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Abstract

The discovery of “benzodiazepine receptors” provided the impetus to discover and develop
anxioselective anxiolytics (“Valium® without the side effects”). The market potential for a
GABA, receptor-based anxioselective resulted in multiple compounds entering clinical trials. In
contrast to the anxioselective profile displayed in preclinical models, compounds such as
bretazenil, TPA023, and MRK 409 produced benzodiazepine-like side effects (sedation, dizziness)
in Phase | studies, whereas alpidem and ocinaplon exhibited many of the characteristics of an
anxioselective in the clinic. Alpidem was briefly marketed for the treatment of anxiety, but
withdrawn because of liver toxicity. Reversible elevations in liver enzymes halted development of
ocinaplon in Phase I11. The clinical profiles of these two molecules demonstrate that it is possible
to develop GABA receptor-based anxioselectives. However, despite the formidable molecular
toolbox at our disposal, we are no better informed about the GABA 4 receptors responsible for an
anxioselective profile in the clinic. Here, I discuss the evolution of a quest, spanning 4 decades,
for molecules that retain the rapid and robust anti-anxiety actions of benzodiazepines absent the
side effects that limit their usefulness.

Anxiolytics: past, present, and the need for anxioselective agents

Benzodiazepines (BZs) have been used to treat anxiety disorders for more than 50 years, and
the commercial success of chlordiazepoxide (Librium®) and diazepam (Valium®) led to the
introduction of more than a dozen analogs by the early 1980s. BZs remain in widespread use
[1] despite a shift in prescribing practices, with most authorities [2] favoring serotonin-
specific reuptake inhibitors (SSRIs) as first-line treatment for generalized anxiety disorder
(GAD). The adoption of serotonin-based therapies to treat GAD, the most prevalent among
the anxiety disorders [3], is attributable to safety concerns with long term use of BZs,
primarily the potential for a discontinuation syndrome and abuse liability. The onset of
symptom relief with serotonin-based therapies (such as SSRIs and buspirone) is slow; four
or more weeks of treatment with an SSRI [4] are often required for meaningful symptom
relief. By contrast, BZs have a significant advantage with respect to speed of onset and, at
least initially, efficacy [5,6]. Moreover, patients prescribed aSSRI may experience an initial
Increase in anxiety symptoms, and BZs are often prescribed during this “cover” period.
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Fifteen years elapsed between the commercialization of chlordiazepoxide (1961) and the
first report indicating that BZs augment the effects of -y-aminobutyric acid (GABA), the
principal inhibitory transmitter of the mammalian central nervous system (CNS) [6]. The
identification of high affinity, saturable and stereoselective recognition sites for BZs
(initially termed “benzodiazepine receptors™) in 1977, and the demonstration that the
anxiolytic and anticonvulsant potencies of a series of 1,4-BZs were highly correlated with
potencies to displace [3H]diazepam from brain tissue [10,11] suggested these sites were
pharmacologically relevant, and provided a means to interrogate large numbers of
structurally unrelated compounds for potential BZ-like properties.

CL 218,872 (a triazolopyridazine), the first non-benzodiazepine (Figure 1) described [12]
following the identification of BZ receptors, was used to demonstrate that these receptors
were heterogeneous. Perhaps most striking were significant regional differences in the
apparent affinity of CL 218,872, which are not apparent with 1,4-BZ. Thus, CL 218,872 was
most potent in displacing [3H]BZ from cerebellum, significantly less potent in
hippocampus, and exhibited an intermediate potency in cortex. Like 1,4-BZ, CL 218,872
exhibited potent anticonflict actions [12—14] in preclinical models [15] predictive of
anxiolytic activity. However, in contrast to BZ, much higher doses of CL 218,872 were
required to produce sedation and muscle relaxation [12-14]. The unique pharmacological
profile of this molecule? provided the impetus for many companies to develop compounds
with a similar profile, screening libraries based using the displacement of [3H]BZ from brain
tissue as the starting point.

Most simply stated, the product profile of an anxioselective agent — “Valium® without side
effects” — is compelling. There is little dose separation among the pharmacological
properties of BZs. For example, under double-blind, placebo controlled conditions, doses of
a BZ that produce a robust reduction in anxiety are also sedating in about half the patients
[5]. The ability to rapidly and effectively relieve anxiety without compromising daily
activities (e.g., driving, operating machinery), eliminating the potential for falls (hip
fractures are especially problematic in the elderly), a reduced potential for abuse, and lack of
a discontinuation syndrome are all therapeutic attributes that would greatly benefit both the
patient and prescriber. From a commercial perspective, both the widespread use of
benzodiazepines (in 1980, it was estimated that 8000 tons of benzodiazepines were used in
the U.S. [17]) and patent expirations on commercially successful benzodiazepines (Valium®
and Librium®) provided a strong incentive to develop anxioselective agents. It could be
argued that the use of serotonin-based therapeutics3 has reduced the saliency of such a
compound. However, a compelling product profile (the rapid and robust anti-anxiety effects
of a BZ absent the side effects) and the prospect of a large economic upside (in 2010, sales
estimates of anxiolytic agents in the US was estimated in excess of $11 billion [18])
sustained research and development efforts in this arena well into this millennium [9, 19,
20].

lCompounds that bind to this allosteric modulatory domain on GABAA receptors [7] include 1,4-BZs and more than a dozen
structurally distinct species. The molecular and structural requirements for high affinity ligand binding at recombinant GABAA
receptors are well understood [8,9].
21 4-BZ are also excellent sedative-hypnotics, muscle relaxants, amnestics (useful as preoperative medications), and anticonvulsants.
The demonstration of receptor heterogeneity led to the hypothesis that these pharmacological actions are separable; the in vivo profile
of CL 218,872 provided the proof of principle that such a separation could be achieved [16].

A number of SSRIs and SNRIs were approved for the treatment of GAD beginning in the late 1990s; many of these compounds are

now generic.

Trends Pharmacol Sci. Author manuscript; available in PMC 2013 November 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Skolnick

Page 3

An Overview of GABA, Receptors

Beginning in the late 1980s [21,22], multiple cDNASs were cloned that encode GABAA
receptor subunits. Based on sequence homology, there are eight subunit families (a, B, v, 8,
e, 6, i, p) comprising 20 distinct gene products [7]. The overwhelming majority of GABAA
receptors in the mammalian central nervous system are heteropentamers, composed of two
a, two B, and one -y subunit in a y-B-a-B-a arrangement [23], with the second
transmembrane domain of each subunit forming the pore of a GABA-gated chloride channel
[24] (Figure 2). Although immunoprecipitation studies indicate about half of all GABAA
receptors in the adult CNS are composed of a.1f,7y2 subunits [25], there is a remarkable
potential for receptor heterogeneity. Even by constraining the number of heteropentamers to
receptors containing only a, B, and -y subunits and imposing a rule of within subunit
homogeneity (e.g., only one type of a subunit permitted in a receptor), there is the potential
for (6a - 3P - 3y) 54 receptor isoforms. Nonetheless, anatomically restricted subunit
expression [24, 26] markedly limits the potential number of oy, GABAA receptors;
immunoprecipitation studies suggest the presence of perhaps 10 distinct anBnyn
heteropentamers [25]. Many drugs, including barbiturates, volatile anesthetics, convulsants
(e.g. pentylenetetrazole), neurosteroids, and alcohols (ethanol) modulate GABAp receptor
function [24]. However, an al, 2, 3, or 5 subunit and a y subunit are required for high
affinity binding of 1,4-BZs (and the other structurally distinct molecules discussed in this
review)l. Hence, GABAA receptors containing an a 2 3 or 5 subunit have been referred to
as “diazepam-sensitive” (DS), whereas receptor isoforms bearing an a4 or ag subunit are
referred to as “diazepam-insensitive” (DI) [8].

A histidine residue at position 101 of the a1 subunit (and homologous residues in the

2,3 and 5 Subunits) is crucial for high affinity binding of BZs and the other molecules
discussed in this review; point mutation of this residue to arginine, the corresponding amino
acid in the a4 and ag subunits, results in a dramatic reduction in affinity of these molecules
[27]. Subsequent studies have demonstrated that multiple amino acid residues on both the a
and -y subunits can influence both the potency and efficacy of these molecules [8]. However,
the ability to dramatically reduce the affinity of BZs by this His—Arg mutation was critical
for a second wave of efforts to develop anxioselective agents. Thus, the application of
“knock-in” technology resulted in the creation of mice [28] containing the His—Arg
mutation in either the a1, 2, 3, or 5 subunit. Mice produced by this approach have a
dramatic loss in affinity for BZs only at GABAA, receptors containing the mutated subunit.
The loss of a pharmacological action (e.g., an anxiolytic effect) would then link the GABAA
receptor bearing this mutated subunit to this pharmacological action, providing evidence that
should converge with studies using subtype selective compounds in both knock-in and wild-
type mice.

Partial agonists, subtype selective molecules, and hybrid solutions

The commercial interest in developing anxioselectives, together with a technology enabling
the interrogation of large numbers of molecules [10, 11] and advances in the molecular
biology of GABAA receptors [7,8, 28], resulted in the identification of more than a dozen
molecules (Figure 1) [7,8, 29] with preclinical profiles consistent with anxioselectivity. A
subset of these compounds was developed further, and the clinical effects of at least eight
molecules have been reported in peer-reviewed journals. Four of these molecules
(bretazenil, abecarnil, alpidem, and ocinaplon) were in development prior to the widespread
use of recombinant GABA receptors. These compounds, initially identified by
radioreceptor assays (using [?H]BZs and native receptors derived from rodent brain),
exhibited anxiolytic-like actions in multiple models, but were either devoid of BZ-like “side
effects” (e.g. sedation, muscle relaxation, ataxia, amnesia) or produced these effects only at
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doses many fold higher. By contrast, separation between the anxiolytic and “side effect”
doses of BZs are typically very modest in both preclinical models and in the clinic [5, 30,
31].

Bretazenil, developed at Hoffman-LaRoche, was 3—4 orders of magnitude more potent in
preclinical measures of anxiolysis in both rodents and primates compared to doses
producing “side effects” [32]. In addition to an apparent lack of BZ-like side effects,
bretazenil was reported to antagonize the effects of diazepam-induced motor impairment
(e.g., on the horizontal wire test) and to produce a much smaller potentiation of ethanol-
induced sedation than diazepam [32]. In the clinic, bretazenil (0.5-4 mg) reduced GAD
symptoms in a placebo-controlled, double-blind study using diazepam as a comparator [32].
A smaller study also demonstrated that, like BZs, bretazenil reduced the incidence and
severity of panic attacks [32]. Despite the remarkable dissociation among pharmacological
actions described in preclinical studies, bretazenil proved to be profoundly sedating at
anxiolytic doses [33]. In normal volunteers, sedation was noted at doses as low as 0.2 mg
and at 0.5 mg, most subjects were sedated to the point that they were unable to adequately
perform eye tracking and movement tests [33]. Moreover, a profound reduction in
performance was noted when bretazenil was combined with alcohol, greater than observed
when alcohol and diazepam were administered [33].

A large separation between doses producing anxiolytic-like actions and side effects such as
ataxia and myorelaxation were also reported for the B-carboline, abecarnil (Fig. 1),
developed by Schering AG [34]. In Phase | studies [35], the most frequently noted adverse
events were dizziness, unsteady gate, and lack of concentration. Despite adverse events that
likely reflect ataxia and sedation, these normal volunteers did not rate abecarnil as sedating
using a visual analog rating scale (VAS). VAS scores are used to evaluate a particular
dimension in either a subject’s baseline or response to a treatment. The subject is asked to
rate a dimension (in this case, sedation) by placing a tick mark on a 100 mm line, with 0 mm
indicating no sedation and 100 mm as highly sedating. Abecarnil was advanced into efficacy
trials despite the apparent disconnect between the preclinical profile and the adverse event
profile in Phase | studies suggestive of BZ-like side effects. The efficacy and side effect
profile of abecarnil was evaluated in over 450 patients with a diagnosis of GAD in double-
blind, placebo-controlled trials that also included an active BZ comparator. The most
prominent side effects for both abecarnil (dose range, 7.5-30 mg) and the BZ comparators
were drowsiness and dizziness; the frequency of side effects produced by abecarnil fell
within in the range of the BZ comparators, with the incidence in all active groups well above
placebo. The efficacy of abecarnil in reducing scores on the Hamilton Scale for
Anxiety(HAM-A scores), the “gold standard” used in clinical trials for evaluating anxiety,,
was variable; in 4 of 5 studies, BZs produced a rapid (one week) and sustained separation
from placebo. Abecarnil exhibited a BZ-like pattern in only one of five studies; in the other
studies, abecarnil failed to show a consistent separation from placebo over the four-week
study period [36]. Pollack et al. [37] compared the efficacy of two dose levels of abecarnil in
a double-blind, placebo-controlled trial. Buspirone, a 5HT 4 partial agonist approved for the
treatment of GAD, was used as a comparator in this 6 week study. Both the low (3-9 mg/
day) and high (7.5-22.5 mg/day) dose abecarnil groups experienced a rapid reduction in
HAM-A scores, reaching statistical significance after one week of dosing, the earliest time
point measured. Anxiolytic effects in the high, but not the low dose group, were maintained
during the six-week trial. Consistent with the delayed onset of other serotonin-based
anxiolytics [4], a statistically significant separation from placebo was not observed in the
buspirone cohort until the sixth week of treatment. The side effect profile of abecarnil was
strikingly similar to a BZ, with significant increases in the incidence of drowsiness (45% in
the high dose abecarnil group compared to 13% in placebo), dizziness, fatigue, lack of
concentration, and ataxia compared to the placebo group. The clinical profile of abecarnil, in
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particular the side effect profile so reminiscent of BZs, ultimately led to the decision to halt
further development in the mid 1990s.

Ocinaplon (CL 273,547), a pyrazolopyrimidine, was developed from the Lederle chemistry
platform that produced CL 218,872 [12]. The preclinical profile of ocinaplon (Figure 3)
resembles other molecules described in this review: BZ-like effects in preclinical tests
predictive of an anxiolytic action, with side effects manifested only at much higher doses
[30, 38]. In the “thirsty rat conflict test” *15], perhaps the most widely used procedure to
evaluate potential anti-anxiety actions, ocinaplon and diazepam were equipotent (minimum
effective dose [MED] ~3.1 mg/kg) in increasing punished responding (that is, thirsty rats
increase the number of licks taken from a water spout despite the contingency of receiving
an unpleasant shock; this increase does not reflect analgesia because opiates are not active in
this paradigm). These effects were flumazenil (Ro 15-1788) sensitive, indicative of a
GABA receptor mediated action (Figure 3). However, in tests designed [31] to assess BZ-
like side effects, ocinaplon was far less potent than diazepam. For example, the EDsgq for
reducing motor activity (often used as a surrogate for sedation) was ~17.5 and 82 mg/kg for
diazepam and ocinaplon, respectively. In the inclined screen and rod walking tests, used to
assess muscle relaxation and ataxia respectively, ocinaplon was ~11 and ~7-fold less potent
than diazepam [30]. In a primate conflict model, ocinaplon and diazepam increased
punished responding with MED values of 4 and 0.5 mg/kg, respectively. However,
diazepam significantly reduced non-punished responding (indicating a nonspecific reduction
in behavior) at 4 mg/kg; a profound sedation was observed in these animals. Ocinaplon
significantly reduced non-punished responding only at doses of 128 mg/kg, and no overt
signs of sedation were noted [30].

A conservative dose ranging strategy was adopted in Phase | studies based on the potency of
ocinaplon in preclinical models [30]. However, in both single and multiple ascending dose
studies, ocinaplon was safe and well-tolerated at single doses of up to 90 mg and total daily
doses of up to 270 mg. No BZ-like adverse events were noted at these doses. A four-week,
double-blind placebo-controlled trial using a 270 mg dose (90 mg, three times daily) of
ocinaplon demonstrated a rapid improvement in HAM-A scores sustained throughout the
trial [19]. Ocinaplon reduced HAM-A scores by 12.9 points at the conclusion of the trial
compared to 5.4 points in the placebo group. By comparison, four week trials of anxiolytics
generally report changes in HAM-A scores of 2-3.5 point differences from placebo [19].
Consistent with data obtained in healthy volunteers, there was no evidence of BZ-like side
effects [19]. This trial was terminated early because of one case of jaundice; the patient fully
recovered and was found to have a pre-existing condition that may have contributed to this
serious adverse event. A second, shorter trial of ocinaplon in GAD patients demonstrated
anxiolysis at 180-240 mg; separation from placebo was apparent as early as the first week of
treatment [30]. The anxiolytic effect of ocinaplon in this study was robust: despite a high
placebo response (a 9.7 point decline in the HAM-A over two weeks), the reductions in
HAM-A scores were 4.4 and 5.6 points greater than the placebo cohort in the 180 and 240
mg arms, respectively. The rate and incidence of adverse events in this study yielded no
hints of BZ-like side effects. These results triggered a larger (373 patient), four-week study
comparing 60 and 120 mg of ocinaplon to placebo in GAD patients in order to establish a
MED. This trial was halted after approximately 200 subjects had been randomized because
elevations in liver function tests were seen in a small number of patients; one patient
exhibited marked elevations in liver enzymes that ultimately normalized. Given the
regulatory hurdles triggered by these events, development of ocinaplon was discontinued,
despite preclinical extensive toxicology studies that did not yield premonitory signs of liver
damage.

Trends Pharmacol Sci. Author manuscript; available in PMC 2013 November 01.
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Although the number of subjects dosed with ocinaplon was arguably too small to
unequivocally demonstrate an anxioselective profile, the approval of alpidem for GAD
demonstrates the feasibility of developing an efficacious, rapid acting anxiolytic with a
reduced incidence of BZ-like side effects. Alpidem (Figure 1) is a structural analog of
zolpidem, a hypnotic marketed for more than twenty years. Despite this structural similarity,
the pharmacological profile of alpidem is remarkably different from both zolpidem and BZs.
Alpidem was active in several preclinical measures predictive of anxiolytic activity (the
thirsty rat conflict test, marble burying) but inactive in others (e.g. four plate test, inhibition
of foot shock-induced fighting) sensitive to BZs [39,40]. The anticonflict actions of alpidem
were antagonized by flumazenil, indicating these effects are mediated by GABA, receptors.
Although alpidem reduced exploratory activity in mice at doses within the anxiolytic range
[39, 41], deficits in rotarod performance (generally used to model ataxia) and muscle
strength were manifested only at doses >20 fold higher than those active in anticonflict tests
[39]. Moreover, no evidence of amnestic effects was noted [42].

Based on studies in more 1,500 patients suffering from various anxiety disorders, alpidem
was marketed in France (Ananxyl®) for the treatment of GAD in 1991. In the clinical trials
leading to registration, the reductions in HAM-A scores produced by alpidem were
significantly greater than placebo. For example, in a 3 week trial comparing 150 mg of
alpidem (50 mg three times daily) to placebo, the separation of HAM-A scores between the
two groups was highly significant (6.1 points; p<0.0001) [43]. At a total daily dose of 75—
150 mg administered 2-3 times daily (i.e., single doses of 25-75 mg), reductions in HAM-A
scores were equivalent to either flexible or fixed dosing of BZs such as lorazepam,
chlorazepate and diazepam. There was no evidence of either withdrawal symptoms or
rebound anxiety in patients who discontinued alpidem after periods of up to one year.

Healthy volunteers are generally very sensitive to the side effects of BZs — dizziness, muscle
weakness, fatigue and sleepiness are often reported as adverse events at or below effective
anxiolytic doses, and yet these were not prominent side effects with alpidem. For example,
in healthy volunteers, doses of 50-100 mg (the anxiolytic dose range: 75-150 mg
administered in two or three daily doses - i.e., single doses of 25-75 mg) did not impair
alertness, nor did it affect psychomaotor performance. At a higher dose (200 mg), alpidem
did impair vigilance and psychomotor performance equal to 10-15 mg of diazepam [44].
Nonetheless, in some measures, including a VAS rating of “clearheadedness”, no dose of
alpidem reduced ratings, whereas diazepam produced a dose dependent (10-15 mg)
reduction in this measure [44]. In another study, doses of 25-50 mg of alpidem did not
produce any significant psychomotor impairment, but a dose of 100 mg did, albeit to a much
lower extent than a standard dose of lorazepam (2 mg) in healthy volunteers. In GAD
patients, a comparison of alpidem with lorazepam demonstrated no effects on memory with
alpidem, whereas lorazepam produced significant decrements in recall. Moreover, reaction
time was slowed by lorazepam but not by alpidem. No rebound anxiety or withdrawal
symptoms were manifested following abrupt withdrawal from alpidem; the study arm
looking at withdrawal reactions to abrupt termination of lorazepam had to be terminated for
ethical reasons [45]. Remarkably, alpidem (50 mg) significantly antagonized the amnestic
effects of lorazepam (2 mg), and produced similar trends on other cognitive parameters,
resulting in less impairment than after lorazepam alone [46]. In sum, alpidem proved to be
an effective anxiolytic, as effective as standard BZs in direct comparison trials, producing a
rapid and robust reduction in HAM-A scores. Some psychomotor impairment was observed
at doses 2-8 times higher than the recommended single dose (25-50 mg). Thus, while not
exhibiting the large dose separation predicted from preclinical tests, alpidem did not impair
memory at therapeutic doses (and was reported to antagonize the amnestic actions of a BZ),
nor did chronic treatment produce a withdrawal reaction after abrupt termination. These
latter properties have also been observed in preclinical studies for many of the putative

Trends Pharmacol Sci. Author manuscript; available in PMC 2013 November 01.



1duosnuey Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Skolnick

Page 7

anxioselective agents described here [47], but alpidem is the only compound for which these
effects have also been documented in the clinic. Based on these clinical studies, the side
effect profile of alpidem differs significantly from BZs. Several cases of severe hepatitis
were reported post-marketing, resulting in one death and several patients requiring liver
transplantation [48]. Alpidem was withdrawn from the market in 1995.

Despite all four molecules exhibiting anxioselective profiles in the laboratory, a remarkably
different picture emerged in the clinic. The common neurochemical thread among these
molecules, identified prior to the availability of recombinant GABAA receptors, was a
partial agonist profile evinced in native receptors using neurochemical and
electrophysiological techniques [30, 32, 34, 38, 49-51]. Because the brain preparations used
to characterize these compounds as partial agonists contain multiple receptor isoforms, it is
instructive to compare the profiles of bretazenil (highly sedating) to alpidem (that appears to
produce far less sedation at anxiolytic doses) in recombinant GABA receptors of defined
composition. Bretazenil exhibits very high (< 1 nM) affinities but no selectivity among
recombinant GABAA receptors containing ay 2 3 and 5 subunits. It is however, a partial
agonist at these GABA receptors, with efficacies between 20-44% compared to a standard
BZ [52, 53]. By contrast, alpidem is >500-fold more selective for GABA receptors bearing
aq compared to ag subunits [54]. Moreover, despite compelling neurochemical evidence
that alpidem is a partial agonist in multiple assays using native receptors [50, 51], it behaves
as a full (i.e, BZ-like) agonist in electrophysiological assays using recombinant receptors
bearing either aq [55, 56] or a, subunits [57]. If the profile of ocinaplon (which gave no
indication of BZ-like side effects in the clinic) is now considered, there is little evidence of
subtype selectivity, with efficacies (relative to diazepam) ranging from 0.85 in a1 B2 y2
receptors to 0.25 at as B2 y2 containing receptors [30]. Taken together, these data would
seem consistent with the hypothesis that high efficacy at a4 containing receptors would not
necessarily translate into sedation. Nonetheless, this hypothesis is inconsistent with the
profile of zolpidem which, like alpidem, exhibits both a.; selectivity and high efficacy in
recombinant GABA receptors, yet in addition to possessing anxiolytic activity is sedating,
and has been marketed primarily as a sedative. This enigma was recognized early on [58,
59] and until the recent publication of clinical findings with compounds like TPA 023 and
MRK 409 [20, 29] was largely ignored, overshadowed by studies in genetically engineered
mice [28, 60]. These latter studies led to the development of another wave of putative
anxioselectives moving into the clinic predicated on efficacy at a, (and to a lesser extent
a3) containing receptors with low or no efficacy at a.q containing receptors.

Genetic engineering and shifting theories of anxioselectivity

In the late 1990s, studies with genetically engineered “diazepam-insensitive” mice bearing a
point mutation at a key histidine residues on the a 5 3 ang 5 Subunits (a knock-in strategy)
altered contemporary thinking about the GABA receptors responsible for the anxiolytic
actions of BZs. The conclusions drawn from these studies could be viewed as surprising in
the face of an existing body of published clinical data. Thus, independent studies using mice
generated on different backgrounds indicated that an a1(H101R) mutation abolished the
ability of diazepam to reduce motor activity [60, 61], which the authors used as a surrogate
measure for sedation. This mutation also abolished the amnestic effects of diazepam [61],
whereas the anxiolytic-like activities were retained [60,61]. McKernan et al. [60] also
demonstrated that L-838,417, a partial agonist (with similar affinities) at a 23 andg 5
containing receptors and null efficacy (i.e, an antagonist) at a4 containing receptors, retained
anxiolytic-like activity in the elevated plus maze but did not reduce motor activity. The
authors concluded that GABA receptors bearing an a4 subunit are not required for an
anxiolytic action, but are crucial for the sedative properties of a BZ. Léw et al. [62] extended
these findings, demonstrating that the anxiolytic-like actions of diazepam in both the
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elevated plus maze and light/dark choice tests were abolished in a, (H101R) knock-in mice,
while the effects of diazepam on both motor activity and rotarod behavior (used as
surrogates of sedation and ataxia) were unaffected. Using this knock-in strategy, Low et a/.
[63] also concluded that a3 containing GABA receptors do not contribute to the anxiolytic
actions of diazepam.

However, follow-on studies revealed a more complex picture. Studies with an a3 preferring
compound (TP 003) in a., knock-in mice demonstrated that an intact a, subunit was not
necessary for the anxiolytic-like activity of this compound [63]. Electroencephalographic
(EEG) studies in a 1 knock-in mice [64] demonstrated that the effects of diazepam on sleep
EEG (arguably a better surrogate for the sedating potential of a compound than motor
activity) were unaffected in these mice, but rather dependent on the presence of the a,
subunit [65]. Other studies using knock-in mice [66] indicated that the a., subunit, and to a
lesser extent the a.3 subunit, contributed to the myorelaxant actions of diazepam. Despite the
emergence of inconsistencies in the “new benzodiazepine pharmacology” *28], several
companies embraced the conceptual framework that activation of a4 subunit containing
receptors leads to sedation, whereas selective anxiolysis could be achieved by activating a.,
subunit containing receptors. Because of the difficulties synthesizing compounds that are
highly selective for a, containing receptors, an alternative strategy was adopted: developing
compounds with low or null efficacy at receptors bearing an a4 subunit, and partial agonist
properties at a , 3 anq 5 bearing receptors. This strategy may have been partly based on the
attractive preclinical profile of L-838,417, which exhibited anxiolytic-like properties in
multiple models, with no evidence of motor impairment [60]. Multiple compounds with this
neurochemical profile entered the clinic, yielding either disappointing or at best equivocal
outcomes. Several of these compounds were developed by Merck, and the data generated
with these molecules are especially instructive because of the ability to make head-to-head
comparisons among molecules, including PET imaging studies (to measure receptor
occupancy) in rodents, non-human primates, and humans.

MRK 409 (also known as MK 0343) is a triazolopyridazine structurally related to L-838,417
(Figure 1). MRK 409 also bhinds with very high affinity (Ki <1 nM), albeit nonselectively, to
DS GABA receptors. MRK 409 is a low efficacy agonist at receptors expressing aq
subunits (0.18 relative to chlordiazepoxide), and also exhibits partial agonist properties (with
efficacies of 0.23, 0.45, and 0.18) at a2 3 ang 5 bearing receptors, respectively [20]. MRK
409 produced dose-dependent anxiolytic-like effects in multiple preclinical models (both
rodents and nonhuman primates) with oral MEDs ranging from 0.1-3 mg/kg. These doses
correspond to receptor occupancies of 35%—65%, estimated by PET studies using 11C
flumazenil as a radiotracer. By contrast, little or no sedation was noted at much higher doses
corresponding to receptor occupancies estimated at 79-99%. Perhaps most remarkable were
the findings in squirrel monkeys, in which no indication of sedation was observed at doses
100-fold higher than the MED for anxiolytic-like effects [20]. However, in healthy male
volunteers, MRK 409 (0.75 mg) reduced both saccadic peak velocity [67] (a sensitive
indicator of the sedative effects of drugs) and alertness scores assessed with a VAS. At a
dose of 1mg (the maximum tolerated dose, MTD), there were reports of tiredness,
drowsiness and dizziness, and at a dose of 2 mg, five of six subjects reported a marked
sedation. At the MTD, receptor occupancy determined by PET was at the limit of sensitivity
(i.e., <10% occupancy). While the marked contrast between preclinical and clinical findings
may be viewed as surprising, the /in vitro profile of MRK 409 at recombinant GABAA
receptors is reminiscent of bretazenil, which also exhibited an anxioselective profile in
preclinical models and produced a profound sedation in healthy volunteers.

The sedative effects of MRK 409 have been attributed to its partial agonist properties at aq
receptors [20], but clinical data with two other compounds developed in this program are
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inconsistent with this view. TPA023 (Figure 1) is a monofluorinated analog of L-838,417
[60], with null efficacy at a1 and low efficacies at a3 anq 5 bearing receptors (0.11, 0.21,
0.05 compared to chlordiazepoxide, respectively). In view of the hypothesis that anxiolysis
requires activation of a, bearing receptors, the very low efficacy of TPA 023 might be
considered a liability. However, BZs produce anxiolytic-like actions at low receptor
occupancies (15-20%) [40,68]. TPA 023 exhibited anxiolytic-like activity in both rodents
and primates with oral MED values ranging from 0.3-3 mg/kg, with no sedative effects at
doses 10-30-fold higher (in PET studies using 11C flumazenil, these doses correspond to
>99% receptor occupancy) [29]. However, in healthy male volunteers, doses of 0.5-1.5 mg
of TPA 023 reduced saccadic peak velocity [29], indicative of a sedative action. In safety
and tolerability studies, dizziness, drowsiness, and motor incoordination were observed at 2
mg (the defined MTD) that appears to produce between 35-65% receptor occupancy [29].
This compound was progressed to multiple ascending dose studies using an extended release
formulation, with drowsiness and motor incoordination as the limiting side effects [29].
Despite these BZ-like side effects, TPA 023 was evaluated in several small GAD trials
before the program was terminated due to preclinical toxicity findings [29]. By combining
data from separate studies using flexible dosing of between 1.5-4.5 and 3-8 mg of the
extended release formulation, it was possible to demonstrate a significant (3.5 point)
separation from placebo in total HAM-A score by one week of dosing. This effect was
sustained for three weeks but no longer apparent in week 4 of the study [29].

The third compound from the Merck development program examined in the clinic, TPA
023B, is structurally distinct from TPA 023 and MRK 409 (Fig. 1). TPA 023b binds with
high affinity (0. 7-2 nM) across recombinant DS GABA receptors and exhibited an “ideal”
agonist profile: essentially null efficacy (0.03 relative to chlordiazepoxide) at a1 receptors
with moderate efficacies at a » 3 ang 5 bearing receptors (0.38, 0.50, and 0.37 relative to
chlordiazepoxide, respectively). Like its predecessors, TPA 023B was unequivocally
anxioselective in preclinical models. Anxiolytic-like effects were reported in both primates
and rodents [69] with no sedation observed at doses up to 30-fold higher, corresponding to
receptor occupancies of >98% [69]. In Phase | studies, fatigue/tiredness and somnolence/
drowsiness were noted in four of eight subjects at a 1 mg dose. Dose limiting adverse events
at the MTD (2 mg) were fatigue and drowsiness, corresponding to a ~55% receptor
occupancy determined by PET imaging [69].

It has been stated that compounds like TPA 023 and 023B are relatively less sedating than
BZs because a higher receptor occupancy is required to produce sedation (50-60% versus
receptor occupancies of <25% for BZs) [29]. This distinction appears to have little clinical
significance with respect to the development of an anxioselective. Thus, although TPA 023
gave some indication of a positive signal in GAD [29], drowsiness and muscle
incoordination were limiting side effects. The BZ-like side effects observed with these
compounds, despite the demonstration of null efficacies at recombinant a1 bearing
receptors, provides strong evidence that the clinical manifestation of sedation requires
activation of other GABA receptor subtypes. Consistent with this hypothesis, MRK 409
was sedating at lower receptor occupancies (at or below the limits of detection) than
typically observed with BZs [69] despite an intrinsic efficacy at a4 containing receptors
<20% that of chlordiazepoxide [20, 69].

Is there a path forward?

Thirty-five years have elapsed since the seminal discovery of BZ receptors catalyzed the
development of GABA receptor-based anxioselectives, and many hundreds of millions of
dollars have been expended on a quest for the “‘Holy Grail.” The economic incentives for
successfully developing an anxioselective enabled multiple “shots on goal”. Based upon the
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commercialization (albeit briefly) of alpidem and two multicenter Phase Il trials with
ocinaplon, the goal of developing GABAA receptor-based anxiolytics with an improved side
effect profile has, in principle, been achieved. Nonetheless, we are arguably no better
informed about the GABA, receptors responsible for either the clinical profiles of these
compounds or the sedation produced by compounds like MRK 409, bretazenil, and TPA
023. It is striking from a translational perspective that tiredness, drowsiness/sleepiness, light
headedness, and dizziness are prominent adverse events of molecules possessing either null
or low efficacy at a1 bearing GABA, receptors. Measuring motor activity in species (rats
and mice) living horizontally may model sedation (a calming, quieting effect), but may not
predict the potential to promote sleep (a hypnotic). This distinction, consistent with more
rigorous EEG studies in a; and a, knock-in mice [64,65], has little clinical relevance for the
development of an anxioselective. Perhaps more puzzling is the reported lack of sedative
effects of compounds like bretazenil, TPA 023, and MRK 409 in primates. These studies
have generally relied on reductions in operant responding (lever pressing) to predict a
sedative effect [30], and thus may not be very sensitive. Although EEG studies have not
been published with these compounds in non-human primates, overt signs of sedation should
be obvious to a trained observer [30].

One potential explanation for the failure to accurately predict the pharmacological properties
of these compounds across species may relate to species differences in GABA receptor
composition and distribution. Thus, while a.127y» containing GABAA, receptors are the
most abundant isoform in rodent brain, a significant proportion (>25%) of a4 bearing
receptors are heterogeneous (containing either a, or a 3 subunits) [70]. Moreover, both a.,
and a3 subunits exist as predominantly heteromeric GABA receptors in rodent brain [70],
but neither the proportion nor distribution of these heterogeneous receptors in other species,
including humans, is known. Species differences in either the proportion or distribution of
these heterogeneous receptors could dramatically alter the behavioral actions of a
compound. Further, the properties of a molecule described (e.g., its efficacy) in recombinant
GABA receptors that are homogeneous with respect to the a subunit may not reflect the
pharmacology of native receptors enriched in these heterogeneous receptors. The response
to a drug in mice with a mutated, diazepam-insensitive a subunit (e.g., an a, (H101R)
subunit), where a majority of these receptors are heterogeneous [70], could explain some of
the discrepant findings between studies in these mice and pharmacological studies using
subtype-selective agents. Some glaring examples of these discrepant findings include the
anxiolytic-like actions of an a3 preferring compound (TP 003) in both wild-type and knock-
in mice carrying a mutated a., subunit [63], and the ability of the selective aq antagonist p-
CCT (3-t-butoxy-p-carboline) [71] to block the anxiolytic-like (but not the muscle relaxant
or ataxic) effects of BZs [72,73].

Concluding remarks

Despite the obvious therapeutic advantages of a GABAA receptor based anxioselective, the
search for the Holy Grail has been abandoned. When viewed in the context of a risk-averse
environment that has led many pharmaceutical companies to abandon the development of
drugs for psychiatric disorders, the lack of a coherent hypothesis to explain the clinical
profiles of molecules ranging from ocinaplon to bretazenil makes it unlikely that additional
resources will be dedicated to developing GABA receptor based anxioselectives. At a
minimum, the development of an animal model which can predict the sedative properties of
(e.g.) bretazenil and MRK 409 resolves the proximal cause of these failures in the clinic.
Such a model, together with the availability of multiple compounds with defined clinical
profiles and a powerful molecular toolbox could well revitalize the search for GABAp
receptor based anxioselectives.
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aPy heteropentamer with 3 different subunits. Left panel: side view in a postsynaptic
membrane. Right panel: top view. The second transmembrane domain (TM2) of each
subunit forms the lumen of the GABA-gated chloride channel. The binding site for BZs and
the other molecules highlighted in Fig. 1 is formed by the extracellular domains of the a and
vy subunits *8,24+. This figure is adapted from Berezhnoy, et al. [24].
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Figure 3.

Comparison of the pharmacological properties of ocinaplon and diazepam: Adult, male CD
rats (Charles River) were administered vehicle, ocinaplon or diazepam by gavage. Panel A:
Anticonflict actions of ocinaplon and diazepam: blockade by flumazenil. Animals were
evaluated 60 min. later in the “thirsty rat conflict” test, essentially as described [31]). In
brief, rats were water deprived for 48 hours and food deprived for 24 hours prior to testing.
Rats were placed in the test chamber, and a 10% glucose solution made available through a
stainless steel spout. After locating the spout, the rat was allowed 25 seconds of free (no
shock) drinking. A circuit was then activated which applied a mild electric shock through
the spout in a 5-seconds “on” 5-seconds “off” schedule for 5 minutes. The number of shocks
delivered (the animal must be in contact with the spout to receive a shock) is recorded.
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Parallel groups received flumazenil (12.5 mg/kg, i.p.) 30 min. prior to testing. This dose of
flumazenil does not affect performance in the thirsty rat conflict test (data not shown). The
minimum effective dose (MED; the first dose producing a statistically significant difference
from vehicle treated rats) of ocinaplon and diazepam was 3.1 mg/kg. Values represent the
mean (n = 8 animals/dose) % increase in punished responding compared to vehicle treated
rats. Symbols: open triangles, ocinaplon; closed squares, diazepam; closed triangles,
ocinaplon+flumazenil; open squares squares: diazepam+flumazenil.

Panel B: Effects of ocinaplon and diazepam on motor activity in rats. Compounds were
evaluated 60 minutes after oral administration. VValues represent the mean % decrease in
motor activity of 12—24 rats/dose compared to vehicle treated animals. The EDsq of
diazepam and ocinaplon was 17.5 and 81.7 mg/kg, respectively. Symbols: Open triangles,
ocinaplon; closed squares, diazepam.

Panel C: Effects of ocinaplon and diazepam on the inclined screen: The effect of diazepam
and ocinaplon was evaluated on the ability of rats to remain on an inclined (60°) screen for
30 min. The EDsg of diazepam and ocinaplon was 15.5 (3.5-24.9, 95% C.1.) and 172.2
(123.3-244.5, 95% C.1.) mg/kg, respectively. Symbols as in Panel B.

Panel D: Effects of ocinaplon and diazepam on rod walking: Animals were trained to
traverse a rod inclined at 17°. Values represent the mean of 10 rats/dose. The EDsg of
diazepam and ocinaplon was 13.8 (2.7-20.4, 95% C.1.) and 92 (68-124, 95% C.l.) mg/kg,
respectively. Symbols: as in Panel B. These data are redrawn from Lippa, et al. [30].
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