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Abstract⎯Data on the basal (constitutive or spontaneous) activities of receptors, as well as their neurochem-
ical and electrophysiological correlates, are presented. Inverse receptor agonists are a group of pharmacolog-
ical drugs that can suppress constitutive activities. We describe the neurochemical mechanisms of the phar-
macological activities of benzodiazepine binding site inverse agonists. These compounds inhibit chloride cur-
rents caused by gamma-aminobutyric acid at low non-physiological concentrations. This activity is the basis
of the sobering action during the action of ethanol and the ability to suppress the addictive potential of psy-
choactive substances. In addition, the benzodiazepine binding site inverse agonists are able to activate mem-
ory formation processes and improve learning. The possible uses of drugs from this group in modern medicine
are discussed. They may be used to treat a number of diseases in the fields of narcology, therapy, neurology, and
psychiatry.
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INTRODUCTION

Inverse agonists are ligands that suppress the basal
activities of receptors [1–3]. In turn, basal (constitu-
tive or spontaneous) receptor activity is understood as
the state of receptor excitation in the absence of ago-
nists [3–5]. Constitutive activity is a phenomenon that
is inherent to a greater degree in metabotropic recep-
tors: opioid [6, 7], histamine receptors of the third
subtype [8–10], serotonin 5HT2C and cannabinoid
CB1 [11], adrenergic β2 [12, 13], and others.

Inverse agonists of ionotropic receptors are also
known. The inverse agonists of benzodiazepine (BD)
binding sites have been most intensely studied [14–
16]. The BD binding sites (formerly referred to as ben-
zodiazepine receptors, BD receptors) are known to be
part of a more sophisticated complex, the ionotropic
GABAA receptor [17–20].

The physiological significance of constitutive neu-
rotransmission is not entirely clear. It may provide
a certain level of activity of a particular neurotransmit-
ter system in the absence of an agonist [21]. The

change in constitutive activity under certain condi-
tions may be accompanied by pathological reactions at
the level of the whole organism. Thus, after long-term
exposure to opiate/opioid, the basal activity of opioid
receptors increases. This phenomenon is considered
as an element of the tolerance syndrome [21, 22] or the
withdrawal syndrome [22–24]. Excessive constitutive
activity of β2-adrenergic receptors is associated with
the formation of cardiac pathology in transgenic mice
of the TG-35 line [12].

Admittedly, the clinical use of inverse agonists is
very limited. This is determined by the lack of under-
standing by the scientific community of the role of
constitutive receptor activities, which are modified by
these drugs. In addition, there are difficulties at the
methodical and practical levels. As an example, if a
certain in vitro receptor system has this property, how
can it be evaluated in vivo? Are there advantages of
inverse agonists over neutral antagonists and vice versa
in terms of their clinical application? Finally, it is
unclear how the basal activity of receptors is regulated,
and how acute (chronic) effects of chemical com-
pounds alter the constitutive transduction and effec-
tiveness of ligands [3–5, 23, 25]?
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This review attempts to answer some of the above
questions for the inverse agonists of BD binding sites.
Their neurochemical properties that allow prediction
of their pharmacological activities are discussed. We
consider the neurochemical, electrophysiological,
and behavioral aspects of this group of agents to eval-
uate their prospects for clinical medicine.

NEUROCHEMICAL
AND ELECTROPHYSIOLOGICAL

EFFECTS OF INVERSE AGONISTS

The phenomenon of inverse agonists is based on
the assumption that a certain set of receptors may be
subdivided into two populations: the active form R*
and the inactive form R, between which there is an
equilibrium (the binary model) [3, 5, 12, 26].

The second assumption is the presence of a third,
special, population of active receptors that can trigger
a transduction signal even in the absence of an agonist
(the ternary receptor model). This population pro-
vides the basal signaling (constitutive) activity of
receptors [3–5, 25].

The agonists interact with the R* form of the recep-
tors, shift the equilibrium in the R ↔ R * system to the
right, and trigger subsequent transducer events.
Antagonists prevent the effects of agonists. Some
antagonists inhibit the constitutive activity of the
receptors by shifting the equilibrium R ↔ R* to the
left and stabilizing the receptor in an inactive confor-
mation [3, 21]. In this regard, antagonists that inhibit
basal transmission and eliminate its neurochemical
correlates are designated as inverse agonists or antago-
nists with intrinsic negative activity, while neutral
antagonists (which do not have internal activity) do
not affect constitutive transmission. Neutral antago-
nists eliminate the effects of both agonists and inverse
agonists [27, 28].

Inverse agonists modify the parameters of sponta-
neous receptor activity, which is considered as the
neurochemical and electrophysiological equivalents of
their effects. As an example, in metabotropic recep-
tors, inverse agonists alter various indicators of basal
activity:

—the magnitude of the specific binding of radioac-
tive nonhydrolyzable analogs of GTP (one of the most
frequent is [35S] GTPγS, {guanosine-5 '-(γ-thio)-tri-
phosphate}). This allows us to evaluate the activation
of the G protein necessary for the subsequent involve-
ment of secondary messenger systems (adenylate
cyclase, guanylate cyclase, phosphoinositide, calcium,
etc.) [5, 10, 21, 23];

—the activities of adenylate cyclase, guanylate
cyclase, mitogen-activated protein kinases, and phos-
pholipases C, D [4, 8, 9, 21];

—the permeability of ion channels, for example,
calcium channels [4, 5, 21, 23, 26].
N

An electrophysiological correlate of the basal activ-
ity of ionotropic GABAA receptors is chloride currents
initiated by the corresponding agonists at low (non-
physiological) concentrations. Inverse agonists of bind-
ing sites for benzodiazepines2 inhibit chloride currents,
while agonists potentiate them [17, 20, 34, 35].

Neurochemical and electrophysiological equiva-
lents of the action of inverse agonists are mainly eval-
uated in cells of various types that express certain
receptors (in vitro experiments). In some cases, neu-
rons of rodents with a knockout of some receptor (or
receptor subunit) are used for experiments [5, 7, 14,
15, 21]. Neurons of wild-type animals are used as the
control in these studies. Obviously, the properties of
the inverse agonist in a particular preparation may
depend both on the characteristics of the cell system
and on the properties of the receptor construct. The
characteristics of the incubation medium, the prelim-
inary action of agonists, and other factors also play
their roles. It may be concluded that the intrinsic neg-
ative activity of an inverse agonist is not a constant
characteristic of a particular agent; it varies depending
on the experimental model that is used, the type of cells,
the state of the receptors, etc. Therefore, inverse ago-
nists are described by the usual terms in neurochemis-
try: a full or partial inverse agonist (if the intrinsic neg-
ative activities of several drugs are compared), and
a mixed antagonist/inverse agonist [3, 5, 21].

The cases where the pharmacological profile of the
same drug is completely or partially transformed
under various experimental conditions between the
roles “complete agonist–partial agonist–neutral
antagonist–partial inverse agonist–complete inverse
agonist,” are referred to as the phenomenon of “pro-
tean agonism,” according to the name of the mytho-
logical creature Proteus, who was able to take the
shapes of different characters [24, 36–38].

INVERSE AGONISTS
OF BENZODIAZEPINE BINDING SITES
Inverse agonists of binding sites for benzodiaze-

pines, or inverse BD agonists, constitute a rather large
group of drugs from different chemical classes: β-car-
bolines, imidazobenzodiazepines, triazolopyri-
dazines, pyrazolotriazines, imidazothienodiazepino-
nes, etc. [1, 14, 16, 27, 39]. To determine the intrinsic
negative activity of a putative inverse BD agonist, its
effect on the GABA-induced chloride currents at a
low concentration is examined. Typically, an amino
acid is used at a concentration many times below the

2 These compounds are often called inverse benzodiazepine ago-
nists (inverse BD agonists) [29, 30]. Quite often the term
“inverse agonists of benzodiazepine receptors” is also used [31, 32].
In accordance with the proposal of the International Union of
Pharmacologists (IUPHAR), instead of the term “BD recep-
tors” it is recommended to use the designation “BD site,” or
“binding sites for benzodiazepines” [33]. Here, the term
“inverse BD agonists” is used more often.
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EC50, for example, EC3 [15], EC10 [35], and EC20 [34,
40]. At these concentrations, it is possible to avoid
desensitization of GABAA receptors [40]. Usually, dif-
ferent variants of electrophysiological methods are
used to evaluate the kinetics of one ion channel (patch
clamps). Substances with intrinsic positive activities,
for example 1,4-benzodiazepines and other BD ago-
nists, enhance these currents by increasing the fre-
quency of GABAA receptor ionophore opening [17–
20]. Inverse agonists, in contrast, suppress GABA-
induced chloride currents and weaken the GABA-
induced inhibition of neurons [1, 14, 15, 18]. If benzo-
diazepine agonists increase the GABA affinity to the
corresponding receptors, the inverse agonists have the
opposite effect [41, 42]. Flumazenil, which is an
antagonist of BD binding sites, prevents the effects of
inverse BD agonists on GABA-induced chloride cur-
rents [43–45]; however, alone it does not affect them
[18, 43, 44]. Another approach is the study of long-
term potentiation (frequently in hippocampal slices),
which is enhanced by inverse BD agonists [1, 14, 15,
46, 47].

Radioligand analysis is widely used to evaluate the
affinity of inverse BD agonists for GABAA receptors of
different subunit compositions (using the dissociation
constant, Kd, or the inhibition constant, Ki), as well as
the density of binding sites (Bmax). The labeled
ligands [3H] f lumazenil and [3H] Ro 15-4513 are used
to determine the affinity of agents to BD binding sites
using Ki as an index [1, 27, 31, 34, 46].

The behavioral equivalents of the effects of inverse
BD agonists are improved memory, accelerated learn-
ing, sobering action, anxiogenic and convulsive
effects, and increased aggression [27, 39, 48, 49].

Given the heterogeneity of the binding sites of
GABA agonists and BD ligands it is possible to desig-
nate BD agonists as positive allosteric modulators of
GABAA receptors, and inverse BD agonists as negative
allosteric modulators [1, 14, 39, 50].

The question arises of which GABAA receptors are
the target of inverse BD agonists. That is, which recep-
tor structures are inhibited by the analyzed agents and
where do these receptors have to be located?

NEUROCHEMICAL 
AND ELECTROPHYSIOLOGICAL 

MECHANISMS OF MODULATION
OF GABAA RECEPTORS BY INVERSE 

BENZODIAZEPINE AGONISTS

GABAA receptors are divided into postsynaptic,
extrasynaptic, and presynaptic types. The first medi-
ate rapid phasic inhibition and the second mediate
long tonic inhibition. Presynaptic GABAA receptors
are involved in the regulation of exocytosis of both
GABA itself and other neurotransmitters [18–20, 51].
NEUROCHEMICAL JOURNAL  Vol. 12  No. 4  2018
The receptor complex is often a pentamer that con-
sists of subunits of different classes: α, β, γ, δ, π, θ, ρ,
and χ. In turn, some subunits are divided into sub-
types: α1–6, β1–3, γ1–3, and ρ1–3. The γ2 subunit is also
represented by two forms that differ in the length of the
polypeptide chain: γ2L (long) and γ2S (short) [17, 19,
20, 50]. The central GABAA receptors are frequently
composed of subunits of three types: α, β, and γ. Some
receptors contain a δ subunit instead of γ. These recep-
tors have pre- or extrasynaptic localization and have
the subunit composition of α4/6β3δ [18, 19, 51, 52]. The
level of these receptors in the mammalian brain is no
more than 10% [53]. It appears that α1—3-containing
GABAA receptors are located inside the synapses and
they mediate phasic inhibition. α4—6-containing
receptors are often located outside the synapses. These
receptors initiate tonic inhibition [18–20, 51].

Postsynaptic GABAA receptors are usually repre-
sented by combinations of 2α + 2β + 1γ, 2α + 1β + 2γ,
and 1α + 2β + 2γ. If the receptor includes two subunits
of the same type, often they are identical polypeptides
(α1 + α1; β2 + β2; γ2S + γ2S etc.). It is possible that the
brain of mammals also contains receptors that consist
of four subunits. In addition, it is likely that structures
that are composed of subunits of two or even one type
are present [17, 18, 20]. Postsynaptic mammalian
receptors often include the α1-, β2-, and γ2-subunits,
while the extrasynaptic receptors include the α4-, β2-,
and δ-subunits. The most common combination is 2α1 +
2β2 + 1γ2S. At least 75–80% of the GABAA receptors
in the mammalian brain include the γ2-subunit, and
approximately half include the α1- and β2-subunits
[17–20].

The distribution of the α1, β1–3, and γ2 subunits in
the structures of the rat brain is rather homogeneous.
The α2–6, γ1, and δ subunits have been identified
mainly in certain regions: α2, in the forebrain and the
cerebellum; α5, in the dorsal hippocampus and pre-
frontal cortex (the subunit composition is usually
α5β2–3γ2; often, they are referred to as α5 GABAA

receptors3); and α6, in the cerebellar granule cells and
in the cochlear nuclei. Joint expression was established
for the α4- and δ-subunits in the thalamus, striatum,
the outer layers of the cerebral cortex, the hippocam-
pal dentate gyrus, and the cerebellum [18–20].

The binding sites of GABA and GABA agonists are
located on the α and β subunits. Benzodiazepines
interact with the α- and γ-subunits. 1,4-Benzodiaze-
pines (diazepam, f lunitrazepam, etc.) have the great-
est affinity for receptors with the following subunit

3 There are α1, α2, and α3 GABAA receptors [20, 54]. These all
contain binding sites for benzodiazepines. Therefore, inverse
BD agonists for α5-containing receptors are often called inverse
agonists of α5 GABAA receptors [1, 14, 39, 54]. In some cases,
this definition is used in this review, although it is not very cor-
rect, since it is an issue of negative allosteric modulators of
GABAA receptors.
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compositions: α1β2–3γ2, α2β2–3γ2, α3β2–3γ2, and α5β2–3γ2.
The α4/6β2–3γ2 receptors are insensitive to 1,4-benzo-
diazepines, but are capable of binding the benzodiaz-
epine antagonist f lumazenil [18–20]. In addition, the
structure of the GABA-ionophore complex has sites
for specific binding of GABAA-antagonists, sites for
binding of chloride ionophore blockers, barbiturates,
neurosteroids, butyrolactones, ions of zinc, terbium,
and lanthanum, melatonin, ethanol, antidepressants,
and polyunsaturated fatty acids [18–20, 42, 50].

It is seen that GABAA receptors have a considerable
heterogeneity both in subunit composition and in
localization. Despite this variety, it is quite unusual
that there are not many selective targets for inverse BD
agonists. It was found that the inverse agonists
L-655708 (related to imidazobenzodiazepines) and
MRK-016 (a representative of the triazolothriazine
class) suppressed the chloride currents in the α5-con-
taining GABAA receptors. Hippocampal neurons
from Swiss mice were used as a biological system. No
electrophysiological effects of inverse BD agonists
were observed in the neurons of “knockout” mice that
lack the α5-subunit [14]. MRK-016 also exhibited
properties of an inverse agonist for α5β3γ2 receptors
expressed in mouse fibroblasts. A similar effect was
observed with triazolophthalazine α5IA. Suppression
of chloride currents by both drugs in α1–4β3γ2 receptors
was insignificant (neutral antagonism). MRK-016
suppressed prolonged tonic inhibition in hippocampal
slices of C57 mice. This indicates the manifestation of
the properties of the inverse agonist with respect to BD
binding sites on extrasynaptic α5-containing GABAA
receptors. The α5IA agent was ineffective under these
conditions [1]. Imidazobenzodiazepine PWZ-029,
which specifically binds to the benzodiazepine site,
inhibited the GABA-induced chloride current in
α5β3γ2 receptors (expressed in the Xenopus laevis
oocytes); i.e., it acted as an inverse agonist. However,
in the α1β3γ2, α2β3γ2, and α3β3γ2 receptors the drug
had the properties of a BD agonist; i.e., it increased
the chloride current and showed an intrinsic positive
activity [15].

The study [34] showed that imidazo-triazolo-ben-
zodiazepine Ro 4938581 has a high affinity for rat
α5β3γ2 GABAA receptors expressed in HEK 293 cells
(Human Embryonic Kidney 293). [3H]flumazenyl
was used as a radioligand. The affinity to the α1β2γ2,
α2β3γ2, and α3β3γ2 receptors was significantly lower.
The properties of the inverse BD agonist Ro 4938581
with respect to α5β3γ2 receptors were expressed in its
ability to suppress chloride currents induced by GABA
at low concentrations (EC20). These data were
obtained using the patch-clamp technique in the
above-mentioned HEK 293 cells. In cells that
expressed α1β2γ2, α2β3γ2, and α3β3γ2 receptors no inhi-
bition of chloride currents occurred. Ro 4938581
enhanced the long-term potentiation in the hippo-
N

campal slices of DBA2/J mice, which also indicates
that it has characteristics of an inverse BD agonist of
the α5 GABAA receptor, since the long-term potentia-
tion in the hippocampus is under the negative control
of α5 GABAA receptors [1, 47, 54 , 55]. The suppres-
sion of chloride currents by Ro4938581 was also estab-
lished in human α5β3γ2 receptors expressed in Xenopus
laevis oocytes (chloride currents were initiated by the
addition of 3 μM GABA to the incubation medium).
Ro 4938581 was ineffective in α1β3γ2 receptors [56].
Another representative of imidazo-triazolo-benzodi-
azepines, Ro 4882224, had a similar neurochemical
and electrophysiological profile [35].

Inverse BD agonists that predominantly block
α5-containing receptors are often called selective
inverse agonists for α5 GABAA receptors, or inverse α5
GABAA agonists (see note 2) [1, 14, 34, 39, 57, 58].

Many inverse BD agonists do not differ in selectiv-
ity and are able to inhibit the basal activity of receptors
containing α1–3 and α5 subunits. This holds for the
imidazobenzodiazepines Ro 15-4513 [59–61] and
RY080 [61–62], β-carbolines FG-7142, β-CCM,
DMCM, β-CCE, β-CCP [27].

The neurochemical mechanisms of the pharmaco-
logical activities of inverse BD agonists are mainly
determined by their ability to suppress the constitutive
activity of GABAA receptors [1, 14, 39]. The scenario
of the response behavior is determined by the specific
receptor structure that the agent affects.

As noted above, the presence of α- and γ-subunits
is most important for the manifestation of benzodiaz-
epine activity [18–20, 50]. The pharmacological
effects of BD agonists determine the type of α-sub-
unit. α1-containing receptors are involved in sedative
reactions, anterograde amnesia, and, partially, in the
anticonvulsant action of benzodiazepines. GABAA
receptors containing α2- and α3-subunits are responsi-
ble for the formation of anxiolytic effects and, in part,
anticonvulsant action and myorelaxation. α5-contain-
ing receptors are involved in the development of amne-
sia caused by benzodiazepines [17, 18, 20, 48, 50].

Inverse BD agonists suppress the function of
GABAA receptors, and their pharmacological profile
is also determined by the characteristics of the subunit
composition. As an example, it is likely that the sober-
ing properties of these agents are realized via α5-con-
taining GABAA receptors [59, 63]. Receptors contain-
ing the α5-subunit are also implicated in the realiza-
tion of the procognitive4 effects of inverse BD agonists
[1, 14, 15, 39], their antidepressant activity [55, 64–

4 In the context of this article, the terms “procognitive action”
and “procognitive effect” mean the ability of the drug to
increase attention, memory, weaken amnesia, and accelerate
learning. The use of the term “nootropic action” is considered
inappropriate, since its interpretation is much broader.
EUROCHEMICAL JOURNAL  Vol. 12  No. 4  2018
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66], and suppression of the addictive potential of eth-
anol [59].

In mammals, α5 GABAA receptors are present
mainly in the hippocampus and have both synaptic
and extrasynaptic localization. In this structure, α5
GABAA receptors are localized mainly on the den-
drites of pyramidal neurons of the CA1 field. They
mediate tonic inhibition through extrasynaptic
GABAA receptors. Synaptic receptors of pyramidal
neurons provide phasic inhibition [1, 46, 58]. It was
proposed that the procognitive effect of α5-selective
inverse agonists in the hippocampus is associated with
inhibition of α5β3γ2 GABAA receptors (predominantly
extrasynaptic) [46]. On the other hand, the ability of
inverse BD agonists to inhibit neurotransmission
mediated by α1-, α2-, and α3-containing GABAA
receptors explains the undesirable pharmacological
activities of these drugs (an anxiogenic effect, lowering
the convulsive threshold, increasing aggressiveness)
[16, 39, 62]. As an example, imidazobenzodiazepine
RY080, which possesses sobering and procognitive
properties [59, 63], inhibits α5 GABAA receptors,
which is a neurochemical basis of its pharmacological
activity [54, 67]. Inhibition of α1–3-containing receptors,
explains the convulsive properties of RY080 [61, 62].

The selective inverse BD agonist of the α5 GABAA
receptor Ro 4938581 did not exhibit anxiogenic and
convulsive activity in experiments on rats [34]. In con-
trast, the non-selective inverse BD agonists Ro 19-4603
and FG-7142 had opposite properties (the studies
were also performed in rats) [68–70].

As follows from the above data, the neurochemical
and electrophysiological profiles of inverse BD ago-
nists are often transformed depending on the experi-
mental conditions (agonist–neutral antagonist–
inverse agonist). This should be taken into account
when evaluating the prospective areas of possible clin-
ical use of the considered drugs and is important for
understanding the neurochemical mechanisms of
pharmacological activity [1, 15, 27, 32, 71, 72].

THE BEHAVIORAL EFFECTS OF INVERSE 
BENZODIAZEPINE AGONISTS

Initially, these agents were supposed to be used to
reduce the toxic effects of ethanol [73–75]. In partic-
ular, hopes were associated with imidazobenzodiaze-
pine Ro 15-4513. In the late 1980's and early 1990’s it
was shown that Ro 15-4513 weakened motor disorders,
sedative, amnesic, and anxiolytic effects of ethanol in
rodents [73, 75–79]. The alcohol doses used, as a rule,
did not exceed 2 g/kg. With an increase in the dose of
ethanol, the efficiency of Ro 15-4513 decreased [79,
80]. The drug did not affect the hypothermic effect of
ethanol [79, 80] and its lethality [71]. Later, it was
found that the sobering effects of Ro 15-4513 are most
likely due to its ability to compete for ethanol binding
sites on extrasynaptic α4β3δ and α6β3δ receptors [40,
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42, 67, 81]. The neurochemical profile of the drug cor-
responded to the properties of a partial inverse BD
agonist for α1β2γ2, α2β3γ2, and α3β3γ2 receptors (rat
receptors expressed in HEK 293 cells). This was seen
as inhibition of chloride currents initiated by GABA.
This effect was absent in experiments with α5β2γ2
receptors (neutral antagonism) [82]. It is not clear
whether the suppression of the basal activity of the
α1β2γ2, α2β3γ2, and α3β3γ2 GABAA receptors is related
to the sobering activity of Ro 15-4513 or it constitutes
the neurochemical basis of its anxiogenic and convul-
sive properties [40, 59, 67]. The clinical prospects of
the drug are highly questionable [67, 72].

Sobering properties were found in other non-selec-
tive partial inverse BD agonists. Thus, R.G. Lister and
M.J. Durcan [83] showed in Swiss mice the ability of
the imidazothienodiazepinone derivative Ro 19-4603
to attenuate the sedative effect of ethanol. Ro 19-4603
was used at doses of 0.1–0.3 mg/kg (5 minutes after
ethanol at a dose of 2.4 g/kg, both intraperitoneally).
The same researchers established a sobering effect of
another partial inverse BD agonist Ro 15-3505 (imid-
azobenzodiazepine) [84]. As in the case of Ro 15-4513,
the exact mechanism of the sobering action of the
inverse BD agonists Ro 19-4603 and Ro 15-3505 is not
fully understood.

In the following years, the family of sobering agents
was extended by the imidazobenzodiazepines RY008,
RY023, RY024, RY080, Ro16-0154 (iomazenil), and
triazolophthalazine α5IA. These are considered as
partial inverse agonists of the α5-containing GABAA
receptor [32, 59, 60, 63, 67, 85]. Sobering properties of
these drugs have been established both in animal
experiments [59, 60, 63] and in human studies [32, 86].
As an example, in clinical trials on healthy volunteers, the
α5IA drug weakened the amnesic effect of ethanol
(0.8 g/kg, orally). The effect on the sedative effects of
alcohol was weaker. Subjective signs of intoxication in the
presence of α5IA did not change [32].

An important characteristic of partial inverse BD
agonists is their ability to lower the addictive potential
of psychoactive substances (an anti-addictive effect).
This effect has been studied in detail based on the
example of formation of the syndrome of dependence
on ethanol. Using the method of oral self-administra-
tion of an alcohol solution by rodents, a decrease in
the ethanol consumption via non-selective inverse
agonists by BD agonists Ro 15-4513 [87, 88] and Ro
19-4603 was shown [60, 89]. As an example, we can
describe the data from [88]. In female C57BL/6J mice
with a formed dependence on ethanol, Ro 15-4513
(2.5–5.0–10.0 mg/kg, intraperitoneally) dose-
dependently inhibited alcohol consumption. The role
of the ventral tegmental area (an important compo-
nent of reinforcement systems) in the realization of the
addictive potential of alcohol was evaluated. To this
end, Ro 15-4513 was injected into the anterior or poste-
rior regions of the tegmentum at a dose of 1 ng/mouse.
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A multifold decrease in intake was observed after
microinjection of the drug into the posterior region of
the ventral tegmental area. No changes in consump-
tion were found after drug administration in the ante-
rior part of the structure. It was assumed that the mod-
ulation of the addictive potential of ethanol by Ro 15-
4513 involves GABAA receptors in the posterior part of
the ventral tegmentum that contain the α4 and α6 sub-
units [88]. Apparently, the issue is competition
between Ro 15-4513 and ethanol for common binding
sites of α4β3δ and α6β3δ receptors (see above).

On the other hand, suppression of the addictive poten-
tial of ethanol by the inverse BD agonist Ro 19-4603 may
be due to its binding to α4-containing GABAA recep-
tors in the nucleus accumbens (one of the key struc-
tures of the reinforcement systems) [60].

Inverse BD agonists that bind predominantly to α5
GABAA receptors also possess the ability to reduce the
addictive properties of ethanol: RY023, RY024,
RY028, L-655708, etc. [59, 63, 90, 91]. Thus, in alco-
hol-preferring (P) rats, a partial inverse agonist from
the imidazobenzodiazepine group RY028 (intraperi-
toneally, at doses of 1–10 mg/kg) significantly inhib-
ited alcohol consumption [59]. The partial inverse BD
agonist RY024 also effectively suppressed ethanol
consumption in experiments with male Long Evans
rats. The drug was administered intraperitoneally at
doses of 0.5–3.5 mg/kg [63].

It was assumed that the inhibition of the reinforc-
ing properties of ethanol by the inverse BD agonists
RY023, RY024, and RY028 is due to the suppression
of the activity of the α5 GABAA receptors in the hippo-
campus. In [90], female P rats were trained to perform
oral self-administration of an ethanol solution. Fur-
ther microinfusion of RY023 in the hippocampus
(fields CA1 and CA3) was performed. Under these
conditions, there was a significant decrease in the con-
sumption of the ethanol solution, while the behavior
of self-administration of sucrose did not change. The
antagonist of BD binding sites ZK 93426 (a derivative
of β-carbolines) during combined microinfusions
eliminated the ability of the drug RY023 to inhibit eth-
anol self-administration. If the inverse BD agonist was
injected into the ventral tegmental area or into the
nucleus accumbens, then no reduction in ethanol
consumption was observed. The authors explained the
revealed discrepancy by the low density of α5 GABAA
receptors in the ventral tegmental area and nucleus
accumbens.

L-655708, another selective inverse BD agonist of
α5-containing GABAA receptors inhibited the con-
sumption of a 2% ethanol solution by male Macaca
mulatta monkeys. Animals were previously trained to
perform oral self-administration of an alcohol solu-
tion. During the self-administration session, the dose
of ethanol reached 1.8 g/kg (baseline), and its blood
concentration ranged from 0.9–1.6 g/L. For 5–7 days,
N

primates received L-655708 10 min before the start of
the next session (intramuscularly, the dose range was
0.1–1.8 mg/kg). In the presence of the drug, the
amount of ethanol consumed was significantly lower.
At a dose of L-655708 of 1.8 mg/kg the volume of
alcohol consumed was reduced by 40% relative to the
baseline level. The drug-induced suppression of the
alcohol self-administration behavior remained during
a week of the daily preliminary administration of the
inverse agonist, which indicated the absence of forma-
tion of tolerance to L-655708. The selective antagonist
of the α5 GABAA receptor XLi-093 (0.3 mg/kg, intra-
muscularly, simultaneously with L-655708) elimi-
nated the ability of the inverse agonist L-655708
(1.8 mg/kg) to suppress the ethanol consumption. It
was considered that inverse BD agonists of α5 GABAA
receptors can be a promising group of drugs for the
treatment of alcohol dependence [91].

There is evidence that Ro 15-4513 has the ability to
suppress the addictive effects of toluene, metham-
phetamine, and diazepam in male C57BL/6J mice
(electric self-stimulation of the brain was used). The
inverse BD agonist was administered subcutaneously
at doses of 0.3 or 1.0 mg/kg. In a separate series of
experiments using the microdialysis method, the abil-
ity of methamphetamine to enhance the dopamine
(DA) release from the nucleus accumbens (a phenom-
enon that is a neurochemical equivalent of the nar-
cotic potential of psychoactive substances) and the
influence of Ro 15-4513 on this process was evaluated.
It was found that the drug increased the exocytosis of
the neurotransmitter by a factor of 9 and the inverse
BD agonist halved the methamphetamine-induced
increase in dopamine release. This indicates that the
inverse BD agonist modulates the functional state of
the dopaminergic neurotransmitter systems, which
play a key role in the pathogenesis of addictions [72].

Neurochemical mechanisms of the anti-addictive
effects of inverse BD agonists are based on changes in
the functional state of GABAA-neurons involved in
the regulation of reinforcement systems. In particular,
in the ventral tegmental region, GABA-interneurons
that give projections to dopaminergic cells suppress
DA-neuron activity. This is accompanied by weaken-
ing of the dopamine release in the nucleus accumbens.
It was assumed that the inverse BD agonist Ro 15-4513
blocks the activating effect of GABA on the α4 and α6
GABAA receptors of interneurons in the posterior
region of the ventral tegmental area. Under these con-
ditions, the activity of primary interneurons in the
chain increases with subsequent enhancement of the
inhibition of dopaminergic cells and a decrease in the
release of dopamine in the nucleus accumbens [72,
88]. Currently, there is no direct evidence that GABA-
interneurons that regulate dopaminergic cells in the
ventral tegmental area contain the α4 and α6 subunits in
the GABAA receptor. Nevertheless, this is very likely. As
EUROCHEMICAL JOURNAL  Vol. 12  No. 4  2018
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an example, GABA interneurons in the periaqueductal
gray of rats express α4β1δ receptors [92, 93].

The presented hypothesis of anti-addictive activity
of Ro 15-4513 appears to be incomplete, since it does
not reflect the possibility of modulation by the given
agent of GABA-neurons in other structures of the
reinforcement system (locus coeruleus, amygdala,
prefrontal cortex, etc.). In addition, the neurochemi-
cal mechanisms of the addictive effects of psychoac-
tive substances and drugs that suppress the addictive
potential include the modification of many neu-
rotransmitter systems (glutamatergic, noradrenergic,
opioid, serotonergic, endocannabinoid, etc.) [94].
The neurochemical and neurophysiological mecha-
nisms of the anti-addictive activity of inverse BD ago-
nists cannot be considered as fully studied.

There are data on the ability of inverse BD agonists
to activate memory-formation processes and improve
the training of experimental animals (both intact and
subjected to any pharmacological effects) [1, 15, 16,
39, 47]. In some models, an anti-amnestic effect was
detected after intoxication with the muscarinic recep-
tor antagonist scopolamine, the blocker of channels of
N-methyl-D-aspartate receptors (NMDA receptors)
MK-801, and ethanol [16, 30, 39, 78].

It was found that some imidazo-triazolo-benzodi-
azepines (Ro 4882224, Ro 4938581, etc.) have a pro-
nounced procognitive effect. They exhibit the proper-
ties of selective inverse BD agonists of α5 GABAA
receptors; the electrophysiological equivalent is the
enhancement of prolonged potentiation in the hippo-
campus. This is the basis of the pharmacological activ-
ity of drugs from this group [34, 35, 95]. Drugs
Ro 4882224 and Ro 4938581 attenuated memory
impairments in rats caused by scopolamine and diaz-
epam [34, 35]. The agent Ro 4938581 also accelerated
learning of monkeys in the food search test [34]. These
studies suggest the inverse BD agonist α5 GABAA
receptors as promising drugs for weakening intellec-
tual-mnestic disorders (for example, in Alzheimer’s
disease) [30, 31, 34, 57, 96].

In [56] it was found that the inverse agonist
Ro 4938581 attenuated memory impairment in adult
and newborn Lister hooded male rats after multiple
injections of the NMDA receptors blocker phencycli-
dine (one of the experimental models used to study
cognitive disorders in schizophrenia). The authors
believe that inverse DB agonists that selectively inhibit
the basal activity of α5 GABAA receptors may consti-
tute a new class of drugs for the treatment of cognitive
disorders in schizophrenia. On the other hand, the
inverse agonist of the α5 GABAA receptor MRK-016,
which improved the training of male Sprague–Dawley
rats in the Morris water maze, has a very short half-
life. This worsens its clinical prospects [1, 58].

Weakening of impairments of memory and atten-
tion and accelerated learning by inverse agonists of α5
NEUROCHEMICAL JOURNAL  Vol. 12  No. 4  2018
GABAA receptors suggested that they are promising
drugs for the treatment of Down’s disease [48, 58].
The procognitive ability of the α5IA and Ro 4938581
compounds was shown in Ts65Dn mice with segmen-
tal trisomy on chromosome 16, which is used to model
Down’s disease [2, 58]. Currently, one more possible
treatment for Down’s syndrome, the drug Basmisanil
(RG-1662, Ro 5186582), is undergoing clinical trials.
Although the first results do not confirm the high
effectiveness of the compound, the search for promis-
ing drugs with pro-cognitive properties among the
inverse BD agonists will continue [48, 97].

It was noted above that behavioral equivalents of
inverse BD agonists may be different depending on the
neurochemical and electrophysiological profiles of
the agent, the experimental conditions, the type of
animals used, and other factors [15, 39]. This applies
equally to the anti-amnestic action. As an example,
amnestic drugs MK-801 and scopolamine caused spa-
tial memory disturbances in male ddY mice (evaluated
using a Y-shaped labyrinth and in an object-recogni-
tion test). The inverse BD agonist AC-3933 (a deriva-
tive of 1,6-naphthyridine) showed significant procog-
nitive effect in both models of amnesia, while another
inverse BD agonist FG-7142 was effective only in
experiments with scopolamine. If AC-3933 was used
together with the benzodiazepine antagonist f lumaze-
nil, the anti-amnestic effect of the inverse agonist dis-
appeared only in the scopolamine amnesia model.
Consequently, the pro-cognitive effect of AC-3933 in
the presence of the NMDA receptor blocker MK-801
is not related to its ability to inhibit the basal activity of
GABAA receptors [30].

As another example, the drug PWZ-029 improved
the training of rats in the passive-avoidance test but
was ineffective during active avoidance training [15].
PWZ-029 also exhibited anti-amnesic properties in
rats treated with scopolamine (in the object-recogni-
tion test). The anti-amnestic effect was not observed
under the conditions of the water maze [39].

Recently, the heterogeneity of the sites of specific
binding of GABAA receptor ligands has been actively
discussed. One these elements is the F-loop of the
extracellular amino terminal domains of α-subunits
[20]. It has been proposed that the F-loop is involved in
the binding of competitive antagonists of α5 GABAA
receptors, for example, tricyclic oxazolo-2,4-benzodi-
azepines, which have procognitive activity. The best-
known drug of this group is the compound S44819,
which is undergoing preclinical trials [98–100]. It is
possible that this fragment of the amino terminal of
the α5 subunit is involved in the procognitive effects
and effects of negative allosteric modulators of α5
GABAA receptors. Such data have been obtained for
the inverse DB agonist triazolophthalazine α5IA
[101]. Whether this is related to inverse DB agonists of
a different chemical nature is not yet clear.
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It has been reported that inverse BD agonists have
antidepressant activity [55, 64–66]; MRK-016 and
L-655708 have this characteristic. As an example, a
single intraperitoneal injection of the inverse agonist
L-655708 to male Sprague–Dawley rats at a dose of
3 mg/kg had a significant antidepressant effect in the
forced-swim test. This effect lasted for 1 week. It was
hypothesized that administration of the agent is
accompanied by activation of the hippocampus, which
serves as a basis of antidepressant action. L-655708
has no psychotomimetic and addictive characteristics
and did not cause anxiety [55]. The compounds
MRK-016 and L-655708 inhibit the basal activity of
α5-containing GABAA receptors [1, 14].

CONCLUSIONS
The sobering effect of partial inverse BD agonists

during the action of ethanol, suppression of the addic-
tive potential of alcohol and other psychoactive sub-
stances, anti-amnestic and antidepressant effects, and
the ability to activate learning processes show that
these agents are a very promising group of medica-
tions. Their introduction into clinical practice is lim-
ited by the presence of anxiogenic and convulsive
activities, as well as accelerated metabolism [16, 39,
61, 62, 102]. These problems may be solved by the cre-
ation of selective partial benzodiazepine agonists that
have acceptable pharmacokinetic parameters [34, 46,
50, 62, 102].
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