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Your worst enemy, he reflected, was your own nervous system. At any moment the

tension inside you was liable to translate itself into some visible symptom. .

.. And

what was frightening was that the action was quite possibly unconscious.

Throughout history, anxiety has been
recognized as an inherent part of man’s
being. Discussion of the origins of anx-
iety has become explicit in the 20th cen-
tury and is a frequent theme in today’s
literature. The definition of anxiety is as
varied as the experience itself, and its
biological basis is obscure. While anx-
iety may be thought of as an unpleasant
state, characterized by uneasiness and
apprehension (1), it is also a strong moti-
vating force in many forms of behavior
and, like fear, has fundamental adaptive
and perhaps evolutionary significance.
Pathological or excessive anxiety is
clearly undesirable, and its postulated
relation to many forms of ‘‘purely”’
physical disease make understanding its
origins and treatment a major concern
(I). In recent years, the ‘‘minor tranquil-
izers’’ have become increasingly popular
for the treatment of anxiety, and the ben-
zodiazepines are the most widely pre-
scribed minor tranquilizers in current
use. Recent advances in our understand-
ing of how benzodiazepines produce
their therapeutic effects have also pro-
vided clues to the basic neurochemical
mechanisms in the central control of
anxiety, seizures, muscle relaxation, and
perhaps even sleep.

History and Use

In 1960 chlordiazepoxide (Librium)
became the first 1,4-benzodiazepine (2)
introduced into clinical use. It was rapid-
ly followed by a more potent analog,
diazepam (Valium), and in 1970 by flu-
razepam (Dalmane). Chlordiazepoxide
and diazepam continue to be used widely
in clinical practice as muscle relaxants,
anticonvulsants, anxiolytics, and hyp-
notics (sleeping pills). In 1977, 54 million
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prescriptions were written for diazepam
and 13 million for chlordiazepoxide (3).
Flurazepam is specifically marketed in
North America as a hypnotic (nitraze-
pam is used for this purpose in several
European countries) and in 1977 ac-
counted for 53 percent of all hypnotics
prescribed (13.6 million prescriptions)
(3). A conservative estimate ¢) in-
dicates that at least 8000 tons of the ben-
zodiazepines were consumed in the
United States in 1977.

When administered orally, the ben-
zodiazepines become widely distributed
in the body and, because of their chem-
ical structure, they accumulate preferen-
tially in lipid-rich tissues such as adipose
and brain. They are primarily metabo-
lized by the liver and excreted by the
kidney. Pharmacologically active metab-
olites of the benzodiazepines are fre-
quently long-lived, and their delayed ex-
cretion may account for impaired ‘‘next-
day”’ functioning after their use as hyp-
notics (3). Cumulative dose effects after
long-term use has also been reported (3).
Although physical addiction to ben-
zodiazepines is not as significant a prob-
lem as with other psychopharmacolog-
ical agents, psychological dependence
on benzodiazepines has been reported
and physical withdrawal symptoms have
been observed after abrupt cessation of
moderate to high doses (5). Interactions

with other central nervous system (CNS)

depressants, particularly alcohol, are a
major problem in clinical practice. Nev-
ertheless, a wide margin of safety be-
tween the therapeutic and toxic doses of
benzodiazepines has been consistently
observed (5).

Behavioral Effects in Animals and Man

The benzodiazepines are used to mod-
ify behavior in a wide variety of clinical
situations ranging from the treatment of
anxiety and insomnia to the management
of alcohol withdrawal (5). Their estab-
lished efficacy in a number of seeming-
ly diverse neuropsychiatric conditions
stems from at least four distinct behav-
ioral effects. In man these include: anti-
convulsant, muscle relaxant, anxiolytic,
and sedative-hypnotic properties. Al-
though it has been suggested that the
antianxiety effects of the benzodiaze-
pines may result from a combination of
the drug’s muscle relaxant and sedative
effects, each of these effects alone is in-
sufficient for anxiolytic activity. There-
fore, it is more likely that the various be-
havioral effects of the benzodiazepines
have a closely related neuropharmacolog-
ical mechanism or may reflect degrees
of action along a single continuum of ef-
fects. These hypotheses are supported
by the high degree of predictive correla-
tion among the various behavioral tests
for benzodiazepine activity and the posi-
tive correlations observed between the
animal tests and anxiolytic activity in
man 6).

Most of the clinically used anxiolytics
(benzodiazepines and meprobamate, for
example) display some degree of anti-
convulsant activity in both laboratory
animals (7) and man (8). However, the
benzodiazepines seem to be selectively
effective in preventing pentylenetetrazol
(Metrazol)-induced seizures. Further-
more, the relative potencies of various
benzodiazepines in protecting mice
against pentylenetetrazol-induced sei-
zures correlate well with their relative
clinical potencies as anxiolytics. Since
measuring seizure activity is a relatively
simple procedure, prevention of pen-
tylenetetrazol-induced seizures in mice
is the most commonly used initial
screening test for potential anxiolytic
drugs (9). Many investigators maintain
that humans do not develop overt toler-
ance to the anxiolytic effects of the ben-
zodiazepines (10) although this question
is controversial (/7). Animals do not de-
velop tolerance to the antipentylene-
tetrazol activity of the benzodiazepines
(12). This is in contrast to the effects of
these drugs in preventing seizures induc-
ed by both strychnine and bicuculline,
where tolerance develops in animals sub-
jected to long-term treatment with ben-
zodiazepines (/2). These studies suggest
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that an understanding of the biochemical
mechanisms in either the production or
inhibition of pentylenetetrazol-induced
seizures may lead to an understanding of
the anxiolytic action of the benzodiaze-
pines.

The ability of the benzodiazepines to
produce muscle relaxation in laboratory
animals was observed in the initial be-
havioral studies of these agents (I3). Al-
though muscle relaxant activity is not
unique to the benzodiazepines (all com-
monly used anxiolytics share this prop-
erty), the extreme potency of the ben-
zodiazepines as muscle relaxants (6)
makes this a selective effect. It is gener-
ally agreed that the muscle relaxation
produced by the benzodiazepines is cen-
trally rather than peripherally mediated
(I14). The relatively high concentrations
of benzodiazepine necessary to inhibit
neuromuscular impulse conduction in
isolated nerve-and-muscle preparations
(15) make a solely peripheral action high-
ly unlikely. Although significant neu-
rophysiological effects have been dem-
onstrated at both spinal and supraspinal
levels, the exact CNS sites responsible
for the muscle relaxant properties of the
benzodiazepines are unknown. Also,
there seems to be a close relation be-
tween their effective doses as muscle re-
laxants in animals and their anxiolytic
doses in man (6).

One of the more impressive behavioral
effects of the benzodiazepines is their
positive reinforcement of behaviors pre-
viously suppressed by punishment (16).
The behavioral paradigms used to dem-
onstrate this effect are called ‘‘conflict”
situations, because the response of the
animal is both rewarded (for example,
with food) and punished (for example,
with electric shock). Under these condi-
tions, untreated animals will normally be
influenced by punishment and will sup-
press responses for the rewarding stimu-
lus. The administration of benzodiaze-
pines characteristically increases the be-
havioral response for the rewarding stim-
ulus during conditions of punishment.
Since the neuronal mechanisms that me-
diate the suppressing effects..of punish-
ment are believed to be inhibitory, the
benzodiazepines have been thought of as
‘‘disinhibitors’’ of suppressed behavior.
Regardless of the emotional tone one en-
visions for this type of ‘‘conflict’’ in ani-
mals, the major clinical effects of the
benzodiazepines also involve a reduction
in the behavioral consequences of frus-
tration, fear, and punishment. Thus, the
pharmacological activity of the ben-
zodiazepines in the conflict situation
may represent a close behavioral corol-
lary to their anxiolytic activity in man.
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The benzodiazepines display a variety
of other behavioral effects (I7), but the
specificity of these effects for the ben-
zodiazepines and their relation to anx-
iolytic activity in man (/7) are not well
established. An example is the anti-
aggressive or ‘‘taming’’ effects observed
when the benzodiazepines are adminis-
tered to aggressive animals (/7). Al-
though this effect occurs at doses that do
not impair motor behavior, similar and
more potent antiaggressive activity can
be demonstrated for many other drugs,
including the phenothiazines, stimulants,
opiates, and anticholinergic agents. In
addition, like all psychotropic drugs, the
benzodiazepines produce undesirable ef-

known transmitter systems (22) is one
approach to demonstrating the interac-
tions between the benzodiazepines and
putative neurotransmitters. Use of these
electrophysiological procedures led sev-
eral authors to suggest that at least part
of the actions of benzodiazepines result
from a specific interaction with the inhib-
itory transmitter GABA (23, 24). Early
experiments demonstrated that diaze-
pam could potentiate presynaptic inhibi-
tion in the cat spinal cord (25) where
GABA is assumed to be the neurotrans-
mitter (26). This study (25) showed a se-
lective sensitivity of the benzodiazepines
for GABA-mediated events; postsyn-
aptic inhibition in this same region, pre-

Summary. Investigation of the actions of the benzodiazepines has provided insights
into the neurochemical mechanisms underlying anxiety, seizures, muscle relaxation,
and sedation. Behavioral, electrophysiological, pharmacological, and biochemical
evidence indicates that the benzodiazepines exert their therapeutic effects by inter-
acting with a high-affinity binding site (receptor) in the brain. The benzodiazepine
receptor interacts with a receptor for y-aminobutyric acid, a major inhibitory neuro-
transmitter, and enhances its inhibitory effects. The benzodiazepine receptor may
also interact with endogenous substances and several naturally occurring com-
pounds, including the purines and nicotinamide, are candidates for this role. Both the
purines and nicotinamide possess some benzodiazepine-like properties in vivo, al-
though further work will be required to.confirm their possible roles as endogenous

benzodiazepines.

fects (for example, ataxia) that may (or
may not) be related to their therapeutic
effects. Therefore, studies designed to
elucidate the neurochemical mechanisms
mediating the anxiolytic action of these
drugs must also consider concomitant
neurochemical events responsible for
unrelated behavioral effects.

Electrophysiological Studies

One approach to understanding the
cellular mechanism of action of ben-
zodiazepines is to examine the effects of
these compounds on known transmitter
systems within the CNS. The systemic
administration of benzodiazepines has
been found to affect the concentrations
of most putative neurotransmitters [in-
cluding norepinephrine, dopamine, 5-hy-
droxytryptamine, acetylcholine, glycine,
and y-aminobutyric acid (GABA)] (18-
20). While these changes may be related
to the behavioral effects of the ben-
zodiazepines (/9-21), the primary neural
pathway responsible for the clinical
effects of the benzodiazepines is not
clear.

Investigation of the systemic and di-
rect (by microiontophoretic application)
effects of benzodiazepines on neuronal
activity of identified cells innervated by

sumed to be mediated by glycine, was
unaffected by benzodiazepines. The en-
hancement of presynaptic GABA-medi-
ated inhibition by benzodiazepines in the
spinal cord was confirmed in other labo-
ratories (24, 27, 28) and found to occur in
other regions, including the sympathetic
ganglia (29) and the cuneate nucleus (30),
that is, a group of cells in the medulla. In
the cuneate nucleus, both pre- and post-
synaptic inhibition are mediated in part
by GABA (26) and both of these inhib-
itory events are enhanced by ben-
zodiazepines (30). Facilitation of GABA-
mediated postsynaptic inhibition has al-
so been observed in the cerebral cortex,
substantia nigra, hippocampus, and cere-
bellar Purkinje cells (24, 31, 32). Syner-
gistic actions of benzodiazepines with
iontophoretically applied GABA have
been demonstrated in many different
neuronal systems: cerebral cortex (33),
cerebellar Purkinje cells (34), cerebellar
slice preparations (35), dorsal raphe cells
(36), tuberal hypothalamic cell culture
(35), chick spinal cell cultures (37), and
fetal rat spinal cord cultures (38).
Benzodiazepines have also been re-
ported to antagonize GABA-mediated
inhibition in Deiters nucleus in the me-
dulla, in the cerebellum (39), and in cul-
tured cerebellar Purkinje cells (40). These
seemingly opposite effects of ben-
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zodiazepines on GABA function may be
explained by the recent observation that
benzodiazepine effects are dose-depen-
dent (38). Low iontophoretic doses of
benzodiazepines enhance GABA-medi-
ated inhibition in spinal cord cultures,
whereas higher doses of benzodiaze-
pines antagonize the same GABA re-
sponses. Benzodiazepine effects on
GABA-mediated events have been spe-
cifically blocked by antagonists of
GABA, such as picrotoxin 23, 27, 30,
34-36) and bicuculline (4, 28, 32, 41,
42), and have been enhanced by agents
such as aminooxoacetic acid that in-
crease GABA concentrations in the
brain (30, 36). In addition, inhibition of
GABA synthesis abolishes the facilitat-
ing effects of diazepam on GABA, at
least at presynaptic sites (23, 30). These
studies confirm pharmacologically that
GABA and the benzodiazepines interact.

The specificity of the benzodiazepines
in enhancing GABA-mediated effects on
neurons is indicated by the lack of ef-
fects on synaptic events known to be me-
diated by other transmitters. No effects
on glycine-mediated transmission (25,
43), on iontophoretically applied glycine
(35-38, 42), or on strychnine sensitivity
(36, 42, 43) have been observed. In addi-
tion, responses to microiontophoretical-
ly applied 5-hydroxytryptamine in dorsal
raphe cells (36) or to iontophoretically
applied norepinephrine in cerebellar Pur-
kinje cells (34) were not affected by ben-
zodiazepines. Direct iontophoretic inter-
actions of benzodiazepines with other
putative transmitters have not been re-
ported.

Thus the electrophysiological data
support the hypothesis that benzodiaze-
pines modulate GABA-mediated synap-
tic events and that, at pharmacologically
relevant doses, these drugs potentiate
GABA-mediated inhibition in the CNS.
Since this potentiation has been ob-
served in many areas of the brain and
spinal cord, it seems to be a general ef-
fect of the benzodiazepines in nervous
tissue.

The molecular mechanisms respon-
sible for potentiation of GABA-mediated
inhibition by benzodiazepines are not yet
clear. Potentiation might occur by: (i) a
direct activation of GABA receptors, (ii)
an increase in presynaptic GABA re-
lease, (iii) an inhibition of GABA remov-
al from its receptor site, or (iv) an altera-
tion in the postsynaptic response to
GABA. That the benzodiazepines do not
exactly mimic the effects of GABA (in
spite of facilitated GABA-mediated
events) suggests that the first possibility
can be excluded (34, 36-38, 44). In addi-
tion, in studies where GABA has been
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Table 1. Inhibition (K;) by various benzodia-
zepines of [*H]diazepam binding to rat brain
membranes and the therapeutic doses of these
drugs in man. These data show that there is a
correlation between the ability to inhibit bind-
ing and therapeutic effects in man. However,
the data do not take into account drug metab-
olism or penetration into the brain. With a
more extensive series of drugs a correlation of
0.83 (P < .005) was observed (50). It should
be noted that the values for the dose causing
drug effect in the majority of subjects are
higher than the average clinical dose.

Dose causing

drug effect
Compound K;(nM)*  in majority
of subjects
(mg/day)¥t
Clonazepam 2 7.5
Flunitrazepam 3 6
Diazepam 9 75
(Valium)
Flurazepam 16 100
(Dalmane)
Nitrazepam 19 30
Bromazepam 30 60
Chlordiazepoxide 570 100
(Librium)
ROS5-5807 2,600 160
ROS-4864 > 100,000 Not active

*Data from @9). tData from (6).

applied by ionotophoresis, the potentia-
tion of the GABA-mediated response by
benzodiazepines does not seem to be due
to increased presynaptic release of
GABA (34, 36-38). Evidence also fails to
support the idea that benzodiazepines
block the uptake (35, 36) or catabolism
30, 36) of GABA. Thus, alterations of
postsynaptic responses to GABA remain
the most likely possibility. Yet even this
hypothesis may not be sufficient to ex-
plain completely every pharmacological
action of the benzodiazepines. Many be-
havioral studies have failed to demon-
strate a synergistic relation between
GABA and benzodiazepines. GABA
mimetics, although potent as anti-
convulsants, fail to act behaviorally in
the conflict test (/6). Furthermore, it
seems unlikely that changes in the re-
sponse to GABA in the spinal cord could
be relevant to the antianxiety properties
of the benzodiazepines, although such
changes might be related to the ataxia
produced by benzodiazepines.

The electrophysiological effects of
benzodiazepines have been compared
with representative compounds from
other classes of drugs that exhibit one or
more of the pharmacological actions dis-
played by benzodiazepines. Such com-
parisons have been made with the bar-
biturates (44, 45), the anticonvulsant
diphenylhydantoin (#¢6), and the major
tranquilizer chlorpromazine (28). How-
ever, these studies have not yielded de-

finitive information about unique elec-
trophysiological characteristics of the
benzodiazepines. Since it has been esti-
mated that GABA probably mediates
transmission in at least 30 percent of
brain synapses (47), it is likely that any
modification of this transmitter could re-
sult in extensive repercussions through-
out the CNS ¢4).

Benzodiazepine Receptors in the Brain

The use of radioactively labeled com-
pounds of high specific activity in studies
of brain receptor binding has rapidly ad-
vanced our knowledge of the biochemi-
cal mechanisms of action of the ben-
zodiazepines 48). By using 3H-labeled
diazepam and 3H-labeled flunitrazepam,
it has been possible to demonstrate that
there are high-affinity binding sites in
mammalian brain that fulfill many of the
criteria of pharmacological receptors for
these compounds; binding to these sites
in vitro is rapid, reversible, stereo-
specific, and saturable (49). The finding
of significant correlations between the
behavioral and clinical potency of a se-
ries of benzodiazepines and their ability
to displace [*H]diazepam binding from
mammalian brain membrane prepara-
tions in vitro (49, 50) also suggests that
the benzodiazepine binding site may me-
diate the pharmacological actions of
these drugs (Table 1). Significant correla-
tions have also been reported between
the ability of benzodiazepines to displace
[PHldiazepam from its binding site and
their ability to inhibit pentylenetetrazole-
induced convulsions and increase re-
sponse rates after punishment in a con-
flict test. These last two characteristics
are indicative of anxiolytic properties
G1.

Benzodiazepine receptors occur in the
brain 49), and a high density of specific
binding sites has been associated with
synaptosomal membranes ¢9). A high-
affinity binding site for some of the ben-
zodiazepines has also been found in the
kidney, liver, lung, and several tissue-
culture cell lines; however, the pharma-
cological specificity of this site is dif-
ferent. from the analogous brain sites.
Furthermore, the affinity of various ben-
zodiazepines for the peripheral binding
site does not appear to be correlated with
the clinical or behavioral effects of these
drugs @9, 52). Although initial studies on
the distribution of brain benzodiazepine
receptors indicated that they occurred
predominantly in glial cells (53), sub-
sequent lesion studies (54), studies of
mutant mice with neurological defects
(55), and autoradiographic studies (56)
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now support the view that they occur on
neurons. In addition, autoradiographic
studies (56) have demonstrated signifi-
cant differences in the regional distribu-
tion of these receptors in rat, mouse, and
human brain. In both rat and human
brain, for example, there is a high den-
sity of receptors in the molecular layer of
" the cerebellum; but compared with that
of the human, the granule cell layer of
the rat cerebellum has a relatively re-
duced concentration of receptors. The
lack of receptors in white matter was a
consistent finding in all species. Species
differences in receptor distribution point
out the difficulties in ascribing a particu-
lar anatomical location to drug action
and in extrapolating the results of behav-
ioral and pharmacological studies from
animals to humans. The widespread dis-
tribution of benzodiazepine receptors in
the nervous system contrasts with the
more discrete localization of other recep-
tors, such as the opiate receptor (57),
and support the evidence from behavior-
al and electrophysiological studies that
the benzodiazepines interact at many
levels of the brain to produce their ef-
fects.

Consistent with the widespread distri-
bution of these receptors, biochemical
evidence also indicates that the ben-
zodiazepines affect several neuronal
pathways. The neurotransmitter whose
function has been most closely associat-
ed with the benzodiazepines is GABA
(23, 24), and the electrophysiological evi-
dence described earlier is consistent with
a facilitatory interaction of benzodiaze-
pines with GABA-mediated transmis-
sion. Initial binding studies ¢9, 50) did
not indicate any interaction between
GABA receptors and the benzodiazepine
receptor; however, it is now generally
believed that such an interaction occurs
(58-60). Enhanced binding of [*H]di-
azepam is obtained when either GABA
or one of its analogs is included in
the binding assay (58, 59). The enhanced
binding of *H-labeled benzodiazepines in
the presence of GABA is due to an in-
crease in the affinity of the benzodiaz-
epine receptor for its ligand with no al-
teration in receptor number. The GABA-
like antagonist bicuculline stereospe-
cifically antagonizes the increase in
[*H]diazepam binding caused by GABA
and can decrease control binding (prob-
ably because of antagonism of endoge-
nous GABA) (58) (Table 2).

This finding has been confirmed (60)
and extended to demonstrate that the
magnitude of GABA potentiation of ben-
zodiazepine binding varies regionally in
the brain. This may be because of heter-
ogeneity in either the benzodiazepine re-
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Table 2. Effect of GABA and related drugs on
[*H]diazepam binding.

Specific
[*H]diazepam
Drug addition binding
as a percent-
age of control
None 100 = 2
GABA (5 uM) 123 + 2%
(+)-Bicuculline methiodide 63 = 1t
(100 uM)
GABA plus (+)-bicuculline 64 = 1%
methiodide
Muscimol (10 M) 127 + 2§
GABA plus muscimol 126 + 29
*P < .01 (N =4) compared to control. P <
.001 (N = 4) compared to control. P < .001
(N = 4) compared to GABA alone. §P < .001

(N = 4) compared to control. fNot different

from GABA alone.

ceptors (61) or the GABA receptors (62),
or to altered interactions between the
two receptors. Recently, heat inactiva-
tion has been used to define two ben-
zodiazepine receptors with different
thermostability properties (/). These
two receptors also interact in different
ways with several anxiolytics that are
not benzodiazepines (61, 63). Actual dif-
ferences in the primary structure of ei-
ther GABA or benzodiazepine receptor
proteins have not yet been shown and
unequivocal demonstration of multiple
receptors has not been accomplished.
Such a demonstration may require purifi-
cation of these receptors.

Another approach to studying inter-
actions between GABA receptors and
benzodiazepines has focused on altera-
tions in GABA binding induced by ben-
zodiazepines (64). Initial studies of
GABA binding indicated that treatment
of brain membranes with the detergent
Triton X-100 unmasked a high-affinity
GABA receptor by removal of GABA-
modulin, that is, an endogenous modula-
tor of GABA binding (65). In addition to
inhibiting GABA binding, GABA-modu-
lin appears to inhibit competitively ben-
zodiazepine binding (64). When GABA-
modulin is added to Triton-treated mem-
branes it inhibits the high-affinity GABA
binding, and this effect is stereospecif-
ically antagonized by benzodiazepines.
Thus, a model may be constructed
wherein GABA-modulin interacts with
both GABA and benzodiazepine recep-
tors as a part of a postsynaptic GABA-
benzodiazepine-ionophore complex to
keep the GABA receptor in a low-affini-
ty state.

Interactions between the benzodi-
azepine receptor and anions have also
been demonstrated. Chloride, bromide,
iodide, nitrite, and thiocyanate, but not
fluoride, enhance the binding of [*H]-

diazepam, and such data suggest a role
for anions in regulating the affinity of the
benzodiazepine binding site (66). It is in-
teresting that the specificity of this effect
has been correlated with the ability of
anions to penetrate activated post-
synaptic motoneurons of the cat. This
correlation has lent additional support to
the speculation that the benzodiazepine
receptor occurs in close proximity to a
chloride ionophore.

The benzodiazepine receptors are as-
sociated with GABA receptors and a
chloride ionophore in many lower in-
vertebrates might indicate a supra-
molecular complex that is phylogeneti-
cally old. However, studies of the bind-
ing of [*H]diazepam to invertebrate and
hemichordate brain have failed to reveal
binding sites with pharmacological prop-
erties similar to those in mammalian
brain (50). Although binding sites for
diazepam have been demonstrated on in-
tact schistosomes (blood flukes), these
sites have a lower affinity and a different
pharmacological profile from those in
mammalian brain (67). The occurrence
of such sites in schistosomes may in-
dicate that the mammalian brain site has
undergone significant phylogenetic mod-
ification. Ontogenetically, the benzo-
diazepine receptor can be found at 14
days of gestation in the rat (68, 69), and
the number of sites increases in parallel
to the GABA receptor; some investiga-
tors have found that the activation of
[*H]diazepam binding by GABA is great-
er in fetal and newborn brain than in the
adult (69).

In an attempt to understand the inter-
actions between the various proteins in
the GABA-benzodiazepine supramolec-
ular complex, investigators in several
laboratories have begun to purify GABA
receptors (70), GABA-modulin (64), and
the benzodiazepine receptor (7). The
benzodiazepine receptor is a 200,000-
dalton protein (71), and electrophoretic
studies suggest subunits of 50,000 dal-
tons (72). GABA-modulin is a thermo-
stable, acidic protein of 15,000 daltons
(64), whereas the GABA receptor itself
has been reported to have a molecular
weight of 900,000 (70). Benzodiazepine
binding to a detergent solubilized re-
ceptor is highly temperature-dependent
(highest affinity at 4°C); therefore, bind-
ing appears to be, in part, entropy driven
(71). The availability of several irrevers-
ible ligands (compounds which form
covalent bonds with the receptor), in-
cluding irazepine (73), and the recently
discovered photoaffinity (light-activated
cross-linking) property of flunitrazepam
(72) should facilitate purification of the
benzodiazepine receptor. The irrevers-
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ible ligands may also distinguish between
the possible subtypes of benzodiazepine
receptors, because the reactivity of the
receptor’s active site would be antici-
pated to differ for genetically distinct re-
ceptor molecules or for receptors in dif-
ferent membrane environments.

Intracellular Events and Model Systems

Binding to a receptor is only the first
step in a sequence of events that is initi-
ated by a drug or transmitter. In the case
of the benzodiazepines, either activation
or priming of an anion ionophore is a
consequence of binding to the receptor.
In the cerebellum, the activity of Pur-
kinje cells is related to their content of
guanosine 3’,5'-monophosphate (cyclic
GMP) (74); activation of GABA recep-
tors results in a net decrease in the firing
of the cells and a decrease in cyclic GMP
formation. Diazepam blocks the increase
in the cyclic GMP content of the cerebel-
lum after GABA synthesis is inhibited,
and the effects of diazepam seem to be
mediated through interactions with the
GABA-benzodiazepine supramolecular
complex (64, 65, 74).

High-affinity benzodiazepine binding
sites have been identified on cultured
cells of neural origin (52, 75). The rela-
tion between the receptors found on
these lines and the brain receptors is un-
clear, since there are substantial pharma-
cological differences between the two
types of receptor (52, 76, 77). The lipid
environment of the receptor may play a
role in determining the receptor’s speci-
ficity (75); thus, the recent demonstra-
tion that occupation of benzodiazepine
receptors activates phosphatidyl choline
synthesis may have important implica-
tions for the functioning of the ben-
zodiazepine and GABA receptors in the
membrane (77). An interaction of ben-
zodiazepine receptors with phospholip-
ids may also be relevant to GABA acti-
vation of benzodiazepine binding and en-
hancement of chloride transport (75). A
promising model for the study of the
brain-specific benzodiazepine receptors
may be a primary cell culture derived
from spinal cord where both elec-
trophysiology (38) and biochemistry (78)
can be studied in the same preparation.

Receptor Studies in vivo

Investigators have examined the ef-
fects of several nonphysiological condi-
tions on benzodiazepine binding in vitro
and they have found, for example, that
binding is highly temperature-dependent
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in vitro and that the amount bound at
37°C is much less than binding obtained
at 0° to 4°C, the typical incubation tem-
perature (49). Thus, serious questions
can be raised concerning the relevance
of the studies of binding in vitro to the
mechanisms operating in vivo. To dem-
onstrate benzodiazepine receptors under
physiological conditions, several work-
ers have administered radioactive ben-
zodiazepines in vivo and examined the
binding to neuronal and various periph-
eral tissues (79-82). Such procedures
have been used previously in studies of
opiate and B-adrenergic receptor binding
83).

In studies with rats, maximum binding
of [*H]diazepam occurred extremely rap-
idly after the drug was administered in-
travenously. The rank order of the
amounts of displaceable binding between
brain regions as determined by binding
assays in vitro correlated closely with
that observed in vivo (79-82). After in-
travenous administration, [*H]diazepam
also accumulated in peripheral organs
that included the kidney, liver, and skel-
etal muscle (8/). However, the amount
of binding in these tissues was less than
that observed in brain tissue. In addition,
binding of [*H]diazepam in vivo to pe-
ripheral tissues lacked the pharmacologi-
cal specificity and stereospecificity ob-
served in the brain and spinal cord (81).
Treatment of animals with biologically
active benzodiazepines prevented the
binding of intravenously injected [*H]-
diazepam. In contrast, when animals
were first treated with pharmacologically
inactive benzodiazepines (79-82), in-
cluding inactive stereoisomers (§1), no
significant alterations occurred in the
binding of [*H]diazepam in vivo. These
studies in vivo support the view that
pharmacologically relevant benzodiaz-
epine binding is restricted to the CNS
“9).

Treatment of animals with the GABA
agonist muscimol and the GABA cata-
bolic inhibitor aminooxoacetic acid also
enhances [*H]diazepam binding in vivo
(82). The magnitude of the GABA-medi-
ated enhancement of [*H]diazepam bind-
ing in vivo was similar to the increase ob-
served with an assay in vitro (58). These
studies suggest a strong correlation be-
tween data obtained by direct labeling of
benzodiazepine receptors in vivo and by
assay procedures in vitro, and thus sup-
port the validity of the technique in vitro
for the study of the benzodiazepine re-
ceptor.

If these binding sites for benzodi-
azepines can modulate the pharmacolog-
ical effects of benzodiazepines, altered
input to these receptors may affect either

the number or character of these binding
sites, analogous to changes observed in
other receptor systems (84). For ex-
ample, although the effects of long-term
benzodiazepine treatment on binding re-
mains controversial (85), two laborato-
ries (86) have reported significant de-
creases in benzodiazepine binding after
different regimens of daily drug admin-
istration. These changes were reported
as decreases in the total number of bind-
ing sites without alterations in affinity
for benzodiazepines. Since comparable
treatment of rats with barbital did not af-
fect benzodiazepine binding (86), these
data may suggest a specific response to
long-term receptor occupation, rather
than a generalized adaptation to chronic
CNS depression.

The use of animal models has also pro-
vided information about the cellular lo-
calization and physiological function of
the benzodiazepine receptor. In an at-
tempt - to determine the cellular distri-
bution of the benzodiazepine receptor,
[*H]diazepam binding was studied in the
cerebella of mutant mice with neurologi-
cal defects. Several groups (55) have
demonstrated decreases in the number of
benzodiazepine receptors in the cerebel-
lum of the ‘‘nervous’’ mouse. This mu-
tant undergoes a spontaneous degenera-
tion of Purkinje cells that is fully appar-
ent at 60 to 70 days after birth (87).
Young animals that have not undergone
this degeneration have a full complement
of benzodiazepine receptors, as do het-
erozygote adults that possess a nervous
(nr) gene but not phenotypical expres-
sion of the trait (55). This loss in ben-
zodiazepine receptors is especially re-
markable considering the relative con-
centration of Purkinje cells compared to
the total neuronal population of the cere-
bellum (<<1 percent of cerebellar neu-
rons). The mutant mouse known as
‘‘staggerer,”” which lacks synaptic
spines on Purkinje cell dendrites (where
they would normally synapse with gran-
ule cell parallel fibers), also has a re-
duced number of cerebellar binding sites
88). In contrast, ‘‘weaver’’ mutants,
which undergo granule cell degeneration
89), have a relative enrichment in cere-
bellar benzodiazepine binding sites (54).
No change in the affinity of the receptor
for tritiated benzodiazepines was ob-
served in any of the neurologic mutants.
Lesions of the cerebellum brought about
by application of kainic acid have also
been reported to decrease benzodi-
azepine binding. In animals with le-
sions, the reduction in binding is report-
ed to be due to a decrease in the total
number of binding sites without a change
in affinity (54). Concomitant changes in
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GABA receptor binding in mutants or in
rats with lesions have also been ob-
served (54). These data suggest that ben-
zodiazepine receptors in the cerebellum
are concentrated at or near Purkinje
cells.

The benzodiazepine receptor has been
implicated in both the anxiolytic and
anticonvulsant actions of the benzo-
diazepines. Recently it was reported
that two strains of rats, bred selectively
for high and low fearfulness, have signifi-
cantly different densities of brain ben-
zodiazepine receptors. Since these two
strains differ in their emotionality, dif-
ferences in benzodiazepine receptor
number may be physiologically impor-
tant in the regulation of anxiety (90). Al-
terations in benzodiazepine binding have
also been reported in a spontaneously
epileptic baboon (61), and an increase in
the number of benzodiazepine receptors
was observed in rats subjected to either
electrically or chemically induced sei-
zures (91). The changes in receptor num-
ber after seizures are comparable to the
changes observed in other CNS recep-
tors after treatments designed to alter
neuronal input (92). However, the rapid
onset (within minutes) of the changes in
benzodiazepine receptors and their re-
turn to control levels (within 1 hour) is
remarkable; such changes in other cen-
tral receptors usually occur over a period
of days. Experimental anxiety in rats—
produced by a conflict situation or foot
shock—decreased [*H]diazepam binding
in frontal cortex (93). It is not known if
these changes result from a decrease in
the affinity or the number of receptors.
These anxiety-induced changes were al-
so rapid, occurring after a standard 5-
minute conflict situation or a brief ex-
posure to an electrified floor grid. Signifi-
cant increases in benzodiazepine binding
were recently observed to occur within 1
hour after the administration of the an-
ticonvulsant agent diphenylhydantoin
%4).

The relation between benzodiazepine
receptors and the anticonvulsant effects
of the benzodiazepines has been exam-
ined in vivo (95). A high degree of corre-
lation was observed between the number
of drug-occupied benzodiazepine recep-
tors and the effects of diazepam in pre-
venting convulsions after pentylene-
tetrazole administration. Furthermore,
only 20 to 30 percent of the receptors
measured in vitro appear to be occupied
when animals are fully protected against
seizures. It was also reported that 10 to
20 percent of benzodiazepine receptors
must be occupied in order to elicit the
maximum anxiolytic effects of diazepam
in the conflict test (57). These findings di-
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rectly implicate the benzodiazepine re-
ceptor in at least two pharmacological
actions of the benzodiazepines and sug-
gest that small changes in receptor num-
ber or affinity may have profound behav-
ioral consequences. Despite evidence
that changes in benzodiazepine binding
occur in vivo and are associated with dis-
tinct behavioral and pharmacological
consequences, the functional signifi-
cance of these changes are unknown.

Endogenous Ligands

The existence of benzodiazepine re-
ceptors and the inability of a wide varie-
ty of known transmitters to inhibit
[*H]diazepam binding in vitro suggest
that the brain may contain an uniden-
tified endogenous ligand. Since there is
no suitable bioassay for testing many
samples in vitro, the ability of brain frac-
tions to inhibit [*H]diazepam binding
was used to search for endogenous ben-
zodiazepine ligands. Isolation of endoge-
nous ligands was initially accomplished
by using acidified acetone or methanol
extracts of bovine (96) or rat brain (97).
After further purification (96) several dis-
crete inhibitory substances were ob-
tained. The inhibitory activity of these
active fractions was dialyzable, heat
stable, and not degraded by proteolytic
enzymes. These inhibitors were identi-
fied as the purines inosine and hypoxan-
thine (98), and this identification was
confirmed by a radioimmunoassay with
antibodies specific for diazepam as well
as by mass spectroscopy (99). However,
the affinity of these purines for the ben-
zodiazepine receptor is many orders of
magnitude lower than that of the ben-
zodiazepines (the inhibition constants of
inosine and hypoxanthine approach 1
mM compared to 5 nM for diazepam).
Despite this relatively low affinity, some
evidence suggests that these or related
purines may be endogenous modulators
of the benzodiazepine receptor. Intra-
ventricular administration of inosine and
2’-deoxyinosine increases the seizure la-
tency induced by pentylenetetrazole,
whereas closely related purines that do
not compete with [*H]diazepam for re-
ceptor sites do not affect seizure latency
(100). Prolongation of seizure latency ap-
pears to be both dose- and time-depen-
dent. The effects of inosine are transi-
tory, and this may be partially explained
by either the rapid loss of intra-
ventricularly injected inosine from the
CNS or its rapid metabolism (/10/). The
electrophysiological effects of the flu-
razepam have been compared to those of
inosine in primary cultures of mouse spi-

nal cord neurons. Iontophoretic appli-
cation of inosine elicits two types of
transmitter-like effects: a rapidly desensi-
tizing excitatory response and a non-
desensitizing inhibitory response (102).
Flurazepam produces a similar ex-
citatory response that shows cross-de-
sensitization with the excitation pro-
duced by inosine. The slow inhibitory re-
sponse observed with inosine was
blocked by flurazepam. These results
provide electrophysiological evidence
that inosine can activate two different
conductances on spinal neurons and that
flurazepam activates one of these con-
ductances and antagonizes the other. Re-
cently it has been shown that modifica-
tion of the imidazolopyrimidine (purine)
nucleus results in compounds with a high
affinity for the benzodiazepine receptor
and potent benzodiazepine-like effects in
animal screening tests. Increasing the
lipid-like character of the purine mole-
cules also results in a marked increase in
their affinity (more than 100-fold) in vitro
for the benzodiazepine receptor (103).

Thromboxane A,, a short-lived inter-
mediate derived from prostaglandin
endoperoxides, has been suggested as a
candidate for an endogenous ligand of
the benzodiazepine receptor (/04). Evi-
dence from rat vascular preparations
sensitive to benzodiazepines indicates
that the vasopressor effects of thrombox-
ane A, are antagonized by both diaze-
pam and chlordiazepoxide. The exami-
nation of this compound as a possible en-
dogenous ligand must be further eval-
uated both in a test system containing
brain-specific receptors and with a larger
series of benzodiazepines.

Competitive inhibition of [*H]diaz-
epam binding by a factor (40,000 to 70,000
daltons) has also been reported (105).
This factor is heat stable but susceptible
to proteolytic degradation. An endoge-
nous ligand of this molecular weight
would be a neurohormone of extraor-
dinary size, and it has been suggested
that the factor may represent a pre-
cursor of a smaller physiologically active
ligand.

Nicotinamide has also been isolated
from acetone or perchloric acid extracts
of bovine and rat brain (/01). The affinity
of nicotinamide for the benzodiazepine
receptor appears to be four to five times

-lower than the affinities reported for the

purines. However, it has also been re-
ported that nicotinamide enhances pre-
synaptic inhibition in dorsal root prepa-
rations of cat cord, an effect that is re-
versed by bicuculline. These effects
were mimicked by intravenous injection
of diazepam. Nicotinamide partially re-
stored punishment-suppressed behavior
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in rats, and in large doses blocked 3-mer-
captoproprionic acid-induced seizures.
These observations suggest that despite
its low affinity in binding assays, nico-
tinamide must also be considered as an
endogenous benzodiazepine-like sub-
stance.

Most recently, a peptide isolated from
fractions of small intestine and bile duct
of the rat has been reported to inhibit
competitively [*H]diazepam binding
(106). This peptide is resistant to pro-
teolysis and has a molecular weight of
16,000. Its apparent affinity for the re-
ceptor is quite high and, although it has
not yet been isolated from brain, immu-
nohistochemical studies suggest that it is
present in the deep layers of the cerebral
cortex.

While all of the compounds discussed
in this section are candidates for the role
of endogenous ligand, there is no com-
pelling evidence for the exclusive role of
any one of them. An additional possi-
bility is that receptor occupation by
GABA or benzodiazepine, or both, re-
sults directly in conformational changes
of an adjacent ionophore. Such altera-
tions could result in permeability
changes to ions regulating neuronal ac-
tivity (107). A protein modulator that in-
teracts at the high-affinity benzodiaze-
pine binding site in the GABA-ben-
zodiazepine-ionophore complex (64)
could also interact during the con-
formational change. Thus, the existence
of an additional transmitter substance or
endogenous ligand may not be required
to explain the pharmacological proper-
ties of the benzodiazepines.

Clinical Implications, Applications,

and Conclusions

Over the past few years it has become
apparent that mady psychotropic drugs
function by mimicking, antagonizing, or
enhancing the central effects of endoge-
nous neurohumoral substances ¢8). It is
not surprising, therefore, that a similar
mechanism would be sought for the ben-
zodiazepines. Demonstration of high-af-
finity binding sites for the benzodiaze-
pines in brain, coupled with compelling
pharmacological data linking occupation
of these sites to the drugs’ behavioral ef-
fects, indicate that these specific dis-
criminatory sites represent the places
where the benzodiazepines exert their
effects.

These findings have had almost imme-
diate practical application. For example,
it is feasible and less expensive to screen
large numbers of potential antianxiety
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and anticonvulsant drugs by using their
ability to inhibit [*H]benzodiazepine
binding in vitro; active compounds can
then be tested behaviorally. Two new
nonbenzodiazepine compounds (63,
108), both with a relatively high affinity
for the receptor and with potent ben-

-zodiazepine-like behavioral activity in

animal screening tests, have already
been developed in this way. Further-
more, one of these compounds (63), a tri-
azolopyridazine, apparently lacks many
of the undesirable side effects (for ex-
ample, potentiation of alcohol-induced
narcosis) observed with the benzo-
diazepines themselves. Another clini-
cal application of benzodiazepine bind-
ing involves the development of a sensi-
tive, rapid, and inexpensive °‘‘radio-
receptor assay’’ to measure benzo-
diazepines in biological samples, includ-
ing blood (109). This method, in contrast
to more complicated analytical proce-
dures, can be carried out in most clinical
settings and should prove useful in mon-
itoring the concentrations of benzo-
diazepines in the blood for therapeutic
or toxicological procedures.

The findings that both benzodiazepine
binding and the electrophysiological ac-
tions of benzodiazepines are enhanced
by GABA may also have important ap-
plications, such as in the clinical man-
agement of seizure disorders. It is pos-
sible that the efficacy of benzodiazepines
in long-term treatment of human epi-
lepsy may be improved by concomitant
administration of centrally active com-
pounds that mimic the effect of GABA.
The development of such compounds
could also be facilitated by studies in vi-
tro of their potency in enhancing
[*H]benzodiazepine binding. One such
compound has already been reported to
enhance benzodiazepine binding both in
vitro and in vivo, and seems to affect be-
havior in animals (63).

Identification of an endogenous sub-
stance that interacts with the ben-
zodiazepine receptor would undoubtedly
have broad and important implications in
neurobiology. Although none of the can-
didates to date satisfy all criteria, the pu-
rines and nicotinamide do have ben-
zodiazepine-like properties in vivo. It is
possible, therefore, that these or similar
substances may be physiological modu-
lators of the benzodiazepine receptor.

Thus, this multidisciplinary approach
to the molecular pharmacology of the
benzodiazepines can provide new in-
sights into the basis of anxiety and pro-
mote the development of better drugs for
treating one of man’s most common psy-
chiatric disorders.
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