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Abstract

This review describes the modulation of the GABAa receptor by steroid hormones and barbiturates and pro-
poses guidelines for further research. Having examined the complex organization of the GABAa receptor
complex and the multiple allosteric interactions between its drug and transmitter /modulator binding sites, the
possibility that conformational changes of the receptor molecule may explain most of its characteristics is
explored. On the basis of considerable evidence, we propose that the GABAa receptor may adopt as many as
five different conformations. However, the heterogeneity of central GABAa receptor binding cannot only be
explained by different configurations of a single protein. It also has been shown that different GABAa receptor
subtypes exist within different brain regions. These receptor subtypes may differ from each other in their
subunit composition. By describing the GABAa receptor as amacromolecular complex that may adopt different
conformations and whose subunit composition may vary, it becomes possible to understand the molecular
mechanisms by which steroid hormones modulate the receptor. This has led to two models of hormone actions.
A first model addresses the direct effects that steroids exert on the GABAa receptor and predicts that steroid
hormones may cause the conformation of the receptor complex to change between active and inactive states. A
second model, which addresses the observed heterogeneity of GABAa receptor binding within the brain,
suggests that steroid hormones may change the expression of the different subunits of the receptor complex by
acting at the genomic level. This review complements other recent reviews describing the modulation of the
GABAa receptor (Olsen and Venter, 1986; Gee, 1988).

Index Entries: GABAa receptor steroid and barbiturate modulation of; y-aminobutyric acid_ receptor, con-
formation of; chloride channel; benzodiazepine GABA interactions; estrogens, progestagens; corticosteroids;
neurosteroids; pyrazolopyridines; picrotoxin; f-butylbicyclophosphorothionate (TBPS); five-state model;

GABAa receptor subunits.

Introduction

Steroid hormones exert their effects on the
brain by regulating neurotransmission and
membrane excitability (McEwen et al., 1984).
Recent research has shown that the GABAa re-
ceptor complex is a target for estrogens, proges-
tagens, corticosteroids, and androgens. These
hormones modulate the GABAa receptor either
when administered in vivo or in vitro, and they
do so via regulation of gene expression or by
acting directly on the receptor complex itself
(Majewska et al., 1986; Majewska, 1987b; Gee et
al., 1987; Gee, 1988; O’Connor et al., 1988; Schu-
macher et al.,, 1989a,b). The latter mechanism
allows steroid hormones to change the sensitiv-
ity of brain cells to the inhibitory effects of
gamma-aminobutyricacid (GABA), evenif these
cells are devoid of intracellular steroid recep-
tors, as has been shown for neurons of the stria-
tum, cortex, and cerebellum (Majewska, 1987b;
O’Connor et al., 1988; Gee, 1988).

Molecular Neurobiology

Since GABA is one of the most important in-
hibitory neurotransmitters in the central nerv-
ous system (Roberts, 1986) and GABAergic neu-
rons and nerve terminals are ubiquitous in the
brain (Mugnaini and Oertel, 1985), steroid hor-
mones released from the gonads and adrenal
glands may regulate numerous brain mecha-
nisms by modulating GABAa receptor binding.
That is, the activation of GABAa receptors is
involved in the control of reproductive behav-
ior (McGinnis et al., 1980; Fernandez-Guasti et
al., 1985, 1986; Masco et al., 1986; Qureshi et al.,
1988; McCarthy and Malik, 1988), the regulation
of stress responses (Robel et al., 1986; Trullas et
al., 1987; Schwartz et al., 1987;), and the modu-
lation of pituitary gland activity (Masotto and
Negro-Villar, 1986; McCann and Rettori, 1986;
Wuttke et al., 1986; Fjalland et al., 1987). Steroid
hormone action on the GABAa receptor also in-
fluences the sensitivity of the brain to seizures
(Backstrom, 1976; Rociszewska et al., 1986;
Schwartz-Giblin et al., 1989). In addition to its
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role as an inhibitory neurotransmitter, GABA
exerts trophic effects on the developing nervous
systemand plays arole in the morphogenesis of
neurons (Michler-Stukeand Wolff, 1987; Hansen
et al.,, 1987, 1988). Thus, steroid hormones may
exert some of their differentiating effects on the
developing brain by modifying the activity of
GABAergic pathways. However, the molecular
mechanisms, through the mediation of which
gonadal and adrenal hormones modulate the
GABAa receptor, are diverse and not well un-
derstood. Theaim of the present review is to de-
scribe the complex organization of the GABAa
receptor and to propose some mechanisms by
which steroids may modulate its functions.

Heterogeneity of GABAa
and Drug Binding Sites

Before discussing the effects that steroid hor-
mones exert on the GABAa receptor, we need to
describe the characteristics of the receptor
complex and the diverse allosteric interactions
between its drug binding sites. The GABAa re-
ceptor is a supramolecular complex consisting
of a chloride ionophore and different binding
sites for GABA, benzodiazepines (BZ), convul-
sants, like picrotoxin, barbiturates, anions, cati-
ons, and probably steroid hormones (Trifiletti et
al., 1985; Squires, 1986; Enna and Karbon, 1986;
Fischer and Olsen, 1986; Majewska 1987b; Gee
et al., 1987; Gee 1988). This has been suggested
by binding studies and confirmed by the obser-
vation that the solubilized and purified receptor
protein still retains its different binding sites.
Moreover, the allosteric interactions between
these recognition sites can be preserved during
purification (Sigel etal., 1983; Sigel and Barnard,
1984; Kirkness and Turner, 1986; King etal., 1987;
Bristow and Martin, 1987; Stauber et al., 1987;
Mamalaki et al., 1989; Dunn et al., 1989). By
binding to the GABAa receptor, y- aminobutyric
acid (GABA) increases the neuronal membrane
conductance to chloride ions, resulting in
membrane hyperpolarization and reduced
neuronal excitability. The GABA, BZ, and picro-
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toxin binding sites on the GABAa receptor all
show multiple affinities.

The GABA Site

The GABA binding site can be selectively
labeled by agonists like muscimol, isoguvacine
and THIP (4,5,6,7-tetrahydoroisoxasolo (5,4)
pyridine-3-ol). This site shows both high and
low affinities for GABA, and its agonists with K,
values in the nanomolar or 107-10°M range, re-
spectively, when assayed at 0°C. GABA bind-
ing sites from different brain regions, different
mammalian species, and different ages all show
this heterogeneity in affinity (Olsen et al., 1984).
Even at higher temperatures (22 or 37°C), this
heterogeneity in affinity for agonists is still ob-
served (Yang and Olsen, 1987; Majewska, 1988).
The low-affinity GABAa recognition site is an
antagonist preferring site that can be selectively
labeled by specific antagonists, like (+)bicu-
culline (Olsen and Snowman, 1983) or SR 95531
(Heaulmeetal., 1987; McCabeetal., 1988). These
different affinities can be explained by different
affinity states of a single receptor protein. That
is, both the low- and high-affinity forms of the
GABAasiteshow similardrug specificity (Olsen
etal., 1984) and areimmunologically similar (De
Blas et al., 1988), suggesting that they may rep-
resent different conformational states of a same
protein. Moreover, membrane treatments like
freezing and exposure to detergents, as well as
the ionic concentration of the buffer, change the
proportion of GABAa sites found in the differ-
ent affinity states (Fischerand Olsen, 1986). These
results can be interpreted as receptor subpopu-
lation interconversion. In agreement with this
hypothesis is the observation that pentobarbital
increases the amount of high-affinity sites at the
expense of low-affinity sites (Yang and Olsen,
1987). Thus,low-and high-affinity GABAa bind-
ing sites may correspond to different conforma-
tional states of a same receptor.

It is generally admitted that GABA exerts its
physiological effects by acting on low-affinity
sites. First, micromolar (WM) concentrations of
GABA or its analogs are necessary to activate
the chloride channel (Nowak et al., 1982; Segal
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and Barker, 1984), enhance BZ binding (Tallman
etal., 1978, 1980), inhibit TBPS binding (Squires
etal., 1983; Maksay and Ticku, 1985), and inhibit
acetylcholine (Ach) release fromratstriatal slices
(Supavilai and Karobath, 1985). Second, abol-
ishing high-affinity GABAa binding, without
affecting the low-affinity component, by adding
ammonium thiocyanate to the incubation me-
dium does not impair the GABA-activated
diazepam binding (Browner et al., 1981). Third,
GABA inhibits evoked glutamate release from
cultured cerebellar granule cells only whenlow-
affinity GABAasites are present on the cells. This
inhibitory effect of GABA can be blocked by
bicuculline (Meier et al., 1984). Taken together,
theseresultssuggest that thelow-affinity GABAa
binding sites are the physiologically relevant
sites.

The Benzodiazepine Site

The BZ recognition site also appears to be
heterogeneous. Binding experiments, per-
formed withclassical BZagonists likediazepam,
clonazepam, or flunitrazepam, reveal only a
single population of BZbinding sites. However,
a few ligands are able to discriminate between
two subclasses of BZ binding sites. These com-
poundsincludetriazolopyridazines (CL 218872)
and B-carbolines, like propyl-g-carboline-3-car-
boxylate (PrCC) and B-carboline-3-carboxylate
(DMCM) (Miiller, 1987). These drugs are called
“inverse agonists” because they do not simply
antagonize the sedative effects of BZ, but also
have convulsant properties by themselves
(Lawrenceetal., 1986). Triazolopyridazinesand
B-carbolines both inhibit BZ binding in a bipha-
sicmanner. Sites that bind these drugs with high
affinity are called type 1 (BZI), whereas type 2
(BZ2) benzodiazepine binding sites show little
affinity for the inverse agonists (Miiller, 1987).

There is evidence that the heterogeneity of BZ
binding sites corresponds to different confor-
mational states of a single receptor. First, BZ
agonists do not discriminate between BZI and
BZ2 sites. Thus, both binding sites are charac-
terized by a similar drug specificity (Miiller et
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al., 1987). Second, the characteristics of BZ bind-
ingaretemperaturedependent (Spethetal., 1979)
and inverse agonists preferentially label the BZ1
subclass in vitro at 4°C, but not at 37°C (Gee
et al., 1982, 1983; Gee and Yamamura, 1982;
Sieghart et al.,, 1985). However, the triazolo-
pyridazine CL 218872 still discriminates between
low- and high-affinity sites at 37°C (Gee et al.,
1984). Another observation also suggests that
BZ1 and BZ2 sites may correspond to different
conformations of a single site. Thus, the inhibi-
tion constants (K)) and the maximal inhibition
values for flunitrazepam displacement of the B-
carboline, PCC, or flunitrazepam binding are
similar (Ehlert et al., 1983). Thus, the BZ recog-
nition site heterogeneity may be related to dif-
ferent conformational states of the same re-
ceptor. However, the molecular basis of BZ
receptor subtypes is not well understood, and
it is actually unknown whether BZ1 and BZ2
sites are interconcertible.

The Convulsant Site

In addition to picrotoxin, there are two other
specific ligands for the convulsant binding site:
dihydropicrotoxin and t-butylbicyclophospho-
rothionate (TBPS) (Lawrence and Casida, 1983).
Displacement (Squires et al., 1983) and equilib-
rium binding studies, which have been carried
out over a wide range of TBPS concentrations
(Tehrani et al., 1985), show that TBPS binding is
also heterogeneousand characterized by lowand
highaffinities. In the presence of GABA, clonaze-
pam inhibits TBPS binding (Gee et al., 1986;
Lawrence et al., 1986).

Conclusions

GABA, BZ, and picrotoxin binding sites, lo-
cated on the GABAa receptor, all show different
affinities for their respective agonists or antago-
nists. These different affinities may correspond
to different conformations of the receptor com-
plex. That is, experimental results suggest that
the high and low affinities of the GABA and the
convulsant sites are interconvertible. Whether
this is also the case for BZ2 and BZl sites still has
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to be determined. The conformational changes
of the GABAa receptor may be regulated by al-
losteric interactions between the different drug
binding sites, as described below. These inter-
actions may be described in terms of either posi-
tive or negative heterotropic cooperativity
(Ehlert, 1986).

Allosteric Interactions Between
the Different Drug Binding Sites

The different drug recognition sites and the
chloride ion channel of the GABAa receptor
complex interact in an allosteric manner. These
complexand multipleinteractions aredescribed
in detail in the following sections and summa-
rized in Table 1.

GABA Modulation
of the Benzodiazepine Site

Diazepam binding to the BZ site is enhanced
by GABA and muscimol. This enhancement is
antagonized by (+)bicuculline (Tallman et al.,
1978; Karobath et al., 1979; Krogsgaard-Larsen
etal., 1986). In cortex, cerebellum, striatum, and
hippocampus, GABA increases the affinity of
the BZ binding sites for flunitrazepam without
altering their binding capacity (Wastek et al.,
1978; Tallman et al., 1978). Two studies suggest
that GABA specifically increases agonist bind-
ing to the BZ2 site. Thus, 1 uM GABA increases
the binding of flunitrazepam (agonist) by 20%,
and 10 pM GABA increase the binding of this
ligand by almost 50%. By contrast, 1 uM GABA
increasesthebinding of theinverseagonist PrCC
only by 1%, and higher concentrations of GABA
do not cause a further increase in PrCC binding
(Fehske et al., 1982). Similarily, in both hippo-
campus and cortex, the binding of inverse ag-
onists is not regulated by GABA (Fehske et al.,
1982; Medina et al., 1989). Thus, GABA may
stabilize a conformation of the BZ site, which
has a high affinity for agonists. However, it is
also possible that GABA fails to regulate the
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binding of B-carbolines, because thesedrugsare
inverse agonists. That is, inverse benzodiaze-
pine agonists can be considered as allosteric
GABAa antagonists, and their binding may not
be modulated like the binding of benzodiaz-
epine agonists.

Benzodiazepine Modulation
of the GABA Site

Reciprocically, BZs increase the binding of
GABA to its recognition site. Kinetic studies
show that diazepam increases the affinity of the
low-affinity component of GABA binding with-
out altering its binding capacity. High-affinity
sites for GABA are unaltered by BZs (Skerritt et
al., 1982). Asaresult, BZs potentiate the physio-
logical effects of GABA. However, they are in-
effective on the chloride ionophore by them-
selves. Thus, BZs do not alter the spontaneous
firing rate of serotonergic dorsal raphe nucleus
neurons, but potentiate the inhibitory response
produced by GABA (Gallager, 1978). Similarily,
BZs potentiate the inhibitory effects of GABA on
acetylcholine release (Supavilai and Karobath,
1985). Thus, there exist mutual interactions be-
tween GABA and BZ sites: GABA increases the
affinity of BZ sites for their agonists, whereas
BZs increase the affinity of low-affinity GABAa
sites for GABA and its agonists. These inter-
actions between GABA and BZ binding sites are
chloride ion dependent (Costa et al., 1979).

Electrophysiological studies have shown that
GABA activates two-state (open-closed) chloride
ion channels by increasing their conductance
(Segal and Barker, 1984). Diazepam potentiates
the increase in chloride ion conductance pro-
duced by GABA by increasing the frequency of
channel opening. By itself, diazepam has no
effect on chloride channel opening (Study and
Barker, 1981). The dose-response curve for the
chloride ion conductance increasing effect of
GABA isshifted to theleft by BZs without change
in its maximum (Haefely and Polc, 1986). This
isinagreement with the observation that BZs in-
creasetheaffinity ofthe GABA binding site with-
out affecting the number of functional receptors.
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Table 1
Allosteric Interactions Between the Different Drug Binding Sites of the GABAa Receptor Complex*
Drug Target Effects References
GABA agonists BZ2 site T affinity for agonists Tallman et al., 1978
Wastek et al., 1978
Karobath et al., 1979
Krogsgaard-Larsen et al., 1986
BZl site no effect on inverse agonist binding Fehske et al., 1982
Medina et al,, 1989
chloride channel T CI- ion conductance Segal and Barker, 1984
convulsant site { binding of convulsants like TBPS Squires et al., 1983
BZ agonists GABAa site Taffinity for agonists Skeritt et al., 1982
T physiological effects of GABA Gallager, 1978
Supavilai and Karobath, 1985
chloride channel T frequency of channel opening Study and Barker, 1981
convulsant site 1 binding of convulsants Squires et al., 1983
Lawrence et al., 1986
Geeetal., 1986
BZ inverse
agonists convulsant site T the number of high-affinity sites Lawrence et al., 1986
Anions GABAa site T binding to low-affinity sites Enna and Snyder, 1977
| binding to high-affinity sites
GABA /BZ sites required for their interactions Costa et al.,, 1979
convulsant site required for convulsant binding Bowery etal., 1976
Willow and Johnston, 1980
Olsen and Snowman, 1982
Leeb-Lundberg and Olsen, 1983
Squires et al., 1983
Maksay and Ticku, 1985
Barbiturates GABAassite T the number of high-affinity sites Willow and Johnston, 1980
Olsen and Snowman, 1982
Yang and Olsen, 1987
{ the binding of antagonists Wong et al., 1984
McCabe et al., 1988
BZ site T affinity for agonists Leeb-Lundberg et al., 1980
Majewska et al., 1986
Fischer and Olsen, 1986
1 binding of inverse agonists Wong et al., 1984
chloride channel T the average open-time Study and Barker, 1981
convulsant site { TBPS binding Squires et al., 1983
Pyrazolopyridines =~ GABAa site T affinity for agonists Leeb-Lundberg et al., 1981
Leeb-Lundberg and Olsen, 1983
BZ site T affinity for agonists Leeb-Lundberg et al., 1981
Leeb-Lundberg and Olsen, 1983
convulsant site 1 binding of TBPS and picrotoxin Leeb-Lundberg et al,, 1981
Squires et al., 1983
1 the dissociation rate for TBPS Maksay and Ticku, 1985
Convulsants GABAassite block the affects of barbiturates Willow and Johnston, 1980
Olsen and Snowman, 1982
BZ site block the effects of barbiturates Leeb-Lundberg and Olsen, 1983
chloride channel block barbiturate effects Takeuchi and Takeuchi, 1969

“BZ benzodiazepines; TBPS = t-butyl-bicyclophosphorothionate.
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Barbiturate Modulation
of the GABAa Recepior

The barbiturate binding site interacts with
both GABA and BZ and convulsant recognition
sites. In the presence of chloride ions, barbitu-
rates enhance GABA binding. This increase in
GABA binding has been shown to involve an
increase in the number of both low- and high-
affinity sites (Olsen and Snowman, 1982), high-
affinity sites without affecting low-affinity sites
(Willow and Johnston, 1980), or selectively, high-
affinity sites at the expense of low-affinity sites
(Yang and Olsen, 1987). Barbiturates also in-
hibit the binding of GABAa antagonists, like
(+)bicuculline (Wong et al., 1984) or SR 95531
(McCabe et al., 1988), that selectively label the
low-affinity GABAa binding site in the presence
of anions (Mdhler and Okada, 1978; Olsen and
Snowman, 1983; Heaulme et al., 1987; McCabe
et al., 1988). These results suggest that barbitu-
rates may change the conformation of low-affin-
ity GABAa binding sites (antagonist preferring
sites) to a higher affinity state (agonist prefer-
ring state). Barbiturates also increase, in an an-
ion dependent and reversible manner, the affin-
ity of BZ binding sites without affecting their
number (Leeb-Lundberg et al., 1980; Majewska
et al., 1986; Fischer and Olsen, 1986). In fact,
thereis a good correlation between the biologi-
cal activity of different barbiturates and their
ability to enhance BZ binding (Leeb-Lundberg
et al.,, 1980). By contrast, the binding of p-car-
bolines is inhibited by barbiturates (Wong et al.,
1984). Thus, barbiturates increase the affinity of
the BZ sites for agonists and reduce their affinity
forinverseagonists. These interactions between
the GABAaand BZ sites can be best explained in
terms of positive or negative heterotropic coop-
erativity, respectively (Ehlert, 1986).

Electrophysiological studies have shown that
barbiturates, like pentobarbital, enhance the
GABA-stimulated chloride ion conductance in
neurons. The shift of the GABA dose-response
curve for chloride ion conductance suggests that
pentobarbital increases the affinity of the GABA
recognition site for its ligand (Barker and Ran-
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som, 1978). This observation is in agreement
with results obtained from binding studies that
we described earlier. In contrast to BZs, which
increase the frequency of channel opening, pen-
tobarbital potentiates theincreaseinchlorideion
conductance produced by GABA by increasing
the average open-channel lifetime (Study and
Barker, 1981).

Convulisant Modulation
of the GABAa Receptor

Picrotoxin blocks the effects of pentobarbital
on GABA-activated chloride ion conductance
(Takeuchi and Takeuchi, 1969). Picrotoxin also
reverses the effects of barbiturates on GABA
(Willow and Johnston, 1980; Olsen and Snow-
man, 1982) and BZ binding (Leeb-Lundberg et
al., 1981; Leeb-Lundberg and Olsen, 1983). These
effects of picrotoxin, again, are chloride ion de-
pendent. Theobservation that picrotoxinblocks
the enhancement of BZ binding by pentobarbi-
tal, but not theenhancement produced by GABA
(Leeb-Lundberg et al., 1981), shows that the
picrotoxin and GABA recognition sites are dis-
tinct. This has been confirmed by two recent
studies (Ramanjaneyulu and Ticku, 1984; Tri-
filetti etal., 1985). However, picrotoxinand TBPS
not only inhibit the increase of GABA and BZ
binding by barbiturates, but thebinding of these
convulsants to the picrotoxin site, in turn, is
inhibited by BZs, GABA, and barbiturates
(Squires et al., 1983). GABA inhibits TBPS bind-
ing by accelerating its dissociation rate (Maksay
and Ticku, 1985) and reducing the effectiveness
of Eccles anions (Cl-, Br, I, and SCN-) in in-
creasing TBPS binding (Squires et al., 1983). In
the presence of GABA, clonazepaminhibits TBPS
binding (Gee et al., 1986; Lawrence et al., 1986).
By contrast, B-carbolines increase the number of
high-affinity TBPS binding sites. These obser-
vations can be interpreted as an interconversion
of TBPS binding sites by BZ agonists or inverse
agonists and may reflect either positive or nega-
tive heterotropic cooperativity, depending on
whether an agonist or an inverse agonist binds
to the BZ site (see Ehlert, 1986). According tothe
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principle of heterotropic cooperativity, high-
affinity TBPS sites may be associated with BZ1
sites, whereas low-affinity TBPS sites may be
associated with BZ2 sites.

Pyrazolopyridine Modulation
of the GABAa Receptor

The anxiolytic pyrazolopyridines, etazolate
(SQ 20009) and cartazolate (SQ 65396), inhibit
dihydropicrotoxin binding (Leeb-Lundberg et
al., 1981) and TBPS binding (Squires et al., 1983)
by accelerating their dissociation (Maksay and
Ticku, 1985). Both etazolateand cartazolatealso
enhance the binding of diazepam to the BZ rec-
ognition site by increasing its affinity, without
affecting its binding capacity. Theyalsoincrease
the affinity of the GABA binding site for musci-
mol (Leeb-Lundbergetal., 1981; Leeb-Lundberg
and Olsen, 1983). Thus, pyrazolopyridines exert
barbiturate-like effects on BZ and GABA bind-
ing.

The Role of Anions

Anions, like chloride, play an important role
in regulating the complex allosteric interactions
between the different drug binding sites. Thus,
the positiveinteractions between the GABA and
BZ binding sites are chloride-ion dependent
(Costa et al., 1979). Anions, like chloride and
SCN-, also increase the binding of GABA to the
low-affinity GABAa recognition siteand reduce
the binding of GABA to its high-affinity site
(Enna and Snyder, 1977). Barbiturates enhance
GABA and BZ binding only if chloride ions (or
other anions like I, Br-, or SCN-) are present
(Leeb-Lundberg et al., 1980; Olsen and
Snowman, 1982). Similarily, the inhibitory ef-
fects that picrotoxin exerts on barbiturate-
enhanced GABA bindingarestrictly chlorideion
dependent (Leeb-Lundberg etal., 1981). Thein-
hibitory effects of TBPS and its related convul-
sants on the GABA-activated chloride ion con-
ductance are also dependent on the presence of
anions (Bowery etal., 1976). Thus, it is not sur-
prising that the binding of convulsants to the
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picrotoxin/TBPS binding site also requires the
presence of anions (Squires et al., 1983). That is,
the rate of TBPS dissociation is accelerated by
theremoval of chlorideions (Maksay and Ticku,
1985).

Conclusions

The complex interactions between the dif-
ferent binding sites of the GABAa receptor are
summarized in Table 1 and can be outlined as
follows. By binding to their respective sites, BZ
agonists and barbiturates increase high-affinity
GABA binding and potentiate its physiological
actions. However, whereas BZs increase the
frequency of chloride channel opening in the
presence of GABA, barbiturates increase the
open-channel lifetime. By contrast, the binding
of convulsants, like picrotoxin and TBPS, is
inhibited by both barbiturates and BZs, but is
increased by BZ inverse agonists. These con-
vulsants, in turn, block the effects of barbitu-
rates on the GABA site and the chloride channel.
Theinteractions between the GABA and BZ sites
are reciprocal: GABA increases the affinity of
BZ agonist binding, and BZs increase the affin-
ity of low-affinity GABA sites. Finally, pyraz-
olopyridines, like etazolateand cartazolate, exert
barbiturate-like effects on GABA and BZ bind-
ing. Most of the allosteric interactions between
different binding sites and the chloride ion
channel are anion dependent.

The “Three-State Model”
for the GABAa Receptor

There is strong evidence that the different
affinities of GABAa, BZ, and TBPS binding sites
correspond to different affinity states of a single
receptor protein, rather than to distinct receptor
subtypes. This led several authors to propose
allosteric models for the GABAa receptor that
are similar to the one proposed by Changeux
and collaborators for the nicotinic acetylcholine
receptor (Changeux et al., 1984; Changeux and
Revah, 1987). According to Fischer and Olsen
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(1986), the GABAa binding site is supposed to
exist in three different conformational states: a
resting state (super-low affinity; chloride chan-
nel inactive), an activated state (low affinity,
channel active), and a desensitized state (high
affinity, channel inactive). When GABA binds
to the resting state, it is converted rapidly to an
active state. While remaining bound to the re-
ceptor, GABA converts the active state to a
desensitized, high-affinity state. The different
affinity states of the GABAa recognition site are
allsupposed to be present at equilibrium during
in vitro binding assays, and this equilibrium can
be altered by anions (stabilizing the low-affinity
form) or barbiturates (stabilizing the high-affin-
ity form) (Fischer and Olsen, 1986).

Ehlert and collaborators also presented an al-
losteric model for the BZ acceptor site (Ehlert et
al., 1983). Essentially, this model is based on the
observation that GABA increases the binding of
BZ to BZ2 sites, but not to BZl sites. According
to this model, the macromolecular GABAa re-
ceptor complex may exist in two states: an
“inactive state,” characterized by a closed chlo-
ride ion channel, and an “active state” corre-
sponding to an open chloride ion channel. In
theabsence of GABA, the “inactive state” is pre-
ferred and most of the BZ recognition sites cor-
respond to BZI sites showing a high affinity for
inverseagonists. When GABA binds to thecom-
plex, the “active state” is preferred, and the BZ
binding sites are stabilized in the BZ2 conforma-
tion, which has a reduced affinity for inverse
agonists and is functionally coupled to the
GABAa recognition site. However, it still has to
be shown that BZ2 and BZI sites correspond to
different interconvertible conformations of a
single receptor. Moreover, the possibility that
BZlsites may be associated witha closed confor-
mation of the chloride channel has not been
explored experimentally.

Fischer and Olsen (1986) then proposed a
model in which the multiple allosteric states of
the BZbinding sites fit with the three-state model
for the GABAarecognition site (Fig. 1). Accord-
ing to their model, the desensitized, inactive
configuration of the GABAa receptorcomplex is
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characterized by high-affinity binding sites for
GABA and high-affinity sites for inverse BZ
agonists, like B-carbolines (BZI sites). By con-
trast, the active configuration of the GABAa
receptor is characterized by low-affinity sites for
GABA (preferentially labeled by antagonists like
(+)bicuculline) and BZ binding sites showing
low-affinity for B-carbolines and high-affinity
for BZ agonists (BZ2 sites). Suchamodel would
explain the observation that GABA enhances BZ
binding to BZ2 sites by binding to low-affinity
sites (Tallman et al., 1978; Karobath et al., 1979),
but does not affect BZ binding to BZI receptors
whilebinding to inactive high-affinity sites (Gee
etal,, 1983). Itis also not difficult to integrate the
different affinity states of the TBPS binding sites
into thismodel. High-affinity TBPSbinding sites,
which may be associated with a closed iono-
phore, would be characteristic of the inactive
configuration of the GABAa receptor showing
high-affinity for GABA and B-carbolines. Low-
affinity TBPS binding sites would correspond to
theactive configuration of the receptor complex
(low affinity for GABA and B-carbolines and
high-affinity for (+)bicuculline). This model
would explain the observations that -carbolines
stabilize high-affinity TBPS binding sites,
whereas GABA (Gee, 1988) and BZ agonists
stabilize the low-affinity TBPS binding (Gee et
al., 1986).

A “Five-State Model”
for the GABAa Receptor

The “Three-State Model,” described above,
proposes that the GABAareceptor may adopt as
many as three interconvertible conformations.
According to this model, low-affinity GABA
binding sites may be associated with the active
conformation of the receptor complex. On the
other hand, high-affinity GABA binding sites
would correspond to the inactivated receptor.
However, this model does not explain the ef-
fects of barbiturates, pyrazolopyridines, and
benzodiazepines. Describing the modulation of
the GABAa receptor by these drugs, in terms of
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STATE 1
{Resting State)
GABA : super-low

STATE 3 STATE 2

(inactive high affinity) {active low affinity)
GABA : high - - O GABA : low

BZ 1 BZ 2

TBPS : high TBPS : low

Fig. 1. The “Three-State Model” for the GABAa receptor, as proposed by Fischer and Olsen (1986). State 1 is the resting
state, which is inactive and has a very low affinity for GABA and its agonists. When GABA binds to the resting state, it is
converted to a low-affinity state that is active (State 2). State 3 is the desensitized state, which shows a high affinity for both

GABA and convulsants, like TBPS or picrotoxin.

conformational changes, requires postulating the
existence of two additional conformations that
show a high affinity for GABA, but are also
functional. That is, barbiturates, pyrazolopyri-
dines, and benzodiazepines stabilize receptor
conformations where high-affinity GABA sites
are functionally coupled to the chloride iono-
phore. These high-affinity conformations differ
from the inactive high-affinity state of the recep-
tor (= state 3 of the “Three-State Model”) by their
low affinity for convulsants and BZ inverse
agonists. That barbiturates and pyrazolopyri-
dines may stabilize a different high-affinity con-
formation of the GABAa receptor than BZs is
suggested by electrophysiological observations.
This has led us to propose a “Five-State Model”
for the GABAa receptor. Our model predicts
that, in addition to the “resting superlow-affin-
ity state,” the “active low-affinity state,” and the
“inactive high- affinity state” proposed by the
“Three-State Model,” two “active high-affinity
conformations” may exist (Fig. 2). Inagreement
with such a hypothesis of multiple active con-
formations of the GABAa receptor, is the obser-
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vation that GABA stimulated chloride-ion ex-
change can be attributed to two different recep-
tor conformations (Cash and Subbarao, 1988).
Some of the evidence for suchadditionalactive
conformationsis presented below. Barbiturates,
which change the conformation of the low-af-
finity GABAa binding sites to a higher affinity
state, would, according to the three-state model,
shift the active low-affinity configuration of the
receptor to the inactive high-affinity configura-
tion, characterized by high-affinity binding sites
for B-carbolines and TBPS and a closed chloride
ion channel. However, this is contradicted by
several observations. First, barbiturates poten-
tiate the effects that GABA exerts on chloride
ion conductance. Second, barbiturates enhance
BZ agonist binding and decrease the affinity for
pB-carbolines ina reversible manner (Wongetal.,
1984). Third, barbiturates decrease the affinity
of TBPS binding sites (Squires etal., 1983). Thus,
barbiturates potentiate the physiological effects
of GABA by increasing the affinity of the recep-
tor forGABA and BZ agonists and decreasing its
affinity for convulsants like TBPS. Similarily,
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pyrazolopyridines, like etazolate and cartazo-
late, exert anxiolytic effects by enhancing both
GABA and BZ binding and inhibiting TBPS
binding. The easiest way to explain these effects
of barbiturates and pyrazolopyridines on the
GABAa receptor by a conformational change is
to postulate that these drugs may stabilize a
fourth conformation of the GABAa receptor (=
State 4, see Fig. 2) that is in equilibrium with the
previously described three affinity states. In this
conformation, high-affinity GABAa recognition
sites would be functionally coupled to the chlo-
rideion channeland theBZbinding site, whereas
the picrotoxin/TBPS site would show “super-
low” affinity for its ligands. The fact that high-
affinity GABAa binding sites can be function-
ally coupled to BZ binding sites has been shown
by the observation that pretreatment of mem-
branes with silver ions or Triton X-100 leads to
the sole appearance of high-affinity muscimol
binding, which is still able to increase flunitraze-
pam binding. As predicted by the five-state
model, TBPSbinding sitesare not present longer
in these treated membranes (Supavilai and
Karobath, 1984). However, the latter observa-
tion may result from a denaturation of the TBPS
binding site by the detergent.

There is also reason to postulate another state
of the receptor complex. As described above,
the binding of GABA to its recognition site in-
creases the affinity of the BZ binding site, and
reciprocally, the binding of BZs enhances the
affinity of the low-affinity GABA binding site.
Simultaneous occupation of both GABAa and
BZ sites not only increases the affinity of the
receptor for GABA and BZ, but also decreases
its affinity for TBPS (Squires et al., 1983). Thus,
the conformational changes caused by GABA
and BZ agonists appear to be similar to those
caused by barbiturates. However, there are dif-
ferences between BZs and barbiturates, with re-
spect to their effects on channel opening.
Whereas barbiturates increase the open-channel
lifetime and decrease the frequency of channel
opening caused by GABA, BZ agonists increase
the frequency of channel opening in the pres-
ence of GABA (Study and Barker, 1981; Mien-
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ville and Vicini, 1989). One could speculate that
BZs may induce a different allosteric change in
the receptor oligomer than barbiturates
(Schwartz, 1988). Thus, binding of GABA and
BZ to their respective sites may stabilize a fifth
conformational state that differs from the con-
formation favored by barbiturates, with respect
to channel kinetics (= State 5, see Fig. 2).

GABAa Receptor Subunits
and Subtypes

Although the above proposed drug-depend-
ent conformational changes of the GABAa re-
ceptor account for numerous experimental data
when homogenized brain tissue is used, there
are some observations that cannot be explained
by theallostericmodel. That s, agonistand drug
binding to the GABAa receptor appears to be
heterogeneous. Autoradiographicstudies have
shown that the neuroanatomical distribution of
high- and low-affinity GABA binding sites does
not always correspond (McCabe and Wamsley,
1986). This indicates that different GABAa re-
ceptor complexes may exist within different
brainregions. Similarily, the heterogeneity that
affects the BZ recognition site can also be inter-
preted in terms of distinct receptor populations.
Thus, the relative proportion of BZland BZ2 sites
varies between brain regions (Braestrup and
Nielsen, 1981; Fehske et al., 1982), and receptors
characterized by BZI and BZ2 binding sites,
respectively, correspond to distinct peptides on
SDS gels (Sieghart et al., 1983). Moreover, BZI
and BZ2 sites also differ on the basis of their
solubilization properties and their sensitivity to
ions (Lo et al., 1982).

Several mechanisms may account for the
observed heterogeneity of the GABAa receptor
complex. Thus, the subunit composition of the
GABAa receptor may vary between different
brainregions or different developmental stages.
This would explain why the allosteric modula-
tion of the GABAareceptor differs between brain
areas (see below) and changes with age (Belhage
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STATE1

(Resting State)
GABA : super-low

STATE 3 STATE 2

(inactive high affinity) {active low affinity)
GABA: high -— O GABA : tow

BZ 1 BZ 2

TBPS : high / \ TBPS : low

STATE &4 >< STATE 5

(active high affinity) (active medium affinity)
GABA : high — - GABA : medium

Bz 2 BZ 2

TBPS : super-low

Fig. 2. The “Five-State Model” for the GABAa receptor. The effects that barbiturates and benzodiazepines exert on the
receptor complex suggest the existence of two additional conformations, compared with the “Three-State Model” (see Fig.
1). State4isanactiveconformation of the receptor, which shows a high affinity for both GABA and BZ agonists and a very
low affinity for convulsants. This state is stabilized by barbiturates and, possibly, by 3a-steroids. State 5 results from the
activation of State 2 by the simultaneous binding of GABA and BZ to the receptor.

et al., 1988). That is, the GABAa receptor com-
plex purified to homogeneity from bovine cere-
bral cortex, appears to be a heterotetramer of ho-
mologous alpha (M = 53 kD) and beta (M =56
kD) subunits. The subunit structure has been
shown to be 022 (Mamalaki et al., 1987; Casa-
lotti et al., 1986). Recently, ay- subunit has been
isolated thatsharesapproximately 40% sequence
identity with the o and B-subunits and is impor-
tant for the response of the receptor to BZs
(Pritchett et al., 1989). Additional GABAa re-
ceptor subunits may exist (Pritchett et al., 1989).
The ¢, B, and ysubunits from human, bovine, or
rat brain have been sequenced, cloned, and
expressed in Xenopus oocytes (Schofield et al.,
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1987; Lolait et al., 1989; Pritchett et al., 1989).
Photoaffinity labeling experiments have sug-
gested that the BZ binding sites may be located
on o-subunits, whereas the binding sites for
GABA agonists may reside on p-subunits (Deng
et al., 1986; Kirkness and Turner, 1986; Mama-
laki et al., 1987; Casalotti et al., 1986). However,
recent evidencesuggests that both subunitscarry
binding sites for GABA and BZs (Bureau and
Olsen, 1988).

The fact that a different subunit composition
may account for the heterogeneity of a macro-
molecular receptor complex has already been
shown for the nicotinic acetylcholine receptor
(AchR). This receptor is composed of five sub-
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units (a2, B, v, and §) that surround a cation-
sensitive ion channel (Changeux and Revah,
1987). In early development, the AchR is as-
sembled from a, B, Y and & subunits, whereas in
the adult receptor, the y-subunit is replaced by a
o-subunit (Mishina et al., 1986; Kidokoro, 1988).
As a consequence, the AchR types present in
adult or fetal muscle differ in conductance and
gating properties. Such changesinsubunitcom-
position during development have also been re-
ported forthe GABAareceptor. GABAareceptor
complexes, purified from neonatal rat cortex,
contain predominantly B-subunit-like proteins,
whereas receptors from adult cortex contain
nearly equal amounts of a- and p-subunit-like
proteins (Sato and Neale, 1989). Differences in
subunit composition for the GABAa receptor
seem also to exist between different brain re-
gions. Whereas adult cerebellar receptors con-
tain predominantly type 1 benzodiazepinebind-
ing sites, cortical receptors contain a mixture of
both type 1 and type 2 sites (Sato and Neale,
1989). The latter observation fits well with a
recent study showing that, in the cerebellum,
both flunitrazepam and n-butyl-beta-carboline-
3-carboxylate label the same number of sites,
whereas in the cortex, flunitrazepam binding is
twice the binding of n-butyl-beta-carboline-3-
carboxylate (Medina et al., 1989).

Thus, a different subunit composition may
account for the different GABAa receptor com-
plexesthatare present indifferent brain regions.
That is, recent in situ hybridization results indi-
cate that different subunits are expressed, to
varying degrees, in different brain regions
(Séquieretal., 1988). Moreover,cDNAs for three
different o-subunits have beenisolated, thus con-
firming the heterogeneous nature of the GABAa
receptor complex. These three subunits differ in
both size and sequence. In receptor reconstitu-
tion experiments, the different a-subunits con-
fer different sensitivities to the receptor (Levitan
etal., 1988). A recent study shows that the dif-
ferent a-subunit mRNAs (al, a2, and o3) are dif-
ferentially expressed within different brain re-
gions (Wisden et al., 1989). That is, a2- and o3-
transcripts are especially abundant in the stria-
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tum, whereas the al-transcript is characteristic
of the inferior colliculus, the olfactory bulb, and
the substantia nigra, where BZls are numerous
(Wisden et al., 1989). However, in addition to
different subunit compositions, the presence of
different regulatory factors within distinct brain
region may also contributeto the neuroanatomi-
cal heterogeneity of the GABAa receptor. That
is, the different subunits are targets for glyco-
sylation (Sweetman and Tallman, 1986; Mama-
laki et al., 1987) and phosphorylation processes
(Kirkness et al., 1989), and there is experimental
evidence suggesting that the GABAa receptor
canberegulated by cAMP-dependent phospho-
rylation (Heuschneider and Schwartz, 1989).

Conclusions

The GABAareceptor complex is composed of
at least three subunits, which are called o, B, and
Y, respectively. Recentcloning experiments sug-
gest that receptor subunits other than a, , and
ymay exist. Different GABAa receptor popula-
tions, which are associated with different brain
regions or different developmental stages, may
be composed of different subunits. Despite the
widespread distribution of GABAa receptors in
the brain (McCabe and Wamsley, 1986; Bowery
et al., 1987), the observation that GABAergic
agents exert subtle and specific effects on brain
functions also suggests that there may be dis-
tinct subgroups of GABAa receptors that may
be selectively manipulated for therapeutic gain
(Enna and Karbon, 1986). However, the pres-
ence of different GABAa receptor subtypes per
se is not sufficient to explain most of the electro-
physiological and pharmacological observa-
tions. The different drug binding sites of the
GABAareceptor, which are localized on the dif-
ferent subunits, interact with each other in an
allosteric manner, and their activation causes
conformational changes of the receptor protein
that determine its functional properties. These
interactions between binding sites, however,
may depend, in turn, on the subunit composi-
tion of thereceptorand, thus, may differ between
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receptor populations. As a consequence, both
subunit expressionand capacity for neuromodu-
lation may change during development or dif-
fer between brain regions.

The five-state model we proposed for the
GABAareceptorimplies thatallthecomponents
necessary to form all states of the receptor are
present. This is certainly not the case for all
GABAareceptor populations. Thus, all the allo-
steric interactions we described in the five-state
model may only be observed as an average pro-
perty in homogenized tissue and within those
distinct brain regions where the GABAa recep-
tor is modulated by benzodiazepines, barbi-
turates, and steroid hormones. In fact, some
GABAa receptor subtypes may be insensitive to
some drugs or hormones because they lack the
corresponding binding sites. Moreover, the
number of sites residing on the receptor may
determine its sensitivity to a given drug or
hormone and the extent of the induced con-
formational change.

Although the possibility of conformational
changes may be restricted for some GABAa
receptor subtypes by the amount of associated
subunits, the potential states are likely to corre-
spond to the ones proposed by the five-state
model. This means that, evenifa GABAarecep-
tor subtype lacks one type of binding site, ligand
binding to sites that are present on the receptor
can be expected to cause the conformational
changes that are predicted by the five-state
model. In other words, even if a GABAa recep-
tor subpopulation lacks, for example, benzodi-
azepine binding sites, barbiturates should still
stabilize an active high-affinity conformation of
the GABAa receptor, provided the barbiturate
site and chloride channel are present.

1t follows that different GABAa receptor
populations may differ in their sensitivity to
gonadal and adrenal steroids by at least two
mechanisms. First, by acting on gene expres-
sion, steroids may regulate the synthesis of dif-
ferent subunits in a specific manner. Second,
because steroid hormonesalso have beenshown
to modulate the GABAa receptor by acting di-
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rectly on the receptor complex, they may affect
its activity by changing its conformation. The
next two paragraphs will describe the effects that
steroids exert on the GABAa receptor either in
vivo or in vitro.

In Vivo Effects
of Steroid Hormones

Having described the organization of the
GABAa receptor complex, we can now explore
the effects of steroid hormones. Both acute and
chronic steroid treatments have been shown to
affect the central GABAa receptor. Thus, short-
term treatment of ovariectomized female rats
with estradiol benzoate (EB) decreases high-
affinity muscimol binding within several hor-
mone sensitive brain regions, like the ventro-
medial nuclei (VMN) of the hypothalamus and
the midbrain central gray (MCG) (O’Connor
et al., 1988; Schumacher et al., 1989b), but in-
creases muscimol binding within the CAl re-
gion of the dorsal hippocampus (Schumacher
et al., 1989a) (Fig. 3). When administered alone
to ovariectomized females, progesterone (P)
has no effect. However, in estrogen-primed
females, P increases muscimol binding, in both
VMN and MCG, to levels seen in control ani-
mals (Schumacheretal., 1989b). These observa-
tions raise two fundamental questions. First,
why do steroid effects on GABAareceptor bind-
ing differ between brain regions? Second,
through the mediation of what mechanisms do
different steroid hormones exertdifferent effects
on the receptor complex? Thus, it is surprising
that estrogens and progestagens exert opposite
effects on high-affinity muscimol binding since
the sequential actions of both hormones facili-
tate reproductive functions, like mating behav-
iorand the release of gonadotropins (Boling and
Blandau, 1939; Rubin and Barfield, 1983;
McEwen etal., 1987). This observationsuggests
that E and P may affect muscimol binding by
different mechanisms. Thus, estrogens may
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Fig. 3. Specific high-affinity *H-muscimol binding in the ventromedial nuclei of the hypothalamus (VMN) and the CAl
region of the dorsal hippocampus. Ovariectomized and adrenalectomized female rats (C females) were injected with
estradiol benzoate (EB) (2x10 g, E females), progesterone (0.5 mg, P females), or successively with EB + P (E + P females).
The binding of *H-muscimol was quantified by the method of in vitro receptor autoradiography. Different letters above the
columns denote statistical differences at least at the 0.05 level within each area (modified from Schumacher etal., 1989a,b).

modulate the number of GABAa binding sites
by regulating the expression of receptor genes,
whereas progestagens, which affect muscimol
binding within 4 h, may act directly on the re-
ceptorby causing conformational changes. That
is, in vitro studies suggest that 5a-reduced meta-
bolites of P may shift the conformation of the
GABAa receptor from a low- to a high-affinity
state (see below). According to our five-state
model, suchan effect of Pmay correspond either
to an activation of the receptor (stabilization of
an active high-affinity conformation) or its inac-
tivation (stabilization of an inactive high-affin-
ity conformation). Itis unknown whether Eand
P exert these effects by acting directly on the re-
ceptor or through the mediation of their meta-
bolites. Thus, catecholestrogens have been
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shown to modulate GABAa receptor binding
(Etchegoyen et al., 1986), and reduced meta-
bolites of P exert direct effects on the GABAa
receptor (see below).

When reviewing the literature of hormone
effects on the GABAa receptor, it appears that
numerousapparently contradictory results have
been reported (Table 2). By using the method of
in vitro receptor autoradiography, estrogens
have been shown, in one study, to decrease
muscimol binding only within estrogen-concen-
trating areas of the rat brain (Schumacher et al,,
1989b), but a similar hormone treatment has also
been reported to decrease muscimol binding in
brain regions, like the frontal cortex, that con-
tain no estrogen concentrating cells (O’Connor
etal., 1988). Suchdiscrepancies may result from
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Table 2

Regulation of Agonist Binding to the GABAa or Benzodiazepine Sites by In Vivo Hormone Treatments*
Hormone Area Ligand Binding References
EB POA/VMN/S/CTX muscimol { O'Connor et al., 1988
EB VMN/MCG muscimol l Schumacher et al., 1989b
EB VMN/POA/AMYG muscimol T Canonaco et al., 1989
EB HYP/CTX/STR muscimol T Perez et al., 1986
EB HYP muscimol T Lasaga etal., 1988
EB CA1 muscimol ) Schumacher et al., 1989a
Pt VMN/MCG muscimol 1) Schumacher et al., 1989b
P CTX flunitrazepam ) Gavish et al., 1987
P CP/POA/VMN muscimol T Canonaco et al., 1989
P SUB. GEL. flunitrazepam T Schwartz-Giblin et al.,1988
CORT CTX/HYP Ro15-1788 N Miller et al., 1988
ADX CTX,HIP/HYP Ro15-1788 T Miller et al., 1988
ADX CTX, HIP muscimol J Majewska et al., 1985
ADX HYP muscimol T Majewska et al., 1985
ADX HYP, STR flunitrazepam* T Goeders et al., 1986
ADX HIP flunitrazepam® 5 Goeders etal., 1986

*EB = estradiol benzoate; P = progesterone; CORT = corticosterone; ADX = adrenalectomy. Binding has been quantified
within different regions of the brain or spinal cord: AMY =amygdala; CAl = CAl region of the dorsal hippocampus; CP =
caudate putamen; CTX = cortex; HIP = hippocampus; HYP = hypothalamus; MCG = midbrain central gray; POA = preoptic
area; S = septum; STR = striatum; SUB GEL = substantia gelatinosa;and VMN = ventromedial nuclei of the hypothalamus.

’GABA stimulated.
After estrogen priming.

different experimental conditions and may pro-
vide interesting information concerning the
mechanisms of hormone-GABAareceptorinter-
actions.

Thus, different concentrations of muscimol
have been used in both studies, suggesting that
estrogens may regulate the different affinity
states of the GABAa receptor in a specific man-
ner. That is, GABAa receptor binding within
the cortex appears not to be affected by estrogen
treatment when brain sections were incubated
in the presence of low concentrations (5 nM) of
(CH)muscimol, but appears to be decreased when
receptors were labeled with higher concentra-
tions of ligand (20 nM). Because 5 nM of musci-
mol selectively label high-affinity GABAa sites,
whereas 20 nM also label part of the low-affinity
receptorsin conditions used for receptorautora-
diography (Fig. 4), these results suggest that
estrogens may only affect low-affinity GABAa
receptor binding in the cortex.
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Thereare other differences for reported estro-
gen effects on GABAa receptors. Whereas two
studies report a decrease of muscimol binding
within the VMN after estrogen treatment
(O’Connoretal., 1988; Schumacheretal., 1989b),
other authors have found estrogens to increase
muscimol binding within the same brain region
of the hamster (Canonaco et al., 1989) or rat
(Maggi and Perez, 1986; Perez et al., 1986, La-
saga et al., 1988). This discrepancy may reflect
differences between species in the former case
and different experimental conditions in the
latter case. In these studies, female rats have
been ovariectomized before puberty, and
GABAa receptor binding has been measured in
membrane preparations and not tissue sections,
as for receptor autoradiography.

As is the case for estrogens and progestagens,
the actions of glucocorticoids on the GABAa
receptor are complex. They are dependent on
thebrainregionand are sometimes biphasic, with
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Fig.4. Saturationisotherm (insert) and Scatchard plot of CH)muscimol binding to 14 m thick sections (11 mm diameter)
cut from a whole brain paste in a cryostat and thaw-mounted onto glass slides. The assay conditions were the same as for
receptor autoradiography except that, after incubationin the presence of different concentrations of ligand, thelabeled paste
sections were wiped from their glass slides with filter paper. Nonspecific binding wasdetermined in the presenceof 10 M

cold GABA (modified from Schumacher et al., 1989b).

respect to their concentration. Thus, adrenalec-
tomy decreases muscimol binding in hippocam-
pus and cortex by reducing the affinity of the
GABAa recognition site, but increases musci-
mol binding in the hypothalamus (Majewska et
al., 1985). Steroid hormone treatments not only
affect the GABA recognition site, but also the
other drug-binding sites. That is, chronic treat-
ment of rats with P increases the density of BZ
binding sites in cerebral cortex without affect-
ing their affinity (Gavish et al., 1987). Acute
treatment of ovariectomized rats with P also in-
creases flunitrazepam binding within the sub-
stantia gelatinosa of the spinal cord. This effect
of P was decreased when rats were pretreated
with estrogen (Schwartz-Giblin et al., 1988).
Adrenalectomy also increases BZ binding in
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cortex, hippocampus, and hypothalamus by
increasing B__ , without affecting the K,. This
effect can be reversed by corticosterone treat-
ment (Miller et al., 1988).

Thereareseveral mechanisms throughthe me-
diation of which steroid hormones may affect
agonist and drug binding to the GABAa recep-
tor. Thus, steroids may modulate the GABAa
receptor indirectly through the mediation of
other regulatory factors. That is, chronic estro-
gentreatment hasbeenreported todecrease mus-
cimol binding to membranes from hippocam-
pus, striatum, and cerebral cortex of intact female
rats, but not hypophysectomized female rats.
Results of this study suggest that pituitary pro-
lactin may beinvolved in the estrogen mediated
downregulation of brain GABAa receptors
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(Hamon et al., 1983). Similarily, the P-induced
increase in flunitrazepam binding at the level of
the substantia gelatinosa of the spinal cord is
prevented by spinal transection, suggesting that
the P effect depends on supra-spinal input
(Schwartz-Giblin et al., 1988).

Onemode of action of steroid hormones is the
regulation of genomic activity, which leads to
the synthesis of specific gene products, includ-
ing enzymes and receptors (McEwen et al., 1984,
1988). By regulating the transcription, and
eventually the translation of mRNA coding
for different subunits of the GABAa receptor
in a site-specific manner, steroid hormones
may modulate the number of different GABAa
receptor subtypes within distinct brain regions.
Since clones corresponding to the different sub-
units of the receptor complex are becoming
available, this possibility can now be tested ex-
perimentally. That is, GABAergic neurons in
the hypothalamus contain estrogen (Fliigge et
al., 1986) and progesterone (Leranth et al., 1988)
receptors. Moreover, glutamic acid decarbox-
ylase (GAD) immunoreactive axons end on pro-
gestin receptor-immunopositive hypothalamic
neurons (MacLusky et al., 1988). Alternatively,
as described below, steroid hormones have also
been shown to influence the excitability of neu-
rons by acting directly on the cell membrane,
and they may do so by modulating the GABAa
receptor. This has been suggested by the obser-
vations that alphaxalone (5a-pregnan-3a-ol-
11,20-dione) increases the duration of inhibitory
postsynaptic conductance in neurons of the
guinea pig olfactory cortex (Schofield, 1980),
enhances GABA-stimulated chloride conduc-
tance in the rat brain (Harrison and Simmonds,
1984), and that naturally occurring metabolites
of P, which are characterized by a 3a-hydroxyl
group and a 5a-reduced A-ring, produce rapid
anticonvulsant effects by acting on neuronal
membranes (Craig, 1966; Gee, 1988). Moreover,
estrogens and progestagens affect muscimol
binding inbrain regions, like the cerebellumand
the cortex, are devoid of measurable levels of
intracellular steroid receptors (Perez et al., 1986;
O’Connor et al., 1988).
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In Vitro Effects
of Steroid Hormones

Asindicated above, certainsteroids exert rapid
effects on the GABAa receptor, possibly by act-
ing directly on the neuronal membrane. Thatis,
the A-ring reduced metabolites of progesterone
(30-hydroxy-5a-pregnane-20-one; 3a-OH-DHP)
and deoxycorticosterone (5a- pregnane-3a, 21-
diol-20-one; 30-THDOC), which are inactive at
the intracellular steroid receptors (Gee et al,,
1988), have been shown to exert direct effects on
the GABAa receptor. They do so by increasing
the binding of muscimol and flunitrazepamand
potentiating the GABA-mediated chloride ion
uptake. They also inhibit TBPS binding in an
uncompetitive manner (Majewska et al., 1986;
Harrison et al, 1987, Morrow et al., 1987).
Autoradiographic studies indicate that all de-
tectable TBPS binding sites are sensitive to 3o-
OH-DHPalthoughthereareregionaldifferences
in the potency of the hormone in modulating
them (Gee et al., 1988). Physiological doses of
GABA potentiate theinhibitory effects of 3a-OH-
DHP and 3a-THDOC on TBPS binding (Gee et
al., 1987, 1988). Thus, there is a reciprocal posi-
tive cooperativity between the GABA- and ster-
oid-binding sites: steroids potentiate the bind-
ing of GABA, and GABA, in turn, enhances the
effects of steroids.

The effects of 3a-OH-DHP and 30-THDOC
are similar, but not identical to those of the bar-
biturates. Like barbiturates, both steroids in-
crease the number of high-affinity GABAa rec-
ognition sites (Peters et al., 1988), enhance the
affinity of BZ sites (Majewska et al., 1986), and
accelerate the dissociation of TBPS (Gee et al.,
1988). Both 30-OH-DHP and 3a-THDOC also
potentiate the actions of GABA on membrane
currents by enhancing chloride channel conduc-
tance (Callachan etal., 1987) and prolonging the
open time of the chloride channel (Barker et al.,
1987; Peters et al., 1988). Even in the absence of
GABA, these steroids stimulate a slow inward
chloride ion current, suggesting a direct link
between the steroid acceptor site and the chlo-
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ride channel (Majewska et al., 1986). Thus, like
barbiturates, 30-OH-DHP and 3a-THDOC in-
crease the number of high-affinity GABAa re-
ceptors that are functional and show a high af-
finity for BZ and a very low affinity for convul-
sants. According to the “5-State Model” (see Fig.
2), these steroids may stabilize an active high-
affinity conformationof the GABAareceptor that
would correspond to State4. However, whether
steroid hormones exert their effects on the
GABAa receptor by causing conformational
changes of the protein still has to be explored.
Before asserting that 5o-steroids shift the con-
formation of thereceptor fromalow-affinity state
to high-affinity ones, ithas to be shown that these
hormones increase high-affinity muscimol bind-
ing at the expense of low-affinity sites and that
they decrease the binding of antagonists, like
(+)bicuculline, that selectively label low-affinity
sites. 5a-Steroids have beenreported to increase
the number, rather than the affinity, of musci-
mol binding sites (Peters et al., 1988). However,
in this particular study, bound and free radioli-
gand were separated by filtration, and thisisnot
anoptimal method todetect low-affinity GABAa
receptor sites. The fact that 5a-reduced steroids
may indeed affect the affinity of the GABAasite
has been suggested by another study. Tetrahy-
droprogesterone (5a-pregnane-3a-ol-20-one;
THP) has been shown to increase muscimol
binding to membranes prepared from rat fore-
brains by increasing the affinity of the GABA
site. Similarily, during pregnancy, when plasma
P and THP levels are high, the affinity of the
GABAa receptor for muscimol is increased, but
not the number of binding sites. Thisincreasein
muscimol binding is associated with a potentia-
tion of GABA functions (Majewska et al., 1989).

Whether 5a-reduced steroids modulate the
GABAa receptor by binding to a specific site on
the macromolecular complex is still unknown.
However, this is suggested by the structural re-
quirements for activity and the nanomolar po-
tencies of these steroids (Harrison et al., 1987;
Gee et al.,, 1988). However, like a number of
other receptors, the GABAa receptor complex is
very sensitive to its lipid environment (Bristow
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and Martin, 1987). As a consequence, steroid
hormones may exert their effects on the receptor
without binding to it, but simply by modifying
the fluidity of the surrounding cell membrane.
Similar mechanisms of steroid hormone action
have already been proposed for other transmit-
ter receptors (Heron et al., 1980; Ciofalo, 1981).
That is, So-reduced steroids are highly lipo-
phylic, and membrane lipids are able to bind
steroids (Fesik and Makriyannis, 1986). Such a
mechanism of steroid action is not in contradic-
tion with the observation of stereospecificity.
Thus, 50-pregnan-3o-0l-20-one and Sa-pregnan-
3B-o0l-20-one do differ in the degree of disorder
that they induce in model membranes, with 3a-
steroids being the most efficient in this respect
(Lawrenceand Hill, 1975). Whateverthe mecha-
nism of steroid action may be, there are similari-
ties between the actions of steroids and barbitu-
rates, and it is likely that both modulate the
GABAa receptor by stabilizing an active high-
affinity conformation. However, interactions
between 3a-OH-DHP and pentobarbital in the
potentiation of flunitrazepam binding, in reduc-
ing TBPS binding or activating transmembrane
currents, show that steroids and barbiturates do
not act at a common site (Lambert et al., 1987;
Peters et al., 1988; Gee et al., 1988; Gee, 1988).
Steroids other than 30-OH-DHP and 3-o-
THDOC also exert direct effects on the GABAa
receptor complex. Thus, nanomolar (nM) con-
centrations of corticosterone enhance muscimol
binding to membrane preparations fromthe cor-
tex and cerebellum by increasing the affinity of
the GABAa binding site, without affecting its
number (Majewska et al., 1985). This result fits
well with the observation that adrenalectomy
decreases muscimol binding in these brain
regions. At low nanomolar concentrations,
glucocorticoids also potentiate the binding of
TBPSby increasing both the affinity and density
of the binding site (Majewska, 1987a). By en-
hancing TBPS binding, glucocorticoids could
increase neuronal excitability. Indeed, this has
been shown by electrophysiological experi-
ments (Feldman et al., 1961; Riker et al, 1982)
and is in agreement with the observation that
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glucocorticoids lower the threshold for seizures
(Woodbury; 1958, Majewska, 1987a). If corti-
costeroids exert these effects by changing the
conformation of the GABAa receptor, then our
“5-State Model” would predict that these hor-
mones would shift the conformation of the re-
ceptor toaninactive, high-affinity state sincenot
only GABA agonist, but also convulsant bind-
ing are increased (State 3).

There is a particular class of steroid hormones
that may also modulate activity GABAa recep-
tors. Thesehormones, dehydroepiandrosterone
(D), dehydroepiandrosterone sulfate (DS), as
well as their precursors, pregnenolone (P), and
pregnenolone sulfate (PS), are called “neuro-
steroids” because they are produced by the brain
itself (Corpéchotetal., 1981,1983; Huetal., 1987).
Neurosteroids have been reported to reduce
neuronal and glial death and improve memory
functions (Bolognaetal., 1987;Robertsetal., 1987;
Flood and Roberts, 1988). Several studies sug-
gest that neurosteroids may exert their effects
on brain cells by acting directly on the GABAa
receptor. However, their mechanism of action
is much debated. Some studies have suggested
that PS may competitively bind to the TBPS
binding site and, thus, mimic the effects of this
convulsant. That is, PS has been shown to in-
hibit muscimol-stimulated chloride ion uptake
in brain synaptosomes and antagonize pento-
barbital-stimulated flunitrazepam binding at
low micromolar concentrations (Majewska and
Schwartz, 1985). These inhibitory effects of PS
onthechlorideionophoreareinagreement with
the observation that D, DS, and PS exert excita-
tory effects on the neuronal membrane when
applied iontophoretically to cells in the septo-
preoptic area (Carette and Poulain, 1984).
Similarily, micromolar concentrations of PS re-
versibly inhibit GABA-generated currents iniso-
lated cortical neurons in a manner similar to
picrotoxin (Majewska et al., 1988). That is, both
PS and picrotoxin decrease the opening fre-
quency of theion channel (Mienville and Vicini,
1989). However, another recent study suggests
that PS is not competitive with the TBPS site.

Molecular Neurobiology

Schumacher and McEwen

That is, the effect of PS is to accelerate the disso-
ciation of TBPS, an effect that is potentiated by
GABA (Gee et al., 1989). Whatever, the concen-
trations of PS required to inhibit TBPS binding
are in the micromolar range, and levels of PS in
the brain appear to be 2-3 orders of magnitude
less (Corpéchot et al., 1983). Consequently, the
effects that PS exerts on TBPS binding in vitro
may not be physiologically relevant (Gee et al.,
1988). However, nanomolar concentrations of
PS have been shown to enhance muscimol bind-
ing (Majewska et al., 1985; Majewska, 1988), and
some studies suggest that PS may potentiate
GABA effects in a manner consistent with the
action of 5a-reduced, 3a-ol steroids (Gee et al.,
1988, 1989). That is, PS has been reported to
have anticonvulsant effects when administered
in vivo (Gee, 1988; Gee et al., 1988).

Significance of the Steroid-
GABAa Receptor Interactions

The potential therapeutic applications of A-
ring-reduced steroids have been reviewed re-
cently (Gee, 1988). These involve the treatment
of catamenial epilepsy and premenstrual syn-
drome (PMS). Since steroid hormones modu-
late the binding of drugs to the GABAa receptor
complex in an allosteric manner, it is not sur-
prising that they interact with antiepileptic
drugs. Thatis, theincidence of seizuresincreases
during periods of the menstrual cycle when
levels of circulating P are low (Backstrom, 1976;
Backstrom et al., 1985). Similarily, the number
of seizures in women with catamenial epilepsy
is lowest when circulating progesterone reaches
its highest levels (Rosciszewska et al., 1986).
These observations are in agreement with the
barbiturate-like (= anticonvulsant) effects of
progestagens. Emotional symptoms related to
PMS are also correlated with reduced P levels
(Backstrom et al., 1985). Recent studies show
that THDOC has sedative and anxiolytic prop-
erties in rodents (Crawley et al., 1986; Mendel-
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son et al., 1987). Thus, the effectiveness of treat-
ments with barbiturates or benzodiazepines is,
in part, dependent on the endocrinestatus of the
patient. One therapeutic strategy may be to ad-
minister steroid hormones during periods of
reduced hormone levels (Gee, 1988) or prior to
the administration of anxiolytic, analgesic, or
sedative GABAergic drugs in order to increase
their efficacity or even their specificity. How-
ever, the development of such combined treat-
ments requires a better understanding of the
mechanisms through the mediation of which
steroid hormones modulate, in an allosteric
manner, specific GABAa receptor subtypes.

Conclusions

Steroid hormones modulate the GABAa re-
ceptor whenadministered in vivo. They maydo
soby regulating the expression of genes thatcode
for the different receptor subunits. This possi-
bility has not been explored so far. However,
probes for the different genes that code for the
different receptor subunits are now available,
and their regulation by hormones can be stud-
ied within distinct brain regions by in situ hy-
bridization histochemistry. Steroid hormones
also exert rapid effects on the GABAa receptor
by binding directly to the receptor or modifying
its lipid environment. According to the various
models of the GABAa receptor (Figs. 1 and 2),
binding of a drug to its specific site causes the
conformation of the receptor to change. As a
consequence, the characteristics of the other
binding sites, and the functional properties of
the receptor complex, are modified. We pro-
pose that steroid hormones may act in a similar
manner. By binding to the GABAa receptor or
to specific membrane acceptor sites that are lo-
cated close to the receptor, gonadal and adrenal
steroids may shift the conformation of the
GABAa receptor between active and inactive
states. 5o-Reduced steroids, like 3a-OH-DHP
and 3e-THDOC, may, like barbiturates, stabi-
lize an active receptor conformation, which is

Molecular Neurobiology

295

characterized by high-affinity GABA and BZ
sites and low-affinity convulsant sites. This
conformation would correspond to State 4 of
our “Five-State Model” (Fig. 2). By contrast,
corticosteroids may favor a high-affinity inac-
tive conformation of the receptor (State 3, Fig. 2)
since these hormones increase the affinity of the
GABA siteand, possibly, the convulsant site for
their agonists. At least at low nanomolar con-
centrations, neurosteroids, like PS, may exert
similar effects than the 5a-reduced metabolites
and, thus, potentiate the active fourth confor-
mation of the GABA receptor.

Discussion

Inthe presentreview, we havedescribed three
basic mechanisms through the mediation of
which steroid hormones may modulate the
GABAareceptorinneural tissue. First, they may
do so by acting directly on the receptor or its en-
vironment, changing its conformation. These
conformational changes may depend on the
subunit composition of the receptor complex.
Second, they may also affect the synthesis and
expression of different receptor subunits by
regulating the activity of their corresponding
genes in a specific manner. Third, steroid hor-
mones may modulate the GABAa receptor, in
an indirect manner, through the mediation of
other regulatory factors. Thus, by changing the
activity of protein phosphorylating enzymes or
modifying the synthesis of regulatory peptides,
like prolactin, steroid hormones may regulate
GABAa receptor binding. This possibility has
not been explored extensively although some
evidence pertaining to prolactin involvement
was noted earlier. However, we have discussed
evidence that the first two mechanisms are in-
volved in the interactions between steroids and
the GABAa receptor. Specific agonists and an-
tagonists, as well as the clones for the different
subunits of the GABAa receptor, are now avail-
able and shall allow us to further investigate the
effects of steroids. Finally, the central GABAa
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receptor is desensitized or downregulated by its
neurotransmitter or a chronic exposure to ben-
zodiazepines (Gallager et al., 1984; Schwartz et
al., 1986; Cash and Subbarao, 1987; Tehrani et
al.,, 1988). Thus, in vivo administration of
GABAergic drugs and steroid hormones may
also modulate GABAa receptor binding by al-
tering the release rates of GABA or endogenous
benzodiazepines. That is, estrogens have been
shown to affectlevels and turnover of GABA, as
well as the activity of GABA-metabolizing en-
zymes in specific hormone-sensitive brain
regions (McGinnis et al., 1980; Mansky et al.,
1982; Duvilanski et al., 1983; Frankfurt et al.,
1984).

We have proposed that drugs and steroid
hormones may modulate the activity of the
GABAa receptor complex by changing its con-
formation. According to our “Five-State Mo-
del” (Fig. 2),the GABAareceptor may adopt two
additional active, high-affinity conformationsin
additionto thethreerecognized previously. The
new model fits most of the pharmacological and
electrophysiological data that are available.
However, it does not explain the heterogeneity
of the central GABAa receptor. This heteroge-
neity may result from a different subunit com-
position of different receptor populations. Dif-
ferent receptor populations may also explain
why steroid hormones exert different effects on
thereceptor within different brain regions. That
is, different GABAa receptor populations may
show different sensitivities to steroids. Investi-
gating the regulation of specific GABAa recep-
tor subtypes by steroid hormonesat the genomic
and membrane levels within distinct brain re-
gions is now possible using the techniques of in
vitro receptor autoradiography and in situ hy-
bridization histochemistry. In the near future,
such studies may lead to the development of
new therapeutic strategies, including the com-
bined administration of steroids and GABAer-
gic drugs.

Although our “Five-State model” does not
explain all experimental observations, it consti-
tutes an useful working model for further inves-
tigations. That is, it allows us to predict the
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consequences of the binding of a single drug,
ion, or hormone to the receptor complex on the
characteristics of the other recognition sites and
their complex interactions. The model also al-
lows speculation about the functional signifi-
cance of drug and hormone actions on the
GABAa receptor. Thus, an increase in musci-
molbinding bya givenhormonemay correspond
to an increase in the number of GABAa sites or
the stabilization of an inactive or active high-
affinity state. Regarding the great number of
drug binding sites that reside on the receptor
complex (six or even more), it is possible that
some GABAa receptors may even adopt more
than five distinct conformations. That is, the
present model does not explain the actions of
some drugs, like avermectines, that enhance BZ
bindingand decreases GABA binding (Olsenand
Snowman, 1985). However, before describing
supplementary interconvertible conformations
of the GABAa receptor, it is necessary to obtain
more experimental data.

Acknowledgments

Research in our laboratory was supported by
grant NS07080. M. Schumacher was supported
by NIH FellowshiplFO5TW04103-01 and a grant
from the European Molecular Biology Organi-
zation (EMBO).

References

Backstrom T. (1976) Epileptic seizures in women re-
lated to plasma estrogen and progesterone during
themenstrualcycle. Acta Neurol. Scand. 54,321-347.

Backstrom T., Bixo M., and Hammarback S. (1985)
Ovarian steroid hormones: Effects on mood, be-
havior,and brain excitability. Acta Obstet. Gynecol.
Scand. (Suppl.) 130, 19-24.

BarkerJ. L. and Ramson B. R. (1978) Pentobarbitone
pharmacology of mammalian central neurones
grown in tissue culture. J. Physiol. 280, 355-372.

Barker J. L., Harrison N. L., Lange G. D., and Owen
D.G.(1987) Potentiation of gamma-aminobutyric-

Volume 3,1989



Regulation of the GABAa Receptor

acid-activated chloride conductance by a steroid
anestheticin cultured rat spinal neurones. J. Phys-
iol. 386,485-501.

Belhage B., Hansen G. H., Schousboe A., and Meiere
E. (1988) GABA agonists promoted formation of
low affinity GABA receptorson cerebellar granule
cellsisrestricted toearly development. Int.]. Dev.
Neurosci. 6,125-128.

Boling].L.and BlandauR.].(1939) The estrogen-pro-
gesterone induction of mating responses in the
spayed guinea pig. Endocrinology 25, 359-364.

Bologa L., Sharma J., and Roberts E. (1987) Dehydro-
epiandrosteroneand its sulfated derivative reduce
neuronal death and enhance astrocytic differenti-
ation in brain cell cultures. J. Neurosci. Res. 17,
225-234.

BoweryN.G.,Collins].F.,and HillR. G.(1976) Bicyclic
phosphorusesters thatare potentconvulsantsand
GABA antagonists. Nature 261, 601-603.

Bowery N. G., Hudson A. L., and Price G. W. (1987)
GABAa and GABAD receptor site distribution in
the rat central nervous system. Neuroscience 20,
365-383.

Braestrup C. and Nielsen M. (1981) *H-Propy] 8-carbo-
line-3-carboxylateasa selectiveradioligand for the
BZI benzodiazepine receptor subclass. J. Neuro-
chem. 37, 333-341.

Bristow D. R. and MartinI. L. (1987) Solubilization of
the gamma-aminobutyricacid/benzodiazepinere-
ceptor fromrat cerebellum: Optimal preservation
of themodulatory responses by natural brainlipids.
J. Neurochem. 49, 1386-1393.

Browner M., Ferkany ]J. W., and Enna S.]. (1981) Bio-
chemical identification of pharmacologically and
functionally distinct GABA receptors in rat brain.
J. Neurosci. 1, 514-518.

Bureau M. and OlsenR. W. (1988) Gamma-aminobu-
tyricacid /benzodiazepine receptor protein carries
binding sites for both ligands on both two major
peptide subunits. Biochem. Biophys. Res. Commun.
153, 1006-1011.

Callachan H., Cottrell G. A., Hather N. Y., Lambert .
J..Nooney,].M.,and Peters]. A.(1987) Modulation
of the GABAa receptor by progesterone metabo-
lites. Proc. R. Soc. Lond. 231, 359-369.

Canonaco, M., O’Connor, L. H., Pfaff, D. W., and
McEwen, B. S. (1989) GABA,,, receptor level
changes in female hamster forebrain following in
vivo estrogen progesterone and benzodiazepine
treatment: A quantitative autoradiography anal-
ysis. Exp. Brain Res. 75, 644-652.

Molecular Neurobiology

297

Carette B. and Poulain P. (1984) Excitatory effect of
dehydroepiandrosterone, its sulphate ester and
pregnenolone sulphate, applied by iontophoresis
and pressure, on single neurones in the septopre-
optic area of the Guinea pig. Neurosci. Lett. 45,
205-210.

Casalotti S. O., Stephenson F. A., and Barnard E. A.
(1986) Separate subunits for agonist and benzo-
diazepinebinding in the gamma-aminobutyricacid
areceptor oligomer. J. Biol. Chem. 261,15013-15016.

CashD.].and SubbaraoK. (1987) Two desensitization
processes of GABA receptor from rat brain. FEBS
Lett. 217,129-133.

CashD.]. and Subbarao K. (1988) Different effects of
pentobarbital on two gamma-aminobutyrate re-
ceptors from rat brain: Channel opening, desen-
sitization, and an additional conformational
change. Biochemistry 27, 4580-4590.

Changeux].P.and RevahF. (1987) Theacetylcholine
receptor molecule: Allosteric sites and ion chan-
nel. TINS 10, 245-250.

ChangeuxJ. P., Devillers-Thiery A.,and Chemouilli
P.(1984) Acetylcholinereceptor: Anallosteric pro-
tein. Science 225, 1335-1345.

Ciofalo F. R. (1981) Effects of some membrane per-
turbers on a-adrenergic receptor binding. Neuro-
sci. Lett. 21,313-318.

Corpéchot C,, Robel P., Lachapelle F., Baumann N.,
Axelson M., Sjovall J.,and Baulieu E. E. (1981) Dé-
hydroépiandrosteronelibreet sulfo-conjugée dans
le cerveaude sourisdysmyéliniques. CR Acad. Sci.
(Paris) 292, 231-234.

Corpéchot C., Synguelakis M., Talha S., Axelson M.,
Sjovall]., VihkoR.,BaulieuE. E.,and Robel P.(1983)
Pregnenolone and its sulfate ester in the rat brain.
Brain Res. 270, 119-125.

CostaT.,Rodbard D.,and Pert C. B.(1979)Is the benzo-
diazepine receptor coupled to a chloride anion
channel? Nature 277,315-317.

Craig C.R.(1966) Anticonvulsantactivity of steroids:
separability of anticonvulsant from hormonal ef-
fects. ]. Pharmacol. Exp. Ther. 153, 337-343.

Crawley].N.,GlowaJ.R.,Majewska M. D., and Paul
S. M. (1986) Anxiolytic activity of an endogenous
adrenal steroid. Brain Res. 398, 382-385.

De Blas A. L., Victorica J., and Friedrich P. (1988)
Localization of the GABAareceptorin the ratbrain
witha monoclonal antibody to the 57,000 M, pep-
tide of the GABAa receptor/benzodiazepine
receptor/Cl channel complex. J. Neurosci. 8,
602-614.

Volume 3, 1989



298

Deng L., Ransom R. W,, and Olsen R. W. (1986)
[*H]Muscimol photolabels the gamma-aminobu-
tyric acid receptor binding site on a peptide sub-
unit distinct from that labeled with benzodiaze-
pines. Biochem. Biophys. Res. Commun. 138, 1308
1314.

DunnS.M.].,MartinC.R., Agey M. W.,and Miyazaki
R. (1989) Functional reconstitution of the bovine
GABAareceptor fromsolubilized components. Bio-
chemistry 28, 2545-2551.

Duvilanski B., Maines V. M., and Debeljuk L. (1983)
GABA-related enzymes in the hypothalamus of
rats treated with estradiol. Eur. J. Pharmacol. 89,
259-264.

Ehlert F. J. (1986) “Inverse agonists”, cooperativity
anddrugactionatbenzodiazepinereceptors. TIPS
7,28-32.

Ehlert F., Roeske W. R., Gee K. W, and Yamamura
H.L (1983) Anallosteric model for the benzodiaz-
epine receptor function. Biochem. Pharmacol. 32,
2375-2383.

EnnaS.]. and Karbon E. W. (1986) GABA receptors:
An overview, Benzodiazepine/GABA and chloride
channels: Structuraland functional properties, Olsen
R. W. and Venter J. C,, eds., Liss, New York, pp.
41-56.

EtchegoyenG.S.,CardinaliD.P.,Perez A.E., Tamayo
J.,and Perez-Palacios G.(1986) Binding and effects
of catecholestrogens onadenylate cyclase activity,
and adrenoreceptors, benzodiazepineand GABA
receptorsin guinea-pig hypothalamicmembranes.
Eur. J. Pharmacol. 129, 1-10.

Fehske K. J., Zube L., Borbe H. O., Wollert U., and
Miiller W. E. (1982) Beta-carbolines binding in-
dicates the presence of benzodiazepine receptor
subclasses in the bovine central nervous sys-
tem. Nauny Schmiedbergers Arch. Pharmacol. 319,
172-177.

Feldman S., Todt]. C., and Porter R. W. (1961) Effect
of adrenocortical hormones on evoked potentials
in the brain stem. Neurology 11, 109-115.

Fernandez-Guasti A., LarssonK.,and Beyer C. (1985)
Comparison of the effects of different isomers of
bicuculline infused into the preoptic area on male
rat sexual behavior. Experientia 41, 1414-1416.

Fernandez-Guasti A., Larsson K.,and BeyerC. (1986)
Lordosis behaviorand GABAergic neurotransmis-
sion. Pharmacol. Biochem. Behav. 24, 673-676.

Fesik S. W. and Makriyannis A. (1986) Geometric re-
quirements for membrane perturbationand anes-
thetic activity: conformational analysis of alpha-

Molecular Neurobiology

Schumacher and McEwen

xaloneand delta 16-alphaxaloneand 2HNMRstud-
ies on their interactions with model membranes.
Mol. Pharmacol. 27, 624-629.

Fischer]. B.and OlsenR. W.(1986) Biochemical aspects
of GABA/benzodiazepine receptor function,
Benzodiazepine/GABA receptorsand chloride channels:
Structural and functional properties, OlsenR. W.and
Venter ]. C,, eds., Liss, New York, pp. 241-259.

Fjalland B., Christensen]. D.,and Grell S.(1987) GABA
receptor stimulation increases the release of
vasopressin and oxytocin in vitro. Eur. J. Pharma-
col. 142, 155-158.

Flood J. F. and Roberts E. (1988) Dehydroepiandro-
sterone sulfates improves memory in aging mice.
Brain Res. 448, 178-181.

Fliigge G., Oertel W., and Wuttke W.(1986) Evidence
for estrogen-receptive GABAergic neurons in the
preoptic/anterior hypothalamic area of the rat
brain. Neuroendocrinology 43, 1-5.

Frankfurt M., Fuchs E., and Wuttke W. (1984) Sex
differences in y-aminobutyric acid and glutamate
concentrations in discrete rat brain nuclei. Newuro-
sci. Lett. 50, 245-250.

Gallager D. W.(1978) Benzodiazepines: Potentiation
of GABA inhibitory response in the dorsal raphe
nucleus. Eur. J. Pharm. 49, 133-143.

Gallager D.W.,RauchS. L., and Malcolm A. B. (1984)
Alterationsinalow affinity GABA recognitionsite
following chronic benzodiazepine treatment. Eur.
]. Pharmacol. 98, 159, 160.

GavishM., Weizman A, Youdim M. B.H.,and Okun
F. (1987) Regulation of central and peripheral
benzodiazepinereceptorsin progesterone- treated
rats. Brain Res. 409, 386-390.

Gee K. W. (1988) Steroid modulation of the GABA/
benzodiazepine receptor-linked chloride iono-
phore. Mol. Neurobiol. 2,291-317.

GeeK.W.and YamamuraH.I. (1982) Regional hetero-
geneity of benzodiazepine receptors at 37 C: An
in vitro study in various regions of the rat brain.
Life Sci. 31, 1939-1945.

GeeK.W.,MorelliM.,and Yamamura H.1.(1982) The
effectof temperature on CL.218872 and propyl beta-
carboline-3-carboxylate inhibition of *H-flunitra-
zepam binding in rat brain. Biochem. Biophys. Res.
Comm. 105, 1532-1537.

GeeK.W.,EhlertF.].,and Yamamura H.I. (1983) Dif-
ferential effect of gamma-aminobutyric acid on
benzodiazepine receptor subtypes labeled by *H-
propyl beta-carboline-3-carboxylate in rat brain.
J. Pharmacol. Exp. Ther. 225, 132-137.

Volume 3, 1989



Regulation of the GABAa Receptor

Gee K. W., Yamamura S. H., Roeske W. R., and
Yamamura H. I. (1984) Benzodiazepine receptor
heterogeneity: Possible molecularbasis and func-
tional significance. Fed. Proc. 43, 2767-2772.

Gee K. W, LawrenceL.].,and Yamamura H. 1.(1986)
Modulation of the chloride ionophore by benzo-
diazepine receptor ligands: Influence of gamma-
aminobutyricacid and ligand efficacy. Mol. Phar-
macol. 30, 218-225.

Gee K. W., Chang W. C,, Brinton R. E., and McEwen
B. S. (1987) GABA-dependent modulation of the
Cl ionophore by steroids in the rat brain. Eur. |.
Pharmacol. 136,419-423.

GeeK. W., Bolger M. B, Brinton R. E., Coirini H.,and
McEwenB.S.(1988) Steroid modulation of the chlo-
ride ionophore in rat brain: Structure-activity re-
quirements, regional dependence and mechanism
of action. [. Pharmacol. Exp. Ther. 246, 803-812.

Gee K. W., Joy D. S., and Belelli D. (1989) Complex
interactionsbetween pregnenolone sulfateand the
t-butylbicyclophosphorothionate-labeled chloride
ionophore in rat brain. Brain Res. 482, 169-173.

Goeders N. E., De Souza E. B., and Kuhar M. J. (1986)
Benzodiazepine receptor GABA ratios: Regional
differencesinratbrainand modulationby adrenal-
ectomy. Eur. |. Pharmacol. 129, 363-366.

Haefely W. and Polc P. (1986) Physiology of GABA
enhancement by benzodiazepines and barbitur-
ates, Benzodiazepine/GABA and chloride channels:
Structural and functional properties, OlsenR. W.and
Venter . C,, eds., Liss, New York, pp. 97-133.

Hamon M., Goetz C., Evrard C., Pasqualini C.,
LeDafnietM., KerdelhueB.,Clesselin F.,and Peillon
F.(1983) Biochemical and functional alterations of
central GABA receptors during chronic estradiol
treatment. Brain Res. 279, 141-152.

Hansen G. H., Meier E., Abraham J., and Schousboe
A. (1987) Trophic effects of GABA on cerebellar
granule cells in culture, Neurotrophic activity of
GABA during development, Redburn D. A. and
Schousboe A, eds., Liss, New York, pp. 109-138.

HansenG. H., Belhage B., Schousboe A.,and MeierE.
(1988)Gamma-aminobutyricacid agonist-induced
alterations in the ultrastructure of cultured cere-
bellar granule cells is restricted to early devel-
opment. |. Neurochem. 51,243-245.

Harrison N. L. and Simmonds M. A. (1984) Modula-
tion of the GABA receptor complex by a steroid
anesthetic. Brain Res. 323,287-292.

Harrison N. L., Majewska M. D., Harrington J. W.,
and Barker J. L. (1987) Structure-activity relation-

Molecular Neurobiology

299

ships for steroid interaction with the gamma-amin-
obutyric acid a receptor complex. ]. Pharm. Exp.
Ther. 241, 346-353.

Heaulme M., Chambon J. P, Leyris R., Wermuth C.
G., and Biziere K. (1987) Characterization of the
binding of [*HJSR 95531, a GABAa antagonist,
to rat brain membranes. ]. Neurochem. 48, 1677-
1686.

Heron D. S., Hershkowitz M., Shinitzky M., and
Samuel D. (1980) The lipid fluidity of synaptic
membranesand the binding of serotoninand opiate
ligands, Neurotransmitters and their receptors,
Littauer U.Z.,DudaiY.,and SilmanL.,eds., Wiley,
New York, pp. 125-138.

Heuschneider G. and Schwartz R. D. (1989) cAMP
and forskolin decrease y-aminobutyric acid-gated
chloride flux in rat brain synaptoneurosomes. Proc.
Natl. Acad. Sci. LISA 86, 2938-2942,

Horng ]. S. and Wong D. T. (1979) Gamma-amino-
butyric acid receptors in cerebellar membranes of
rat brain after a treatment with Triton X-100. J.
Neurochem. 32,1379-1386.

Hu Z. 1, Bourreau E., Jung-Testas I., Robel P., and
Baulieu E. E. (1987) Neurosteroids: Oligodendro-
cyte mitochondria convert cholesterol to preg-
nenolone. Proc. Natl. Acad. Sci. 84, 8215-8219.

Karobath M., Placheta P., and Lippitsch M. (1979) Is
stimulation of benzodiazepine receptor binding
mediated by a novel GABA receptor ? Nature278,
748, 749.

Kidokoro Y.(1988) Developmental changesin acetyl-
choline receptor channel properties of vertebrate
skeletal muscle, Ion channels, vol. 1, Narahashi T.,
ed., Plenum, New York, pp. 163-182.

KingR.G., Nielsen M., Stauber G. B.,and OlsenR. W.
(1987) Convulsant/barbiturate activity on the sol-
uble gamma-aminobutyric acid-benzodiazepine
receptor complex. Eur. ]. Biochem. 169, 555-562.

Kirkness E. F. and Turner A. J. (1986) The gamma-
aminobutyrate/benzodiazepinereceptor from pig
brain. Biochem. J. 233, 265-270.

Kirkness E. F., Bovenkerk C. F., Ueda T., and Turner
A.]. (1989) Phosphorylation of gamma-aminobu-
tyrate (GABA) bezodiazepine receptors by cyclic
AMP-dependent protein kinases. Biochem. J. 259,
613-616.

Krogsgaard-LarsenP., Nielsen L., and FlachE. (1986)
The active site of the GABA receptor, Benzodiaz-
epine/[GABA and chloride channels: Structural and
functional properties, Olsen R. W. and Venter . C.,
eds., Liss, New York, pp. 73-95.

Volume 3,1989



300

Lambert].]., Peters]. A.,and Cottrell G. A.(1987) Ac-
tions of synthetic and endogenous steroids on the
GABAa receptor. Trends Pharm. Sci. 8, 224-227.

LasagaM., DuvilanskiB. H., Seilicovich A., AfioneS.,
and Debeljuk L. (1988) Effect of sex steroids on
GABA receptors in the rat hypothalamus and an-
terior pituitary gland. Eur. |. Pharmacol. 155,
163-166.

LawrenceD.K.and Hill E. W.(1975) Structurally spe-
cific effects of some steroid anaesthetics on spin-
labelled liposomes. Mol. Pharmacol. 11, 280-286.

Lawrence L. J. and Casida J. E. (1983) Stereospecific
action of pyrethroid insecticides on the gamma-
aminobutyricreceptor-ionophorecomplex. Science
221,1399-1401.

LawrenceL.].,Gee K. W.,and Yamamura H.I. (1986)
GABA involvement in benzodiazepine receptor
modulation of the chloride ionophore, Benzodiaz-
epine/GABA and chloride channels: Structural and
functional properties, Olsen R. W. and Venter J. C,,
eds., Liss, New York, pp. 225-240.

Leeb-Lundberg F., Snowman A., and Olsen R. W.
(1980) Barbiturate receptor sites are coupled to
benzodiazepine receptors. Proc. Natl. Acad. Sci.
USA 77,7468-7472.

Leeb-Lundberg F., Snowman A., and Olsen R. W.
(1981) Perturbation of benzodiazepine receptor
binding by pyrazolopyridines involves picrotox-
inin/barbiturate receptorsites. J. Neurosci.1,471-
477.

Leeb-Lundberg L. M. and Olsen R. W. (1983) Hetero-
geneity of benzodiazepine receptor interactions
with gamma-aminobutyric acid and barbiturate
receptor sites. Mol. Pharm. 23, 315-325.

Leranth C., MacLusky N. J., Redmond D. E., and
Naftolin, F. (1986) Transmitter content and affer-
entconnectionsof progesteronereceptor (PR) con-
taining neuronsin the primate hypothalamus. Soc.
Neurosci. Abstr. 426.1.

Levitan E. S., Schofield P.R., Burt D. R,, Rhee L. M.,
Wisden W., Kohler M., Fujita N., Rodriguez H.F.,,
Stephenson A., Darlison M. G., Barnard E. A., and
SeeburgP. H. (1988) Structuraland functional basis
for GABAa receptor heterogeneity. Nature 335,
76-79.

LoM.M.S,, StrittmatterS.M.,and SnyderS. H. (1982)
Physical separation and characteristics of twotypes
of benzodiazepine receptors. Proc. Natl. Acad. Sci.
USA 79, 680-684.

LolaitS. J., O’Carroll A. M., Kusano K., Muller J. M.,
Brownstein, M. ].,and Mahan L. C. (1989) Cloning

Molecular Neurobiology

Schumacher and McEwen

and expression of a novel rat GABAa receptor.
FEBS Lett. 246, 145-148.

Maggi A. and Perez J. (1986) Estrogen-induced up-
regulation of gamma-aminobutyric acid recep-
tors in the CNS of rodents. |. Neurochem. 47,1793
1797.

Majewska M. D. (1987a) Antagonist-type interaction
of glucocorticoids with the GABA receptor-coupled
chloride channel. Brain Res. 418, 377-382.

Majewska M. D. (1987b) Steroids and brain activity.
Biochem. Pharmacol. 36, 3781-3788.

Majewska M. D.(1988) Interaction of ethanol with the
GABAareceptorin the ratbrain: Possible involve-
ment of endogenous steroids. Alcohol 5,269-273.

MajewskaM. D.and SchwartzR. D. (1985) Pregneno-
lone-sulfate: An endogenous antagonist of the
gamma-aminobutyric acid receptor complex in
brain? Brain Res. 404, 355-360.

Majewska M. D., Bisserbe J.C., and Eskay R. L. (1985)
Glucocorticoids are modulators of GABAa recep-
tors in brain. Brain Res. 339, 178-182.

MajewskaM. D, HarrisonN. L.SchwartzR.D., Barker
J. L., and Paul S. M. (1986) Steroid hormone me-
tabolites are barbiturate-like modulators of the
GABA receptor. Science 232, 1004-1007.

Majewska M. D., Mienville]J. M., and Vicini S. (1988)
Neurosteroid pregnenolone sulfate antagonizes
electrophysiological responses to GABA in neu-
rons. Neurosci. Lett. 90, 279-284.

Majewska M. D., Ford-Rice F., and Falkay G.
(1989) Pregnancy-induced alterations of GABAa
receptor sensitivity in maternal brain: An ante-
cedent of post-partum “blues”? Brain Res. 482,397
401.

Maksay G. and Ticku M. K. (1985) GABA, depres-
sants and chloride ions affect the rate of dissocia-
tion of 355-t-butylbicyclo-phosphorothionate bind-
ing. Life Sci. 37,2173-2180.

Mamalaki C., Barnard E. A., and Stephenson F. A.
(1989) Molecular size of the gamma-aminobutyric
acidareceptor purified from mammalian cerebral
cortex. J. Neurochem. 52,124-134.

Mamalaki C., Stephenson F. A., and Barnard E. A.
(1987) The GABAa/benzodiazepine receptor is a
heterotetramerof homologousalpha and betasub-
units. EMBO ]J. 6, 561-565.

Mansky T., Mestres-Ventura P.,and Wuttke W. (1982)
Involvement of GABA in the feedback action of
estradiol on gonadotropin and prolactin release:
hypothalamic GABA and catecholamine turnover
rates. Brain Res. 231, 353-364.

Volume 3,1989



Regulation of the GABAa Receptor

Masco D., Weigel R., and Carrer H. F. (1986) Gamma
amminobutyricacid mediates ventromedial hypo-
thalamic mechanisms controlling the execution of
lordotic responses in the female rat. Behav. Brain
Res. 19,153-162.

MasottoC.and Negro-Vilar A.(1986) GABA and gona-
dotropinsecretion: Evidence fromin vitrostudies
on regulation of LHRH secretion, GABA and endo-
crine functions, Racagni G.and Donoso A.O.,eds.,
Raven, New York, pp. 243-250.

MacLuskyN.].,Leranth C., Brown T.].,and Naftolin
F. (1986) Transmitter content and afferent connec-
tions of progesterone receptor (PR) containing neu-
rons in the guinea-pig hypothalamus. Soc. Neuro-
sci. Abstr. 426.2.

Mattson R. H., Kramer J. A., Caldwell B. V., and
Siconolsi B. C. (1983) Treatment of seizures with
medroxyprogesterone. Abstracts—15th Epilepsy
International Symposium (Washington, DC), 63 pp.

McCabe R. T. and Wamsley J. K. (1986) Autoradio-
graphic localization of subcomponents of the
macromolecular GABA receptor complex. Life Sci.
39,1937-1945.

McCabe T.R., Wamsley]. K., Yezuita]. P.,and Olsen
R. W. (1988) A novel GABAa antagonist [3H]SR
95531: Microscopic analysis of binding in the rat
brain and allosteric modulation by several benzo-
diazepine and barbiturate receptor ligands. Syn-
apse 2,163-173.

McCann S. M. and Rettori V. (1986) Gamma amino
butyricacid (GABA)controlsanterior pituitary hor-
mone secretion, GABA and endocrine functions,
Racagni G. and Donoso A. O., eds., Raven, New
York, pp. 173-189.

McCarthy M. M. and Malik K. F. (1988) GABA me-
diation of lordosis in the rat. Soc. Neurosci. Abstr.
14,109.9.

McEwen B. S. (1988) Genomic regulation of sexual
behavior. J. Steroid Biochem. 30, 179-183.

McEwen B.S., Biegon A., Fischette C. T. Luine, V.N,,
Parsons B., Rainbow T. C. (1984) Toward a neuro-
chemical basis of steroid hormone action, Frontiers
in neuroendocrinology, Martini L. and Ganong
W.F,, eds., Raven, New York, pp. 153-176.

McEwenB.S., Jones K.].,and Pfaff D. W. (1987) Hor-
monal control of sexual behavior in the female rat:
Molecular, cellularand neurochemical studies. Biol.
Reprod. 36,37—45.

McGinnisM.Y.,GordonJ. H.,and Gorski R. A. (1980)
Influence of gamma- aminobutyric acid on lordo-
sis behavior and dopamine activity in estrogen

Molecular Neurobiology

301

primed spayed female rats. Brain Res. 184, 179-
191.

McGinnisM.Y.,Gordon].H.,and GorskiR. A. (1980)
Time courseand localization of the effects of estro-
gen on glutamic acid decarboxylase activity. J.
Neurochem. 34, 785-792.

Medina].H.,deStein M. L.,and De Robertis E. (1989)
n-[*H]Butyl-beta-carboline-3-carboxylate, a puta-
tive endogenous ligand, binds preferentially to
subtype 1 of central benzodiazepine receptors. J.
Neurochem. 52, 665-670.

Meier E., Drejer J., and Schousboe A. (1984) GABA
induces functionally active low-affinity GABA
receptors on cultured cerebellar granule cells. .
Neurochem. 43,1737-1744.

Mendelson W. B., Martin . V., Perlis M., WagnerR,,
Majewska M. D., and Paul S. M. (1987) Sleep in-
duction by an adrenal steroid in the rat. Psycho-
pharmacology 93, 226-229.

Michler-Stuke A. and Wolff J. R. (1987) Facilitation
and inhibition of neural elongation by GABA in
chick tectal neurons, Neurotrophic activity of GABA
during development, Redburn D. A. and Schousboe
A, eds., Liss, New York, pp. 253-266.

Mienville J. M. and Vicini S. (1989) Pregnenolone
sulfate antagonizes GABAa receptor-mediated
currents via a reduction of channel opening fre-
quency. Brain Res. 489, 190-194.

MillerL.G.,GreenblattD.]., Barnhill]. G., Thompson
M. L., and ShaderhR.I.(1988) Modulation of benzo-
diazepine receptor binding in mouse brain by
adrenalectomy and steroid replacement. Brain Res.
446, 314-320.

Mishina M., Takai T., Imoto K., Noda M., Takahashi
T.,NumaS., Methfessel C.,and Sakmann B. (1986)
Molecular distiction between fetal and adult forms
of muscle acetylcholine receptor. Nature321,406—
411.

Mohler H.and Okada T. (1978) Properties of gamma-
aminobutyric acid receptor binding with (+)-*H-
bicuculline methiodine in rat cerebellum. Mol.
Pharmacol. 14, 256-265.

Morrow A. L. and Paul S. M. (1987) Benzodiazepine
enhancement of gamma-aminobutyric acid-medi-
ated chloride ion flux in rat brain synaptoneuro-
somes. J. Neurochem. 50, 302-306.

Miiller W. E. (1987) The Benzodiazepine Receptor,
Cambridge University Press, Cambridge, UK.
Mugnaini E. and Oertel W. H. (1985) An atlas of the
distribution of GABAergic neurons and terminals
in the rat CNS as revealed by GAD immuno-

Volume 3,1989



302

histochemistry, Handbook of chemical neuroanatomy,
vol. 4, Bjorklund A. and Hokfelt T., eds., Elsevier,
Amsterdam, pp. 436-608.

NowakL.M.,, Young A.B.,and MacDonald R. L.(1982)
GABA and bicuculline actions on mouse spinal
cord and cortical neuronsin cell culture. Brain Res.
244,155-164.

O’Connor L. H., Nock B., and McEwen B. S. (1988)
Regional specificity of gamma-aminobutyric acid
receptor regulation by estradiol. Neuroendocrinol-
ogy 47,473-481.

Olsen R. W. and Snowman A. M. (1982) Chloride-
dependent enhancement by barbiturates of
gamma-aminobutyric acid receptor binding. .
Neurosci. 2,1812-1823.

Olsen R. W. and Snowman A. M. (1983) 3H-bicucul-
linemethochloride binding tolow-affinity gamma-
aminobutyric acid receptor sites. J. Neurosci. 41,
1653-1663.

OlsenR.W.,and Snowman A. (1985) Avermectin Bla
modulation of gamma-aminobutyricacid /benzo-
diazepine receptor binding in mammalian brain.
J. Neurochem. 44, 1074-1082

Olsen R. W., and Venter ]. C. (1986) Benzodiazepine/
GABA receptors and chloride channels: Structural and
functional properties, Liss, New York.

Olsen R. W.,, Wong E. H. F., Stauber G. B., and King
R. G. (1984) Biochemical pharmacology of the
gamma-aminobutyric acid receptor/ionophore
protein. Fed. Proc. 43, 2773-2778.

Perez J., Zucchi L., and Maggi A. (1986) Sexual di-
morphism in the response of the GABAergic sys-
tem to estrogen administration. J. Neurochem. 47,
1798-1803.

Peters]. A.,Kirkness E. F., Callachan H., Lambert].].,
and Turner A.]. (1988) Modulation of the GABAa
receptor by depressantbarbituratesand pregnane
steroids. Br. ]. Pharmacol. 94, 1257-1269.

Pritchett D. B., Sontheimer H., Shivers B. D., YmerS.,
Kettenmann H., Schofield P.R., and Seeburg P. H.
(1989) Importance of anovel GABAareceptor sub-
unit for benzodiazepine pharmacology. Nature 338,
582-585.

Qureshi G. A., Bednar I., Forsberg G., and Sodersten
P. (1988) GABA inhibits sexual behaviour in fe-
male rats. Neuroscience 27, 169-174.

Ramanjaneyulu R. and Ticku M. K. (1984) Binding
characteristicsand interactions of depressantdrugs
with 355 t-butylcyclo-phosphorothionate, aligand
thatbinds to the picrotoxininsite. J. Neurochem. 42,
221-229.

Molecular Neurobiology

Schumacher and McEwen

Riker W. F., and Sastre A. (1982) Electrophysiologic
and clinical aspects of glucocorticoids on certain
neural systems, Adrenal actions on brain, Ganten D.
and Pfaff D., eds., Springer Verlag, Berlin, pp.
69-106.

Robel P., Corpéchot C., Clarke C., Groyer A,
SynguelakisM., Vourc’hC.,and Baulieu E. E. (1986)
Neuro-steroids: 3B-hydroxy-delta-5-derivatives
in the rat brain, Neuroendocrine molecular biology,
Fink G., Harmar A. ]., and McKerns K. W, eds.,
Plenum, New York, pp. 367-377.

RobertsE. (1986) GABA: Theroad to neurotransmit-
ter status, Benzodiazepines/GABA and chloride chan-
nels: Structural and functional properties,OlsenR. W.
and Venter]. C,, eds., Liss, New York, pp. 1- 39.

RobertsE., BologaL.,Flood].F.,and Smith G.E.(1987)
Effects of dehydroepiandrosterone and its sulfate
on brain tissue in culture and memory in mice.
Brain Res. 406, 357-362.

Rociszewska D., Bunter B., Guz I., and Zawisza L.
(1986) Ovarian hormones, anticonvulsant drugs
and seizures during the menstrual cyclein women
with epilepsy. . Neurol. Neurosurg. Psychiatry 49,
47-51.

Rubin B. and Barfield R. (1983) Progesterone in the
ventromedial hypothalamus facilitates estrous be-
havior in ovariectomized estrogen-primed rats.
Endocrinology 113, 797-804.

Sato T. N. and Neale J. H. (1989) Type I and type II
gamma-aminobutyricacid /benzodiazepine recep-
tors: Purification and analysis of novel receptor
complex from neonatal cortex. J. Neurochem. 52,
1114-1122.

Schofield C. N. (1980) Potentiation of inhibition by
general anaesthetics in neurones of the olfactory
cortex in vitro. Pflugers Arch. 383,249-255.

Schofield P. R, Darlison M. G., FujitaN., Burt D.R,,
Stephenson F. A., Rodriguez H., Rhee L. M.,
Ramachandran].,RealeV.,GlencorseT. A.,Seeburg
P. H., and Barnard E. A. (1987) Sequence and
functional expression of the GABAa receptor shows
aligand-gated receptor super-family. Nature 328,
221-227.

Schumacher M., Coirini H.,and McEwen B.S.(1989a)
Regulationof high-affinity GABAareceptorsin the
dorsal hippocampusby estradiol and progesterone.
Brain Res. 487, 178-183.

Schumacher M., Coirini H.,and McEwen B.S.(1989b)
Regulation of high-affinity GABAa receptors in
specificbrainregions by ovarian hormones. Neuro-
endocrinology 50, 315-320.

Volume 3, 1989



Regulation of the GABAa Receptor

SchwartzR. D.(1988) The GABAa receptor-gated ion
channel: Biochemical and pharmacological stud-
ies of structure and function. Biochem. Pharmacol.
37,3369-3375.

Schwartz R. D., Suzdak P. D., and Paul S. M. (1986)
y-amminobutyric acid (GABA)- and barbiturate-
mediated *¥CL-uptake in rat brain synaptosomes:
Evidence for rapid desensitization of the GABA
receptor-coupled chloride ion channel. Mol
Pharmacol. 30,419-426.

Schwartz R. D., Weiss M. ]., Labarca R., Skolnick P.,
and Paul $. M. (1987) Acute stress enhances the ac-
tivity of the GABA receptor-gated chloride ion
channel in brain. Brain Res. 411, 151-155.

Schwartz-Giblin S., Canonaco M., McEwen B.S.,and
Pfaff D. W. (1988) Effects of in vivo estradiol and
progesterone on tritiated flunitrazepam binding
in rat spinal cord. Neuroscience 25, 249-257.

Schwartz-GiblinS., Korotzer A.,and Pfaff D.W. (1989)
Steroid hormone effects on picrotoxin-induced sei-
zures in female and malerats. Brain Res. 476,240
247.

Segal M. and Barker ). L. (1984) Rat hippocampal
neuronsinculture: Properties of GABA-activated
Clion conductance. ]. Neurophysiol. 51, 500-515.

Sequier]. M., Richards]. G., MalherbeP., Price G.W.,
MathewsS.,and Mohler H.(1988) Mapping of brain
areas containing RNA homologous to cDNAs en-
coding the a and B subunits of the rat GABAa y-
aminobutyratereceptor. Proc. Natl. Acad. Sci. USA
85,7815-7819.

Sieghart W., Mayer A., and Drexler G. (1983) Prop-
erties of 3H-flunitrazepam binding to different
benzodiazepine binding proteins. Eur. J. Pharma-
col. 88,291-299.

Sieghart W., Eichinger A., Riederer P., and Jellinger
K. (1985) Comparison of benzodiazepine receptor
binding in membranes from human or rat brain.
Neuropharmacology 24, 751-759.

Sigel E.and Barnard E. A.(1984) A gamma-aminobu-
tyricacid /benzodiazepine receptor complex from
bovine cerebral cortex. J. Biol. Chem. 259,7219-7223.

Sigel E., Stephenson A., Mamalaki C., and Barnard
E. A.(1983) A gamma-aminobutyric acid/benzo-
diazepine receptor complex of bovine cerebral
cortex. J. Biol. Chem. 258, 6965-6971.

Skeritt]. H., Willow M., and Johnston G. A.R. (1982)
Diazepam enhancement of low affinity binding to
rat membranes. Neurosci. Lett. 29, 63-66.

SpethR.C., Wastek G. J.,and Yamamura H. L. (1979)
Benzodiazepine receptors: Temperature depen-

Molecular Neurobiology

303

dence of *H-flunitrazepam binding. Life Sci. 24,
351-368.

SquiresR.F., Casida].E., Richardson M.,and Saederup
E. (1983) (35)t-butylbicyclophosphorothionate
binds with high affinity to brain-specific sites cou-
pled to gamma-aminobutyric acid an ion recog-
nition site. Mol. Pharm. 23, 326-336.

SquiresR.F.(1986) Ligand and ion siteinteractionsin
GABA and benzodiazepine receptor complexes,
Benzodiazepine[GABA receptorsand chloridechannels:
Structural and functional properties, OlsenR.W.and
Venter ]. C,, eds., Liss, New York, pp. 209-224.

Stauber G. B., Ransom R. W., Dilber A. 1., and Olsen
R.W.(1987) The gamma-aminobutyric-acid /ben-
zodiazepine-receptor protein from rat brain. Eur.
J. Biochem. 167,125-133.

Study R. E. and Barker J. L. (1981) Diazepam and (-)
pentobarbital: Fluctuation analysis reveals dif-
ferent mechanisms for potentiation of gamma-
aminobutyric acid responses in cultured central
neurons. Proc. Natl. Acad. Sci. USA 78,7180-7184.

Supavilai P. and Karobath M. (1984) (355)-t-butyl-
bicyclophosphorothionate binding sites are con-
stituents of the gamma-aminobutyric acid benzo-
diazepine receptor complex. J. Neurosci. 4, 1193
1200.

Supavilai P. and Karobath M. (1985) Modulation of
acetylcholine release from rat striatal slices by the
GABA /benzodiazepine receptorcomplex. Life Sci.
36,417-426.

SweetnamP.M.and Tallman].F.(1986) Regional dif-
ferences in brain benzodiazepine receptor carbo-
hydrates. Mol. Pharmacol. 29,299-306.

Takeuchi A. and Takeuchi N. (1969) A study of the
action of picrotoxin on the inhibitory neuromus-
cularjunctionof thecrayfish. J. Physiol. 205,377-391.

Taliman J. F., Paul 5. M., Skolnick P., and Gallager
D. W. (1980) Receptors for the age of anxiety:
Pharmacology of the benzodiazepines. Science
207, 274-281.

Tallman J., ThomasJ. W., and Gallager D. W. (1978)
GABAergic modulation of benzodiazepine bind-
ing site sensitivity. Nature 274, 383-385.

Tehrani M. H. J. and Barnes E. M. (1988) GABA
downregulates the GABA /benzodiazepine re-
ceptor complex in developing cerebral neurons.
Neurosci. Lett. 87, 288-292.

TehraniM.H.].,Clancey C.].,and Barnes E. M. (1985)
Multiple [35S]t-butylbicyclophosphorothionate
binding sites in rat and chicken cerebral hemi-
spheres. |. Neurochem. 45,1311-1314.

Volume 3,1989



304 Schumacher and McEwen

TrifilettiR.R,, Snowman A.M.,and SnyderS. H. (1985)
Barbiturate recognition site on the GABA /benzo-
diazepine receptor complex is distinct from the
picrotoxinin/TBPS recognitionsite. Eur. |. Pharma-
col. 106, 441-447.

Trullas R., Havoundjian H., Zamir N., Paul S., and
Skolnick P.(1987) Environmentally-induced modi-
fication of the benzodiazepine/GABA receptor
coupled chloride ionophore. Psychopharmacology
91, 384-390.

Wastek G.F., SpethR.C.,Reisine T.D.,and Yamamura
H.I.(1978) The effect of gamma-aminobutyricacid
on3H-flunitrazepambindingin theratbrain. Eur.
J. Pharm. 50, 445-447.

Willow M. and Johnston G. A.R. (1980) Enhancement
of GABA binding by pentobarbitone. Neurosci. Lett.
18,323-327.

Wisden W., Morris B. J., Darlison M. G., Hunt S. P.,
and Barnard E. A. (1989) Localization of GABAa
receptor alpha-subunit mRNAs in relation to re-
ceptor subtypes. Mol. Brain Res. 5, 305-310.

Wong E. H. F,, Snowman A. M., Leeb-Lundberg
L.M.F., and Olsen R. W. (1984) Barbiturates allo-
sterically inhibitGABA antagonistand benzodiaz-
epine inverse agonist binding. Eur. J. Pharmacol.
102, 205-212.

Wuttke W, Jarry H., and Flugge G. (1986) GABA is a
neurotransmitter of estrogen-receptive neuronsin
the central nervous system, Integrative neuroendo-
crinology: Molecular, Cllular and Cinical Apects,
McCann$S.M.and WeinerR.1.,eds., Karger, Basel,
pp- 70-79.

YangJ. S. F. and Olsen R. W. (1987) Gamma-amino-
butyric acid receptor binding in fresh mouse brain
membranes at 22 C: Ligand-induced changes in
affinity. Mol. Pharmacol. 32, 266-277.

Molecular Neurobiology Volume 3,1989



