both the func-
tional assays and receptor binding assays indicate
that these steroids interact with the GABA 4 receptor
in a manner similar to barbiturates and picrotoxin
{70, 73] (see Fig. 1).

Other compounds that have been reported to
inhibit GABA-mediated Cl~ transport in brain
include various neurotoxic insecticides {74, 75] and
inhibitors of Cl~ transporter proteins in non-neuro-
nal cells [50, 56, 58, 76]. In light of these findings, it
is tempting to speculate that the GABA receptor-
gated C1~ channel shares some structural properties
with Cl~ transporter proteins in red blood cells or
intestinal epithelia.

Most recently, functional studies of the GABA
receptor [46] have provided additional support for
the structural homologies between the GABA and
nicotinic receptor-gated ion channels [6]. Schwartz
and Mindlin [46] have demonstrated that several
compounds that are classical noncompetitive block-
ers of the nACHR-gated cation channel [45] also
noncompetitively inhibit the GABA receptor-gated
Cl™ channel. These structurally unrelated com-
pounds include phencyclidine (PCP) and its thienyl
derivative, TCP, quinacrine, chlorpromazine, and
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tetraphenylphosphonium (TPP) ion. In addition, we
have observed inhibition of GABA receptor-
mediated %C1~ flux by the benzomorphan opiate,
phenazocine, and the dioxalane isomers, levoxadrol
and dexoxadrol. Interestingly, the latter compounds
as well as PCP also noncompetitively block the N-
methyl-D-aspartate (NMDA) sensitive glutamate
receptor-gated cation channel [for review see Refs.
77 and 78]. Furthermore, barbiturates, which have
agonist activity at the GABA receptor-gated CI™
channel, block both the nACHR [79] and non-
NMDA-sensitive glutamate receptor-gated cation
channels [80-82]. These findings lend further support
to the conservation of structure across ion channels
regulated by distinct receptor populations. The inter-
action of structurally diverse compounds at the dif-
ferent neurotransmitter-gated ion channels is
summarized in Table 1.

It is readily apparent that the GABA 4, nicotinic,
and glutamate receptor-gated ion channels maintain
different selectivities for compounds with diverse
chemical structures. Whether this is due to small
differences in the amino acid sequences of the struc-
turally homologous regions of receptor subunits
remains to be established. After photolabeling the
nACHR with various noncompetitive inhibitors [45],
the noncompetitive antagonist binding sites have
been located at specific positions on the ion channel
domain of the @, B, and & subunits [44]. If the
noncompetitive sites on the GABA, and glutamate
receptors can be successfully photolabeled, then it is
possible that their locations on one or more subunits
of the receptors can also be determined.

The interactions of noncompetitive inhibitors with

Table 1. Interaction of structurally diverse compounds with GABA, nicotinic and glutamate
receptor-gated ion channels

Receptor

Compound GABA,

Glutamate

Nicotinic NMDA non-NMDA

Pentobarbital
Picrotoxin
Tetraphenylphosphonium ——
Triphenylmethylphosphonium —-—
Quinacrine -
p-Tubocurarine -—
Chlorpromazine -
PCP -
TCP -
Ketamine 0
Phenazocine -
Cyclazocine -
Pentazocine

{—)n-Allylnormetazocine -
{+)n-Allylnormetazocine -
Dexoxadrol -
Levoxadrol -

+,4+

__*T

Inhibition (—) or stimulation (+) of receptor function is indicated in the following concentration
range: (~~-) <10 uM; (—=) 10-100 uM; (=) 100-1000 uM; (0) >1000 uM.

* Inhibition of receptor binding.
+ Ref. 83.
i Ref. 84.
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various neurotransmitter receptor-gated ion chan-
nels may explain the multiple pharmacologic effects
of some of these compounds. Many of these inhibi-
tors produce seizure activity at concentrations
greater than those that produce the primary effect.
In some cases this has clinical importance. For
example, in persons intoxicated (overdose) with
PCP, both psychotomimetic effects and epileptiform
seizure activity are produced [85], at plasma PCP
concentrations similar to those that inhibit GABA
mediated **Cl™ flux [46, 86].

Summary

In the past few years, substantial advances have
been made in analyzing the structure and function
of the GABA receptor-gated Cl~ channel. A major
goal is to identify the molecular characteristics of the
GABA 4 receptor that are necessary for maintaining
normal GABAergic neurotransmission. Future stud-
ies will undoubtedly include techniques that have
been used successfully to construct a detailed struc-
tural and dynamic model of the nACHR-gated ion
channel [44]. These include X-ray scattering, single
group rotation theory, and genetic homology, dele-
tion and site-directed mutation studies [see Ref. 44
for review]. Such techniques will make it possible
to identify the structural defects that give rise to
abnormal GABA receptor function and possibly to
sleep, anxiety and seizure disorders.

REFERENCES

1. Changeux J-P, Devillers-Thiery A and Chemouilli P,
Acetylcholine receptor: An allosteric protein. Science
225: 1335-1345, 1984.

2. Conti-Tronconi BM, Hunkapiller MW, Lindstrom JM
and Raftery MA, Subunit structure of the acetylcholine
receptor from Electrophorus electricus. Proc Natl Acad
Sci USA 79: 6489-6493, 1982.

. Noda M, Takahashi H, Tanabe T, Toyosato M, Kiky-
otani S, Furutani Y, Hirose T, Takashima H, Inayama
S, Miyata T and Numa S, Structural homology of
Torpedo californica acetylcholine receptor subunits.
Nature 302: 528-532, 1983.

4. Sakmann B, Methfessel C, Mishina M, Takahashi T,
Takai T, Kurusaki M, Fukada K and Numa S, Role of
acetylcholine receptor subunits in gating of the channel.
Nature 318: 538-543, 1985.

5. Lindstrom J, Schoepfer R and Whiting R, Molecular
studies of the neuronal nicotinic acetylcholine receptor
family. Mol Neurobiol 1: 281-337, 1987.

6. Schofield PR, Darlison MG, Fujita N, Burt DR, Ste-
phenson FA, Rodriguez H, Rhee LM, Ramachandran
J, Reale V, Glencorse TA, Seeburg PH and Barnard
EA, Sequence and functional expression of the
GABA , receptor shows a ligand-gated receptor super-
family. Nature 328: 221-227, 1987.

7. Grenningloh G, Rienitz A, Schmitt B, Methfessel C,
Zensen M, Beyreuther K, Gundelfinger ED and Betz
H, The strychnine-binding subunit of the glycine recep-
tor shows homology with nicotinic acetylcholine
receptors. Nature 328: 215-220, 1987.

8. Bormann J, Hamill OP and Sackmann B, Mechanism
of anion permeation through channels gated by glycine
and y-aminobutyric acid in mouse cultured spinal
neurones. J Physiol (Lond) 385: 243-286, 1987.

9. Kosower EM, A partial structure for the y-amino-
butyric acid (GABA,) receptor is derived from the
model for the nicotinic acetylcholine receptor. FEBS
Letr 231: 5-10, 1988.

w

3373

10. Macdonald RL and Barker JL, Different actions of
anticonvulsant and anesthetic barbiturates revealed by
use of cultured mammalian neurons. Science 200: 775-
777, 1978.

11. Choi DW, Farb DH and Fischbach GD, Chlor-
diazepoxide selectively augments GABA action in spi-
nal cord cell cultures. Nature 269: 342-344, 1977.

12. Barker JL, Gratz E, Owen DG and Study RE, Phar-
macological effect of clinically important drugs on the
excitability of cultured mouse spinal neurons. In:
Actions and Interactions of GABA and Benzodi-
azepines (Ed. Bowery NG), pp. 203-216. Raven Press,
New York, 1984.

13. Olsen RW and Venter CJ (Eds.), Benzodiazepine/
GABA Receptors and Chloride Channels: Structural
and Functional Properties. Alan R. Liss, New York
1986.

14. Olsen RW, Drug interactions at the GABA receptor
ionophore complex. Annu Rev Pharmacol Toxicol 22:
245-277, 1982.

15. Tallman JF, Paul SM, Skolnick P and Gallager DW,
Receptors for the age of anxiety: Pharmacology of
benzodiazepines. Science 207: 274-281, 1980.

16. Sigel E, Stephenson FA, Mamalaki C and Barnard
EA, A y-aminobutyric acid/benzodiazepine receptor
complex of bovine cerebral cortex. J Biol Chem 258:
69656971, 1983.

17. Gavish M and Snyder SH, y-Aminobutyric acid and
benzodiazepine  receptors:  Copurification  and
characterization. Proc Natl Acad Sci USA 78: 1939-
1942, 1981.

18. Martini C, Lucacchini A, Ronca G, Hrelia S and Rossi
CA, Isolation of putative benzodiazepine receptors
from rat brain membranes by affinity chromatography.
J Neurochem 38: 15-19, 1982.

19. Schoch P and Mohler H, Purified benzodiazepine recep-
tor retains modulation by GABA. Eur J Pharmacol 95:
323-324, 1983.

20. Olsen RW, Wong EHF, Stauber GB, Murakami D,
King RG and Fischer JB, Biochemical properties of the
GABA /barbiturate/benzodiazepine receptor-chloride
ion channel complex. In: Neurotransmitter Receptors:
Mechanisms of Action and Regulation (Eds. Kito S,
Segawa T, Kuriyama K, Yamamura HI and Olsen
RW), pp. 205-219. Plenum Press, New York, 1984.

21. Taguchi J-I and Kuriyama K, Purification of y-amino-
butyric acid (GABA) receptor from rat brain by affinity
column chromatography using a new benzodiazepine
1012-S, as an immobilized ligand. Brain Res 323: 219-
226, 1984.

22. Sigel E and Barnard EA, A y-aminobutyric acid/
benzodiazepine receptor complex from bovine cerebral
cortex: Improved purification with preservation of
regulatory sites and their interactions. J Biol Chem 259:
7219-7223, 1984.

23. Sweetnam P, Nestler E, Gallombardo P, Brown S,
Duman R, Bracha HS and Tallman JF, Comparison
of the molecular structure of GABA /benzodiazepine
receptors purified from rat and human cerebellum. Mol
Brain Res 2: 223-233, 1987.

24. Paul SM, Kempner ES and Skolnick P, /n situ molecular
weight determination of brain and peripheral benzo-
diazepine binding sites. Eur J Pharmacol 76: 465-466,
1981.

25. Schwartz RD, Thomas JW, Kempner ES, Skolnick P
and Paul SM, Radiation inactivation studies of the
benzodiazepine/y-aminobutyric acid/chloride iono-
phore receptor complex. J Neurochem 45: 108-115,
1985.

26. Nielsen M and Braestrup C, The molecular target size
of brain TBPS binding sites. Eur J Pharmacol 96: 321-
322, 1983.

27. Nielsen M, Honore T and Braestrup C, Radiation



3374

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

inactivation of brain [3*S]s+butylbicyclophosphorothio-
nate binding sites reveals complicated molecular
arrangements of the GABA /benzodiazepine receptor
chloride channel complex. Biochem Pharmacol 34:
3633-3642, 1985.

Chang LR and Barnard EA, The benzodiazepine/
GABA receptor complex: Molecular size in brain syn-
aptic membranes and in solution. J Neurochem 39:
1507-1518, 1982.

Stephenson FA and Barnard EA, Purification and char-
acterization of the brain GABA/benzodiazepine
receptor. In: Benzodiazepine/ GABA Receptors and
Chloride Channels: Structural and Functional Prop-
erties (Eds. Olsen RW and Venter CJl), pp. 261-274.
Alan R. Liss, New York, 1986.

Squires RF, Casida JE, Richardson M and Saederup E,
[**S)e-Butylbicyclophosphorothionate binds with high
affinity to brain-specific sites coupled to y-aminobutyric
acid-A and ion recognition sites. Mol Pharmacol 23:
326-336, 1983.

Ramamjaneyulu R and Ticku MK, Binding charac-
teristics and interactions of depressant drugs with [**S]¢-
butylbicyclophosphorothionate, a ligand that binds
to the picrotoxinin site. J Neurochem 42: 221-229,
1984.

Thomas JW and Tallman JF, Characterization of photo-
affinity labeling of benzodiazepine binding sites. J Bio!
Chem 256: 9838-9842, 1981.

Mamalaki C, Stephenson FA and Barnard EA, The
GABA ,/benzodiazepine receptor is a heterotetramer
of homologous « and 8 subunits. EMBO J 5: 561-565,
1987.

Mohler H, Battersby MK and Richards JG, Benzo-
diazepine receptor protein identified and visualized in
brain tissue by a photoaffinity label. Proc Natl Acad
Sci USA 77: 1666-1670, 1980.

Sieghart W and Karobath M, Molecular heterogeneity
of benzodiazepine receptors. Nature 286: 285-287,
1980.

Deng L, Ransom RW and Olsen RW, [*H]Muscimol
photolabels the y-aminobutyric acid receptor binding
sites on a peptide subunit distinct from that labeled
with benzodiazepines. Biochem Biophys Res Commun
138: 1308-1314, 1986.

Sweetnam PM and Tallman JF, Regional differences
in brain benzodiazepine receptor carbohydrates. Mol
Pharmacol 29: 299-306, 1986.

Asano T, Sakakibara J and Ogasawara N, Molecular
sizes of photolabeled GABA and benzodiazepine
receptor proteins are identical. FEBS Lett 151: 277~
280, 1983.

Cavella D and Neff NH, Photoaffinity labeling of the
GABA, , receptor with [*H]muscimol. J Neurochem 44:
916-921, 1985.

Casalotti SO, Stephenson FA and Barnard EA, Sep-
arate subunits for agonist and benzodiazepine binding
in the gamma-aminobutyric acid, receptor oligomer. J
Biol Chem 261: 15013-15016, 1986.

Haring P, Stahli C, Schoch P, Takacs B, Staehelin T
and Mohler H, Monoclonal antibodies reveal structural
homogeneity of GABA ,/benzodiazepine receptors in
different brain areas. Proc Natl Acad Sci USA 82: 4837-
4841, 1985.

Schoch P, Richards JG, Haring P, Takacs B, Stahli C,
Stachelin T, Haefeley W and Mohler H, Co-loca-
lization of GABA, receptors and benzodiazepine
receptors in the brain shown by monoclonal antibodies.
Nature 314: 168-171, 198S.

Stephenson FA, Casalotti SO, Mamalaki C and Bar-
nard EA, Antibodies recognising the GABA ,/benzo-
diazepine receptor including its regulatory sites. J
Neurochem 46: 854-861, 1986.

Kosower EM, A structural and dynamic model for the

45.

46.

48.

49.

50.

51.

52.

53.

54,

55,

56.

57.

58.

59.

60.

61.

62.

63.

R. D. ScHWARTZ

nicotonic acetylcholine receptor. Eur J Biochem 168:
431-449, 1987.

Heidmann T, Oswald RE and Changeux J-P, Multiple
sites of action for noncompetitive blockers on ace-
tylcholine receptor rich membrane fragments from Tor-
pedo marmorata. Biochemistry 22: 3112-3127, 1983.
Schwartz RD and Mindlin MC, Inhibition of the GABA
receptor-gated chloride ion channel in brain by non-
competitive inhibitors of the nicotinic receptor-gated
cation channel. J Pharmacol Exp Ther 244: 963-970,
1988.

. Krnjevic K and Schwartz S, The action of GABA on

cortical neurones. Exp Brain Res 3. 320-336, 1967.
Study RE and Barker JL, Diazepam and (—)pento-
barbital: Fluctuation analysis reveals different mech-
anisms for potentiation of y-aminobutyric acid
responses in cultured central neurons. Proc Natl Acad
Sci 78: 71807184, 1981.

Hamill OP, Bormann J and Sackmann B, Activation of
multiple-conductance state chloride channels in spinal
neurons by glycine and GABA. Nature 305: 805-808,
1983.

Thampy KG and Barnes EM, y-Aminobutyric acid-
gated chloride channels in cultured cerebral neurons.
J Biol Chem 259: 17531757, 1984.

Ticku MK, Lowrimore P and Lehoullier P, Ethanol
enhanced GABA-induced *Cl influx in primary spinal
cord cultured neurons. Brain Res Bull 17: 123-126,
1986.

Kardos J and Maderspach K, GABA, receptor-con-
trolled *Cl- influx in cultured rat cerebellar granule
cells. Life Sci 41: 265-272, 1987.

Wong EHF, Leeb-Lundberg LMF, Teichberg VI and
Olsen RW, y-Aminobutyric acid activation of *¢Cl-
flux in rat hippocampal slices and its potentiation by
barbiturates. Brain Res 303: 267-275, 1984.

Yang JS-J and Olsen RW, y-Aminobutyric acid recept-
or-regulated *Cl~ flux in mouse cortical slices. J Phar-
macol Exp Ther 241: 677-685, 1987.

Schwartz RD, Skolnick P, Hollingsworth EB and Paul
SM, Barbiturate and picrotoxin-sensitive chloride
efflux in rat cerebral cortical synaptoneurosomes.
FEBS Lert 175: 193-196, 1984.

Schwartz RD, Jackson JA, Weigert D, Skolnick P and
Paul SM, Characterization of barbiturate-stimulated
chloride efflux from rat brain synaptoneurosomes. J
Neurosci 5: 2963-1970, 1985.

Schwartz RD, Skolnick P and Paul SM, y-Aminobutyric
acid (GABA)- and barbiturate-mediated 3°Cl~ uptake
in rat brain synaptoneurosomes: Evidence for rapid
desensitization of the GABA receptor-coupled
chloride in channel. Mol Pharmacol 30: 419-426,
1986.

Harris RA and Allan AM, Functional coupling of -
aminobutyric acid receptors to chloride channels in
brain membranes. Science 228: 1108-1110, 1985.
Allan AM and Harris RA, y-Aminobutyric acid agon-
ists and antagonists alter chloride flux across brain
membranes. Mol Pharmacol 29: 497-505, 1986.
Allan AM and Harris RA, Anesthetic and convulsant
barbiturates alter y-aminobutyric acid-stimulated
chloride flux across brain membranes. J Pharmacol Exp
Ther 238: 763-768, 1986.

Obata T and Yamamura HI, The effect of benzo-
diazepines and B-carbolines on GABA-stimulated
chloride influx by membrane vesicles from rat cerebral
cortex. Biochem Biophys Res Commun 141: 1-6, 1986.
Lehoullier PF and Ticku MK, Benzodiazepine and
B-carboline modulation of GABA-stimulated **Cl™-
influx in cultured spinal cord neurons. EurJ Pharmacol
135: 235-238, 1987.

Morrow AL and Paul SM, Benzodiazepine enhance-
ment of y-aminobutyric acid-mediated chloride ion flux



65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Structure and function of the GABA, receptor

in rat brain synaptoneurosomes. J Neurochem 50: 302—
306, 1987.

. Suzdak PD, Schwartz RD, Skolnick P and Paul SM,

Ethanol stimulates y-aminobutyric acid receptor-
mediated chloride transport in rat brain synaptoneuro-
somes. Proc Natl Acad Sci USA 83: 4071-4075, 1986.
Allan AM and Harris RA, Gamma-aminobutyric acid
and alcohol actions: Neurochemical studies. Life Sci
39: 2005-2015, 1986.

Huidobro-Toro JP, Bleck V, Allan AM and Harris
RA, Neurochemical actions of anesthetic drugs on the
y-aminobutyric acid  receptor-chloride  channel
complex. J Pharmacol Exp Ther 242: 963-969, 1987.
Moody E, Suzdak PD, Paul SM and Skolnick P, Modu-
lation of the benzodiazepine/GABA /chloride channel
by inhalation anesthetics. J Neurochem in press.
Harrison NL and Simmonds MA, Modulation of the
GABA receptor complex by a steroid anesthetic. Brain
Res 323: 287-292, 1984,

Harrison NL, Vicini S and Barker JL, A steroid anes-
thetic prolongs inhibitory post-synaptic currents in cul-
tured rat hippocampal neurons. J Neurosci 7: 604-609,
1987.

Majewska MD, Harrison NL, Schwartz RD, Barker
JL and Paul SM, Steroid hormone metabolites are
barbituate-like modulators of the GABA receptor.
Science 232: 1004-1007, 1986.

Morrow AL, Suzdak PD and Paul SM, Steroid hormone
metabolites potentiate GABA receptor-mediated
chloride ion flux with nanomolar potency. Eur J Phar-
macol 142: 483-485, 1987.

Harrison NL, Majewska MD, Harrington JW and Bar-
ker JL, Structure-activity relationships for steroid
interaction with the y-aminobutyric acid, receptor
complex. J Pharmacol Exp Ther 241: 346-353, 1987.
Majewska MD and Schwartz RD, Pregnenolone-
sulfate: An endogenous antagonist of the y-amino-
butyric acid receptor complex in brain? Brain Res 404:
355-360, 1987.

Bloomquist JR and Soderlund DM, Neurotoxic insec-
ticides inhibit GABA-dependent chloride uptake by
mouse brain vesicles. Biochem Biophys Res Commun
133: 37-43, 1985.

Abalis IM, Eldefrawi ME and Eldefrawi AT, Effects

76.

77.

78.

79.

80.

81.

82.

83.

84,

8s.

86.

3375

of insecticides on GABA-induced chloride influx into
rat brain microsacs. J Toxicol Environ Health 18: 13-
23, 1986.

Luu MD, Morrow AL, Paul SM and Schwartz RD,
Characterization of GABA, receptor-mediated
3chloride uptake in rat brain synaptoneurosomes. Life
Sci 41: 1277-1287, 1987.

Lodge D, Aram JA, Church J, Davies SN, Martin D,
O’Shaughnessy CT and Zeman S, Excitatory amino
acids and phencyclidine-like drugs. In: Neurology and
Neurobiology (Eds. Hicks TP, Lodge D and McLennan
H), pp. 83-90. Alan R. Liss, New York, 1987.
Kemp JA, Foster AC and Wong EHF, Non-com-
petitive antagonists of excitatory amino acid receptors.
Trends Neurosci 10: 294-298, 1987.

Adams PR, Drug blockade of open end-plate channels.
J Physiol (Lond) 260: 531-552, 1976.

Teichberg VI, Tal N, Goldbert O and Luini A, Bar-
biturates, alcohols and CNS excitatory neuro-
transmission: Specific effects on the kainate and quis-
qualate receptors. Brain Res 291: 285-292, 1984.
Miljkovic Z and MacDonald JF, Pentobarbital block
of excitatory amino acid currents. In: Neurology and
Neurobiology (Eds. Hicks TP, Lodge D and McLennan
H), pp. 59-62. Alan R. Liss, New York, 1987.
Simmonds MA and Horne AL, Antagonism of excit-
atory amino acids by barbiturates. In: Neurology and
Neurobiology (Eds. Hicks TP, Lodge D and McLennan
H), pp. 99-105. Alan R. Liss, New York, 1987.
Abalis IM, Eldefrawi ME and Eldefrawi AT, Binding
of GABA receptor channel drugs to a putative voltage-
dependent chloride channel in Torpedo electric organ.
Biochem Pharmacol 34: 2579-2582, 1985.

King Jr CT and Aronstam RS, Benzomorphan inter-
actions with acetylcholine receptor complexes from
Torpedo. Eur J Pharmacol 90: 419-422, 1983.
Domino EF, Neurobiology of phencyclidine—An
update. In: Phencyclidine (PCP) Abuse: An Appraisal
(Eds. Peterson RC and Stillman RC), NIDA Research
Monograph 21, pp. 18-65. NIDA, Rockville, MD,
1978.

Burns RS and Lerner SE, Perspectives: Acute phen-
cyclidine intoxication. Clin Toxicol 9: 477-501, 1976.



