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CHAPTER 7

The specificity of different selective and

non-selective GABAA (partial) agonists
in healthy volunteers

S.L. de Haas, M.L. de Kam , A.F. Cohen, and ].M.A. van Gerven

Centre for Human Drug Research, Leiden, The Netherlands




ABSTRACT
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Different selective GABA, -ligands are in development to treat anxiety
and sleep disorders. The Central Nervous System (cNs) effects of
various selective and non-selective (partial) GABA, agonists were
investigated, using several pharmacodynamic measurements.
Comparison in selectivity is only reliable at equipotent doses for the
intended clinical effect. For novel compounds, these data are not
available, but selectivity may also be determined by comparing the
effects on different cNs-parameters.

The full agonist lorazepam was compared to another full agonist
midazolam, the ai1-selective zolpidem and to three novel a.2,3-
selective (partial) agonists, TPA023, MK-0343 and sL65.1498. All
studies had placebo-controlled, double-blind, cross-over designs.
Slopes of the linear relationships between A (change from baseline)
body sway and Aspv, and between Avas alertness and Aspv, were
compared among compounds. Effect-relationships were also semi-
quantitatively compared to the pharmacological characteristics of the
compounds, estimated from in vitro literature data.

Slopes of both relationships did not differ clearly between
lorazepam and midazolam. For sL65.1498, slopes were similar to those
of lorazepam. In contrast, TPA023 and MK-0343 differed clearly from
lorazepam, for both relationships. Compared to these compounds,
zolpidem showed relatively high reductions in vas alertness, although
effect-relationships were not significantly different from those of
lorazepam.

These results support the selectivity of some subtype-selective
partial GABA, agonists. The therapeutic relevance of these differences
remains to be established. Comparisons of relative effect profiles can
provide meaningful insights into the selectivity of different (partial)
agonists, relatively independent of dose levels.
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INTRODUCTION
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Anxiety disorders are prevalent, enduring and often disabling [1].
Although the pathophysiology is poorly understood, the GaBA
receptor complex plays an important role in the modulation and
mediation of pathologic anxiety states [2-5]. Benzodiazepines,
which bind to the benzodiazepine GABA receptor, are highly effective
therapeutic agents for the treatment of anxiety [1]. The introduction
of the benzodiazepines in the 1960s was considered a significant
improvement in the treatment of anxiety, and they became the drugs
of choice based on their safety and fast onset of action. However,
benzodiazepines also have undesirable side effects like sedation,
balance problems, memory disturbance, tolerance development
and abuse potential. Particularly in the elderly, these adverse effects
are associated with higher incidences of falls [6,7] and cognitive
impairment [8,9].

Benzodiazepines (BZs) bind to and act upon a subset of GABA,
receptors containing a pentameric composition of two § and twoy
subunits in combination with one a1-, a.2-, a.3- or a5 subunit [10]
that are formed like a rosette around a chloride channel. Three
quarters of the GABA, receptors possess a Bz binding site. The
composition of the receptor is diverse in different brain regions and
relatively few of the theoretically possible subunit combinations
occurin vivo. This heterogeneity of GABA, receptors in different
neuro-anatomical localizations suggests discrete physiological
functions for different receptor populations. Non-selective binding of
benzodiazepines to these different GABA, receptor populations might
therefore produce distinct components of pharmacological response,
including the adverse side effects.

In the 1990s, non-selective partial GABA, agonists were introduced
[11], which were thought to provide anxioselectivity, based on the
assumption that the receptor reserve for anxiolytic activity would be
higher than that for other (undesired) pharmacological actions. For
most compounds however, a pre-clinical non-sedating anxiolytic
profile could not be translated in an improved therapeutic window
[12-14].

In order to develop compounds that selectively modulate only
certain GABAp receptor subtypes, knock-in and —out mice models
were used to elucidate the role of the different o subtypes. It was
found that the 2,3 subunits of the GABA, receptor are responsible
for anxiolysis and muscle relaxation [15-19], while the a1 subunit is
associated with sedation [19-22] and postural instability [23,24]. The
a5 subtype seems to be associated with memory and cognition [25-
27]. These findings have stimulated the search for ligands for different
GABA, receptor subtypes with a higher therapeutic selectivity. This
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is intended to result in an anxiolytic compound that is devoid of the
unwanted effects of existing benzodiazepines. There are two options
to attain this selectivity: selective affinity and selective efficacy for

a certain subtype. The first option first resulted in sleep inducers
with a higher affinity for the a1 receptor subtype (e.g. zolpidem,
zaleplon) [28]. More recently, compounds with a higher affinity

for the anxiolytic (0.2 or 0.3) GABA, receptor subtypes have been
developed [29-33]. Selective efficacy was the base for the development
of L-838417 [21], 5L65.1498 [20,24,34], Compound 4 [35], NSx [36]
and TPA023 [31,33,37]. Selective efficacy can be achieved by (partial)
agonistic activity at the 2,3 subtypes and less activity at the others
(e.g.sL65.1498, MK-0343) or by (partial) agonistic activity at the
02,3 subtypes, combined with antagonistic activity at the a1 and

ag subtypes (e.g. TPA023). These compounds with selective efficacy
have shown to be promising in pre-clinical studies, but this could so
far not be confirmed in clinical trials [38]. At present, ocinaplon [39]
and ELB-139, a GABA, 013 subtype-selective agonist [40,41], seem to
be most advanced in their clinical development [38]. Unexpectedly,
ocinaplon seems anxiolytic and non-sedating in patients despite

a preclinical pharmacological profile that is relatively a1 subtype
selective [39].

Thus, it seems that animal models have only limited predictive
value for subtype selectivity of GABA, (partial) agonists in humans.
However, healthy volunteers exhibit a range of Central Nervous System
(cNs) responses to non-selective benzodiazepines [12,42-44], which
may reflect an activation of different GABA, receptor subtypes. If
so, these cNs-responses may be appropriate biomarkers in healthy
volunteers, which could be predictive for the clinical effects in
patients.

This study was performed to explore some of the relationships
between various cNs-effects and pharmacological properties of
GABA, agonists in healthy humans. We have investigated several
subtype-selective and non-selective GABA, receptor agonists using
avalidated cNs test battery, including a range of different cNs-
functions that have all been shown to be very sensitive to non-selective
GABAy agonists (benzodiazepines), such as eye movements, body
sway and Visual Analogue Scales (vAs) of alertness, contentedness
and calmness [43,45,40]. Itis not unreasonable to assume that the
series of benzodiazepine effects reflect activation of different GABA,
receptor subtypes in different brain areas, although the nature of
these relationships is unknown in human. Preclinical experiments and
the effects of zolpidem suggest that subjective alertness in humans
is related to a1-stimulation. Memory effects (which we did not test
uniformly with all our compounds) seem to be related to a.5-receptor
subtypes [25]. The case is less clear for impairment of body sway,
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which could be caused by muscle relaxation, reflect reduced attention
or result from cerebellar effects. Reduction of saccadic peak velocity
has been shown to be closely related to the anxiolytic potencies of
benzodiazepines [42], and could thus hypothetically reflect a.2,3-
activity. Saccadic peak velocity is also reduced during sedation [47].
None of these parameters are necessarily pure biomarkers for any
specific effect or GABA, subtype. Nonetheless, it is expected that
compounds with comparable pharmacological characteristics will all
cause similar changes in these different cNs-effects.

An important requirement for such a comparison of effect profiles
is that doses should be therapeutically equipotent. Unfortunately,
the clinical effects and hence the therapeutic doses of the new
subtype selective compounds are often unknown in early phases of
development. To bypass this problem, we looked at the profiles of
different cNs-effects, by comparing the relations between effects
on body sway (postural (in)stability) and visual analogue scales of
alertness, relative to saccadic peak velocity (spv). This approach
produced graphs that illustrated the relative effect profiles compared
to full benzodiazepines, and also allowed for formal statistical testing.

We compared the relative effect profiles of the non-selective
GABA, ligands lorazepam and midazolam, to those of the novel a.2,3
selective (partial) agonists TPA023, 5L65.1498 and MK-0343, which are
in development as anxiolytics. The selective a1 agonist zolpidem was
also used in this analysis.

METHODS

17

The studies that are used for this article were all performed in healthy
male volunteers who signed informed consent before medical screen-
ing and participation. All studies were approved by the Medical Ethics
Review Board of Leiden University Medical Centre, and performed
according to their standards.

Data from five studies with different compounds, all performed at
the Centre for Human Drug Research, were used for analysis of this
manuscript. All studies included the same pharmacodynamic cNs
measurements that were measured frequently at different time points
until 8 hours post dose.

In vitro affinity and efficacy values were derived from Investigator’s
Brochures and published data [20,28,37,48]. Although the efficacies
were determined using whole-cell patch clamping, different cell
types and different GABA, receptor homologies were used. A formal
comparison between the pharmacological in vitro and human in vivo
characteristics was therefore not considered to be possible, and the
results were only evaluated semi-quantitatively.
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Treatments

The following GABA-ergic drugs were administered in the different
studies: TPA023 1.5 mg (n=12), mk-0343 0.75 mg (n=12), 5L65.1498
25 mg (n=20), zolpidem 10 mg (n=14), lorazepam 2 mg (two studies
n=24), midazolam 0.1 mg/kg during 25 min constant infusion (two
studies n=35). All treatments were administered as capsules to
subjects in the fasted state, except for midazolam, which was given
intravenously.

Therapeutically relevant doses of zolpidem, lorazepam and mida-
zolam were used as positive controls in the studies. For the investiga-
tional treatments (TPA023, MK-0343 and sL65.1498), no clinical data
are yet available, but the administered doses were expected to be anxi-
olytic, based on studies in animals and/or healthy volunteers.

Pharmacodynamic assesssments

18

Saccadic Eye Movements

Saccadic eye movements were recorded using a computer-based
system for data recording (Cambridge Electronics Design, Cambridge,
uK), Nihon Kohden equipment for stimulus display, signal collection
and amplification (Nihon Kohden Corporation, Tokyo, Japan),

and disposable surface electrodes (Medicotest N 00 s, Olstykke,
Denmark) [49]. Average values of latency (= reaction time), peak
saccadic velocity and inaccuracy (difference between stimulus angle
and corresponding saccade in %) were calculated for all artifact free
saccades. Saccadic peak velocity has been validated as the most
sensitive measure for the sedative effects of benzodiazepines [43,44].
Saccadic peak velocity (spv) has also been shown to be closely related
to the anxiolytic properties of benzodiazepines [42].

Visual Analogue Scale

Visual analogue scales as originally described by Norris [50] were
previously used to quantify subjective effects of benzodiazepines [44].
From the set of sixteen scales three composite factors were derived as
described by Bond and Lader [51], corresponding to alertness, mood
and calmness. These factors were used to quantify subjective drug
effects.

Body Sway

Body sway was measured with an apparatus similar to the Wright
ataxiameter [52], which integrates the amplitude of unidirectional
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body movement transferred through a string attached to the subject’s
waist. Two-minute measurements were made in the antero-posterior
direction with eyes closed, with subjects standing comfortably on a
firm surface with their feet slightly apart. Body sway is a measure of
postural stability that has previously been shown to be sensitive to
benzodiazepines [12].

Statistical analyses

Body sway values were log-transformed as data were clearly skewed. As
the maximum effect of zolpidem and sL65.1498 on spv, body sway and
VAS alertness was much smaller than the effect of lorazepam, only the
data outside the effect peak of lorazepam (from o-55 min and 300-355
min) were used for the analysis. Due to the short half-life of zolpidem,
measurements of 6 hours post-dose, which are a long time after peak
effect, are not included in the analysis for this compound. These
data points showed baseline levels of effects and would otherwise
incorrectly influence the analysis.

For the analysis a regression of change from baseline of body sway
orvas alertness on change from baseline of spv on the individual
data was performed with a mixed model with treatment as fixed factor
and spv change from baseline and intercept as random factors. The
estimate of the slopes of the linear relations between change from
baseline in body sway and spv, and between vas alertness and spv,
were compared between the subtype-selective GABA, agonists and
the benzodiazepines. The estimates of the slopes, their estimated
difference and the p-values were tabulated.

All calculations were performed using sas for Windows Vg.1.2 (sas
Institute, Inc.,Cary, NC, USA).

RESULTS

Relation between spv and Body Sway
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Figure 1 shows the averages of all subjects of spv and body sway per
study on the different time points. Table 2 shows the estimated aver-
age slopes for the different compounds and the comparison with lora-
zepam. TPA023 and MK-0343 showed a different effect on body sway
relative to sPv when compared to lorazepam (95%Cl: 2.52/ 4.26 and
2.65/4.36 respectively). The estimated slopes for sL65.1498 and zolpi-
dem did not differ from lorazepam (95%Cl: -0.09/1.95 and -2.21/0.91,
respectively). Midazolam also showed a different effect relationship
compared to that of lorazepam (0.34:103/2.22:10-3). This was due

to aloop in the spv-body sway-relationship for midazolam that was
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not observed for lorazepam. The upper part of the loop could not be
described, because for safety reasons body sway was first measured
only 36 minutes after the start of the midazolam infusions.

Relation between spv and VAs Alertness

Figure 2 shows the averages of all subjects of sPv and vas alertness
per study on the different time points. Table 3 shows the estimated
average SPV/|VAs alertness slopes for the different compounds and
the comparison with lorazepam. Both TPA023 and MK-0343 showed
a different effect on vas alertness relative to spv when compared to
lorazepam (95%Cl: -0.18/-0.075 and -0.11/-0.011, respectively), while
estimates of slopes for midazolam (95%Cl: -0.11/0.012), SL65.1498
(95%Cl: -0.11/0.024) and zolpidem (95%Cl: -0.11/0.13) did not differ
from lorazepam.

Relationships with in vitro pharmacological
characteristics

In vitro affinities and relative efficacy values of the different
compounds as determined from the literature are presented in

Table 1. No simple relationships could be identified between the
pharmacological characteristics and individual pharmacodynamic
properties. TPA023 and MK-0343, which both showed the most specific
effect relationship profiles, also had the lowest efficacies in vitro

for the a1-receptor subtype. Zolpidem and sL65.1498, whose effect
relationships were much more benzodiazepine-like, had much higher
ai-efficacy values than any other compound.

DISCUSSION

This analysis was performed to compare the Central Nervous

System (cNs) effects of a range of GABA, ligands with different
pharmacological binding and efficacy profiles, to get an impression of
their selectivity in comparison with non-selective full benzodiazepine
agonists in healthy volunteers. Different cNs-effects were chosen,
that have been shown to be sensitive to benzodiazepines, and which
reflect different types of effects that could be related to distinct GABAA
subtypes —although it was impossible to determine the nature of these
relationships a priori. Based on preclinical data, it was hypothesized
thatvisual analogue scales of subjective alertness could reflect
a1-receptor subtype activity [19-22]. Memory effects could be related
to ag-receptor subtypes [25-27], but this could not be addressed
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since we did not employ uniform memory tests in each individual
study. The associations were less evident for saccadic peak velocity,
which could be associated with anxiolysis [42], which is hypothetically
related to 0.2,3-receptor subtypes [15-18], but also with sedation
[47], associated with ai1-receptor subtypes. Body sway (postural
instability) could have a potential association with both a1-receptor
subtypes (as a manifestation of sedation) [23,24] or 2,3 subtypes
(muscle relaxation) [15,16]. Thus, it was impossible to formulate
unequivocal a priori hypotheses, regarding the associations between
these cNs-effects, specific GABA, receptor subtypes and the drugs’
pharmacological properties. But even using an empirical approach,
it was reasonable to assume that these associations would be similar
for compounds with comparable pharmacological characteristics.
Conversely, if similarity could be confirmed among benzodiazepines,
differences between non-selective and novel selective compounds
could be viewed as indicators for their pharmacological disparities.

The comparisons showed that intravenous midazolam did not
differ substantially from oral lorazepam, except for different time-
relationships between body sway and spv effects. In contrast, the novel
partial 0.2,3-receptor subtype-selective GABA, agonists TPA023 and
MK-0343 exhibited relatively reduced subjective sedation and postural
imbalance. On sedation, the opposite was found for zolpidem, a
relatively au1-selective non-benzodiazepine hypnotic, although the
difference with lorazepam failed to reach statistical significance.
sL65.1498 had much smaller effects than any of the other compounds,
but across this range the slopes for the different effects were similar to
those of the benzodiazepines The average graphs (Figures 1 and 2) give
a clear overview of differences and similarities among the compounds.

These results differed somewhat from preclinical findings. The
three functional selective GABA, ligands TPA023, MK-0343 and
sL05.1498 had comparable effects in animal studies. They all showed
anxiolytic effects at doses that were not sedative. TPA023 did not show
any sedation in animal studies [31,37], which is probably due to the
antagonistic effects at the a1 subtype. Despite similar effect profiles
in animal models, the three compounds displayed different relations
between effects in healthy volunteers. Thus, behavioural animal
models did not accurately predict the effects in healthy volunteers.
Asimilar conclusion was reached in an earlier study, where the partial
non-selective GABA, agonist bretazenil, which was predicted to be
a ‘non-sedating anxiolytic’ in animal models, was found to be just
sedative as diazepam in healthy volunteers [12].

Attempts were made to relate the differences in relative effect
relationships to the pharmacological properties of the compounds.
Only TPA023 and MK-0343 were examined using the same
oocyte-clamp studies. It may be difficult to compare the in vitro
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pharmacological efficacies from different studies and laboratories.
However, with this caveat there seemed to be a partial agreement
between the observed differences in effect relationships in our

studies, and the pharmacological receptor efficacies found in vitro.
Table 1 shows that the absolute magnitudes of the efficacies on the
ai-receptor subtypes runs parallel to the selectivity of the relationships
that we observed in humans. In preclinical studies, a1-efficacy is

often expressed relative to the efficacy on a.2,3-receptor subtypes,

to determine whether an anxiolytic GABA, agonist is relatively non-
sedative. However, sL65.1498 showed a relative low ai1/a2,3-ratio (0.39
and 0.54) compared to that of Mk-0343 (0.78 and 0.4), whereas their
effect profiles were quite different. This suggests that compounds
should have a very low absolute a1-efficacy to be relatively non-
sedative. Despite its relative selectivity, the a1-efficacy of sL65.1498
may be too high in absolute terms to allow an effect differentiation for
this compound. Behavioural animal studies, in which rats were trained
to discriminate between chlordiazepoxide or zolpidem, have also
shown that sL65.1498 generalized to both the triazolam and zolpidem
cue [36]. This is another indication for a significant efficacy at the a1
subtype, which is shared by the reference drugs. This could explain why
sL65.1498 behaved much like a non-selective (partial or low-dosed)
GABA, agonist in healthy volunteers. These comparisons suggest

that in vitro receptor efficacy should not only be selective for a certain
desired subtype, but also be sufficiently low to avoid undesired clinical
effects. The same reasoning could apply to the a.2,a.3-efficacies needed
for anxiolytic effects, but this cannot be determined without detailed
information about the anxiolytic potencies of these novel agents.

An important prerequisite for our approach was that non-selective
benzodiazepines showed similar relative effect relationships. This
condition was met with some constraints. The profiles for midazolam
showed a loop for both the body sway/spPv- and vas/spv-relationships
(Figures 1 and 2), which was not the case for lorazepam. For the vAs/
spv-relationships, this did not lead to differences in the slopes of the
curves. For the body sway/spv-relationship, the initial (upper) part of
the loop could not be described, because in these experiments body
sway was only first measured after 36 minutes, to avoid falls during the
midazolam infusion phase (in contrast to sPv and vAs alertness). The
incomplete loop was tilted to the lower part of the curve, which led to
a statistically significantly different slope compared to lorazepam. We
do not believe this represents a real difference in selectivity between
the compounds. Rather, the loop for midazolam seems to be a conse-
quence of intravenous drug administration. The rapid rise in plasma
concentrations appears to reveal different equilibration half lives for
the various cNs-effects, which seem slower for spv than for body sway
orVAs alertness. These differences did not become apparent with the
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slow rise in plasma concentrations after oral dosing of lorazepam. This
may also explain the smaller loops observed for zolpidem, which is
absorbed very rapidly after oral administration [53] (Figures 1 and 2).

To test the validity of the relative effect profiles as predictors of
clinical efficacy, the a1-selective non-benzodiazepine zolpidem was
included in the analyses. Zolpidem has been developed as a selective
hypnotic with higher affinity for the a1 subtype, which is believed to be
associated with sedation [19-22]. The effect on vAs alertness seemed
to be more substantial than the effects on spv, which was the opposite
of the results for compounds with relatively little ai1-efficacy (Figure 2).
This is in line with expectations, although the contrast with lorazepam
failed to reach statistical significance. The body sway/spv relation-
ship did not differ from that of lorazepam. The equivocal distinctions
between zolpidem and the benzodiazepines are a reflection of the lit-
erature. Some studies have suggested that zolpidem is a relatively weak
anxiolytic [54], which would agree with a relatively small spv-reduction
in proportion to the sedative effects as suggested by Figure 2. On the
other hand, several other studies have been unable to show consistent
clinical differences between zolpidem and non-selective benzodiaz-
epines [55,561. It is also known that zolpidem causes postural instabil-
ity [23], which is an argument that body sway increases are related with
a1- [24] rather than a.2-activity. The major clinical benefit of zolpidem
as a sleep-onset hypnotic with relatively few side effects after awaken-
ing seems to be the result of its rapid action with a quick absorption
and short elimination half-life, rather than its a1-subtype selectivity.
Although we found few differences between zolpidem and benzodi-
azepines, it could still be selective. Zolpidem did not show any effects
on memory tests that we performed with this compound [53], whereas
memory was consistently affected with lorazepam in other studies by
our group [57,581. Adirect comparison of the memory effects of the
different compounds could have provided interesting information on
their relative a5-efficacies, but unfortunately different methods of
memory testing were used in the various studies.

It could be argued that a comparison of the different compounds is
precluded by a lack of equipotency. We have taken several precautions
that should allow a reasonable comparison. First, doses of the
investigational compounds were all predicted to be in the therapeutic
range based on animal studies, and therapeutically relevant doses were
used for the registered compounds. Plasma levels that were measured
during the individual studies in healthy volunteers were confirmed to
be similar to the anxiolytic and non-sedative levels in animals. Based
on the results of our studies, it cannot be excluded that the dose of
sL65.1498 was low in comparison to the other compounds. This dose
was mainly chosen to avoid (sedative) side effects that were found
with higher doses in early healthy volunteer studies. However, we
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particularly looked at the relations of different parameters relative to
spv reduction, which has been shown to be closely associated with
anxiolytic effects of benzodiazepines [42]. These measures should
have formed a sound basis for a comparison of drugs at doses that are
not exactly equipotent.

sL65.1498 had very limited effects on any pharmacodynamic
parameter. Therefore, it can be expected that this compound will not
only be devoid of sedative effects, but sL65.1498 may also not be a
very potent anxiolytic -at least at a dose of 25 mg. In contrast, TPA023
and to a lesser extent Mk-0343 showed selective effects on spv (which
has been related to the anxiolytic potencies of benzodiazepines [42])
without many other cNs-effects. These drugs could be expected to be
anxiolytic with reduced sedative or postural side effects. Preliminary
results of a fear-potentiated startle (FPS) paradigm in healthy subjects
support the anxiolytic efficacy of single dose TPA023 2.0 mg (MsD,
unpublished data). In that study, startle amplitude during threat
conditions was significantly reduced when subjects received TPA023
2.0 mg compared to placebo (p<0.0035). So far, clinical data on the
effects of these drugs in patients with an anxiety disorder are limited.
TPA023 and sL65.1498 have been studied in anxiety patients, but the
results have not been published. For undisclosed reasons, the develop-
ment of all agents reported in this article does not seem to have con-
tinued for anxiety disorders. The results of the FPS trial with TPA023
support the findings of our exploratory analysis, but the predictive
value of our studies in healthy volunteers will require corroboration in
anxiety patients, where the relationships may be different.

In conclusion, the selective a.2,3-agonists TPA023 and MK-0343
cause relatively little subjective sedation and postural imbalance,
compared to full benzodiazepine agonists. This corresponds to
their a1i-receptor efficacy in vitro. sL65.1498 showed a much higher
a1-efficacy and was much less selective in healthy volunteers. The
effects on body sway of the a1-selective compound zolpidem were
very similar to those of non-selective benzodiazepines, whereas the
sedative effects of zolpidem seemed more pronounced. This indicates
that many of the inadvertent effects of GABAergic anxiolytics are due
to a-activation, and some aii-antagonism may be needed to avoid
them altogether. These results provide support for the selectivity of
some partial subtype-selective GABA-agonists, compared to a full-
agonist benzodiazepine. Comparisons of pharmacodynamic profiles
between different compounds, by analysis of the relative effect
relationships, can provide meaningful insights into the selectivity of
different (partial) a2,3 agonists, which is relatively independent of the
potencies of the doses. In the future, when more therapeutic results
of clinical trials are available, the significance and predictive value of
these analyses should be substantiated further.

PHARMACOLOGICAL DIFFERENCES OF GABAERGIC COMPOUNDS: A PHARMACODYNAMIC CHARACTERIZATION



Compound

TPA023" (a)

MK-0343" (b)

$165.1498" (€)

215

Zolpidem

Treatment

Estimate of
treatment

(logmm-sec-deg™)

Estimate of
Lorazepam

(logmm-sec-deg™)

Estimate of difference
Lorazepam-treatment
(logmm-sec-deg™)

5000 (d)

Midazolam

-3.2:107

-4.5-107

1.3-107

0.34-107

2.22:10°

SL65.1498"

-1.5-107

-2.5-107

0.93-107

-0.09-107°

1.95-107

TPAO23

-1.1-107

-4.5-107

3.4-10°

2.52-107

4.26°107

MK-0343

-0.97-107

-4.5-107

3.5-107

2.65-107

4.36-107

Zolpidem®

Treatment

-3.1-10°

Estimate of
treatment
(mm-sec-deg™)

-2.5-107

Estimate of
Lorazepam
(mm-sec-deg™)

-0.65-10°

Estimate of difference
Lorazepam-treatment
(mm-sec-deg™)

-2.21-107

0.91-107

Midazolam

0.16

0.21

-0.048

SL65.1498"

0.090

0.13

-0.042

TPAO23

0.085

0.21

-0.13

MK-0343

0.15

0.21

-0.062

Zolpidem*

0.14

0.13

0.0082




-20 o

g

G008 60
spv: change from baseline
Zolpidem
spv: change from baseline

-120

Y a9 9 % © ¥ o o o
s 3 3 3 8 3§ § g 3¢

s & o
auljaseq wouy a8ueyd :Kems Apog 801 unaseq wouy a8ueyd Aems Apog 807

-20

%0

ET TR
spv: change from baseline

5L65.1498

2

iE
5 o
< N
g ©
£ 3
2

spv: change from baseline

-120

% © ¥ N o o ¥ o o A R )
S 6 & o6 & ¢ 5 6 o o o© ¢ S 6 & o6 & ¢
mc__meEE..mm:E_uﬂmsmgwo._ uz__umBEE.*mm:Eu%Bm%omuo._ uc__wm@n_Eotwwcm;uS@sm%oqu_




TPAO23 MK-0343

3

o

8

VAs Alertness: change from baseline
3

VAs Alertness: change from baseline
3

%

G0 %o o a0 o 40 20
sPv: change from baseline sPv: change from baseline

sL65.1498

Zolpidem

VAs Alertness: change from baseline

VAS Alertness: change from baseline

G0 Bo o bo 40 20 120 -100 80 00 40  -20
spv: change from baseline spv: change from baseline

Midazolam

40 20

spv: change from baseline




REFERENCES

128

Nutt D). Overview of diagnosis and drug
treatments of anxiety disorders. cNs Spectr 2005
10: 49-50.

Bell CJ, Nutt DJ. Serotonin and panic. Br)
Psychiatry 1998 172: 465-471.

Roy-Byrne PP. The GABA-benzodiazepine
receptor complex: structure, function, and

role in anxiety. ] Clin Psychiatry 2005 66 Suppl
2:14-20.

Bremner JD, Innis RB, White T, Fujita M,
Silbersweig D, Goddard AW, Staib L, Stern E,
Cappiello A, Woods S, Baldwin R, Charney DS.
SPECT [I-123]iomazenil measurement of the
benzodiazepine receptor in panic disorder. Biol
Psychiatry 2000 47: 96-1006.

Tiihonen J, Kuikka J, Rasanen P, Lepola U,
Koponen H, Liuska A, Lehmusvaara A, Vainio

P, Kononen M, Bergstrom K, Yu M, Kinnunen |,
Akerman K, Karhu J. Cerebral benzodiazepine
receptor binding and distribution in generalized
anxiety disorder: a fractal analysis. Mol
Psychiatry 1997 2:463-471.

Ray WA, Thapa PB, Gideon P. Benzodiazepines
and the risk of falls in nursing home residents.
Am Geriatr Soc 2000 48: 682-685.

Allain H, Bentue-Ferrer D, Polard E, Akwa Y, Patat
A. Postural instability and consequent falls and
hip fractures associated with use of hypnotics in
the elderly: a comparative review. Drugs Aging
2005 22:749-705.

Paterniti S, Dufouil C, Alperovitch A. Long-term
benzodiazepine use and cognitive decline in

the elderly: the Epidemiology of Vascular Aging
Study. ] Clin Psychopharmacol 2002 22:285-
203.

Madhusoodanan S, Bogunovic OJ. Safety of
benzodiazepines in the geriatric population.
Expert Opin Drug Saf 2004 3:485-493.

Barnard EA, Skolnick P, Olsen RW, Mohler H,
Sieghart W, Biggio G, Braestrup C, Bateson AN,
Langer SZ. International Union of Pharmacology.
XV. Subtypes of gamma-aminobutyric acidA
receptors: classification on the basis of subunit
structure and receptor function. Pharmacol Rev
1998 50:201-313.

Haefely W, Martin JR, Schoch P. Novel anxiolytics
that act as partial agonists at benzodiazepine
receptors. Trends Pharmacol Sci 1990 11: 452-
456.

van Steveninck AL, Gieschke R, Schoemaker RC,
Roncari G, Tuk B, Pieters MS, Breimer DD, Cohen
AF. Pharmacokinetic and pharmacodynamic
interactions of bretazenil and diazepam with

20

21

alcohol. BrJ Clin Pharmacol 1996 41: 565-573.
Evans SM, Foltin RW, Levin FR, Fischman MW.
Behavioral and subjective effects of DN-2327
(pazinaclone) and alprazolam in normal
volunteers. Behav Pharmacol 1995 6: 176-186.
Linden M, Hadler D, Hofmann S. Randomized,
double-blind, placebo-controlled trial of the
efficacy and tolerability of a new isoindoline
derivative (DN-2327) in generalized anxiety.
Human Psychopharmacology-Clinical and
Experimental 1997 12:445-452.

Low K, Crestani F, Keist R, Benke D, Brunig|,
Benson JA, Fritschy JM, Rulicke T, Bluethmann H,
Mobhler H, Rudolph U. Molecular and neuronal
substrate for the selective attenuation of anxiety.
Science 2000 290: 131-134.

Rudolph U, Crestani F, Mohler H. GABA(A)
receptor subtypes: dissecting their
pharmacological functions. Trends Pharmacol
Sci 2001 22:188-194.

Atack JR, Hutson PH, Collinson N, Marshall G,
Bentley G, Moyes C, Cook SM, Collins I, Wafford
K, McKernan RM, Dawson GR. Anxiogenic
properties of an inverse agonist selective for
alpha3z subunit-containing GABA A receptors. Br|
Pharmacol 2005 144: 357-366.

Dias R, Sheppard WF, Fradley RL, Garrett EM,
Stanley JL, Tye SJ, Goodacre S, Lincoln R,

Cook SM, Conley R, Hallett D, Humphries AC,
Thompson SA, Wafford KA, Street L}, Castro

JL, Whiting PJ, Rosahl TW, Atack JR, McKernan
RM, Dawson GR, Reynolds DS. Evidence fora
significant role of alpha3-containing GABA,
receptors in mediating the anxiolytic effects of
benzodiazepines. | Neurosci 2005 25:10682-
10688.

Rudolph U, Crestani F, Benke D, Brunig |, Benson
JA, Fritschy JM, Martin JR, Bluethmann H, Mohler
H. Benzodiazepine actions mediated by specific
gamma-aminobutyric acid(A) receptor subtypes.
Nature 1999 401: 796-800.

Griebel G, Perrault G, Simiand J, Cohen C,
Granger P, Decobert M, Francon D, Avenet P,
Depoortere H, Tan S, Oblin A, Schoemaker

H, EvannoY, Sevrin M, George P, Scatton B.
sL651498: an anxioselective compound with
functional selectivity for alpha2- and alphas-
containing gamma-aminobutyric acid(A)
(GABA(A)) receptors. ] Pharmacol Exp Ther 2001
208: 753-768.

McKernan RM, Rosahl TW, Reynolds DS, Sur

C, Wafford KA, Atack JR, Farrar S, Myers |,

Cook G, Ferris P, Garrett L, Bristow L, Marshall
G, Macaulay A, Brown N, Howell O, Moore

KW, Carling RW, Street L}, Castro JL, Ragan

PHARMACOLOGICAL DIFFERENCES OF GABAERGIC COMPOUNDS: A PHARMACODYNAMIC CHARACTERIZATION



22

23

24

25

26

27

28

29

129

Cl, Dawson GR, Whiting PJ. Sedative but not
anxiolytic properties of benzodiazepines are
mediated by the GABA(A) receptor alpha1
subtype. Nat Neurosci 2000 3:587-592.

Tobler I, Kopp C, Deboer T, Rudolph U.
Diazepam-induced changes in sleep: role of the
alpha 1 GABA(A) receptor subtype. Proc Natl Acad
Sci UsA 2001 98: 6464-6469.

Mattila MJ, Vanakoski J, Kalska H, Seppala T.
Effects of alcohol, zolpidem, and some other
sedatives and hypnotics on human performance
and memory. Pharmacol Biochem Behav 1998
59:917-923.

Licata SC, Platt DM, Cook JM, Sarma PV,

Griebel G, Rowlett JK. Contribution of GABA,
receptor subtypes to the anxiolytic-like,

motor, and discriminative stimulus effects of
benzodiazepines: studies with the functionally
selective ligand s.651498 [6-fluoro-g-methyl-2-
phenyl-4-(pyrrolidin-1-yl-carbonyl)-2,9-dihydro-
1H-py ridol[3,4-blindol-1-one]. ] Pharmacol Exp
Ther 2005 313:1118-1125.

Collinson N, Kuenzi FM, Jarolimek W, Maubach
KA, CothliffR, Sur C, Smith A, Otu FM, Howell O,
Atack JR, McKernan RM, Seabrook GR, Dawson
GR, Whiting PJ, Rosahl TW. Enhanced learning
and memory and altered GABAergic synaptic
transmission in mice lacking the alpha 5 subunit
ofthe GABA, receptor. ] Neurosci 2002 22:5572-
5580.

Hopfenbeck JR, Cowley DS, Radant A, Greenblatt
DJ, Roy-Byrne PP. Effects of diphenhydramine on
human eye movements. Psychopharmacology
(Berl) 1995 118: 280-286.

Dawson GR, Maubach KA, Collinson N, Cobain
M, Everitt BJ, MacLeod AM, Choudhury HI,
McDonald LM, Pillai G, Rycroft W, Smith AJ,
Sternfeld F, Tattersall FD, Wafford KA, Reynolds
DS, Seabrook GR, Atack JR. An inverse agonist
selective for alphag subunit-containing GABA,
receptors enhances cognition. ] Pharmacol Exp
Ther 2006 316:1335-1345.

Crestani F, Martin JR, Mohler H, Rudolph U.
Mechanism of action of the hypnotic zolpidem in
vivo. BrJ Pharmacol 2000 131:1251-1254.

Lager E, Andersson P, Nilsson J, Pettersson I,
Nielsen EO, Nielsen M, Sterner O, Liljefors T.
4-Quinolone Derivatives: High-Affinity Ligands
at the Benzodiazepine Site of Brain GABA(A)
Receptors. Synthesis, Pharmacology, and
Pharmacophore Modeling. ] Med Chem 2006 49:
2526-2533.

Carling RW, Moore KW, Street LJ, Wild D, Isted
C, Leeson PD, Thomas S, O’Connor D, McKernan
RM, Quirk K, Cook SM, Atack JR, Wafford KA,

32

33

34

35

36

Thompson SA, Dawson GR, Ferris P, Castro

JL. 3-phenyl-6-(2-pyridyl)methyloxy-1,2,4-
triazolo[3,4-alphthalazines and analogues:
high-affinity gamma-aminobutyric acid-A
benzodiazepine receptor ligands with alpha 2,
alpha 3, and alpha 5-subtype binding selectivity
overalpha 1. ) Med Chem 2004 47:1807-1822.
Carling RW, Madin A, Guiblin A, Russell MG,
Moore KW, Mitchinson A, Sohal B, Pike A, Cook
SM, Ragan IC, McKernan RM, Quirk K, Ferris P,
Marshall G, Thompson SA, Wafford KA, Dawson
GR, Atack JR, Harrison T, Castro JL, Street LJ.
7-(1,1-Dimethylethyl)-6-(2-ethyl-2H-1,2,4-
triazol-3-ylmethoxy)-3-(2-fluoro phenyl)-1,2,4-
triazolo[4,3-b]pyridazine: a functionally selective
gamma-aminobutyric acid(A) (GABA(A)) alphaz/
alphaz-subtype selective agonist that exhibits
potent anxiolytic activity but is not sedating in
animal models. ] Med Chem 2005 48: 7089-
7092.

Goodacre SC, Street L, Hallett D), Crawforth
JM, Kelly S, Owens AP, Blackaby WP, Lewis

RT, Stanley J, Smith A, Ferris P, Sohal B, Cook
SM, Pike A, Brown N, Wafford KA, Marshall G,
Castro JL, Atack JR. Imidazo[1,2-alpyrimidines
as functionally selective and orally bioavailable
GABA(A)alphaz/alphas binding site agonists for
the treatment of anxiety disorders. ] Med Chem
2006 49: 35-38.

Russell MG, Carling RW, Street LJ, Hallett DJ,
Goodacre S, Mezzogori E, Reader M, Cook SM,
Bromidge FA, Newman R, Smith A}, Wafford

KA, Marshall GR, Reynolds DS, Dias R, Ferris P,
StanleyJ, Lincoln R, Tye S), Sheppard WF, Sohal
B, Pike A, Dominguez M, Atack JR, Castro JL.
Discovery of imidazo[1,2-b][1,2,4]triazines as
GABA(A) alpha2/3 subtype selective agonists for
the treatment of anxiety. ] Med Chem 2006 49:
1235-1238.

Griebel G, Perrault G, Simiand J, Cohen C,
Granger P, Depoortere H, Francon D, Avenet P,
Schoemaker H, Evanno Y, Sevrin M, George P,
Scatton B. sL651498, a GABA, receptor agonist
with subtype-selective efficacy, as a potential
treatment for generalized anxiety disorder and
muscle spasms. cNs Drug Rev 2003 9: 3-20.
Johnstone TB, Hogenkamp DJ, Coyne L, Su J,
Halliwell RF, Tran MB, Yoshimura RF, Li WY,
Wang J, Gee KW. Modifying quinolone antibiotics
yields new anxiolytics. Nat Med 2004 10: 31-32.
Mirza NR, Rodgers JR, Mathiasen LS.
Comparative cue generalisation profiles of
L-838,417, 5L651498, zolpidem, CL218,872,
ocinaplon, bretazenil, zopiclone and various
benzodiazepines in chlordiazepoxide and

SECTION 1 * THE ASSESSMENT OF PHARMACODYNAMIC EFFECTS OF NEWLY DESIGNED GABAERGIC

AGENTS IN EARLY PHASE DRUG DEVELOPMENT



37

38

39

4

42

43

44

45

130

zolpidem drug discrimination. | Pharmacol Exp
Ther 2005.

Atack JR, Wafford KA, Tye SJ, Cook SM, Sohal

B, Pike A, Sur C, Melillo D, Bristow L, Bromidge
F,Ragan |, Kerby J, Street L, Carling R, Castro
JL, Whiting P, Dawson GR, McKernan RM.
TPA023 [7-(1,1-Dimethylethyl)-6-(2-ethyl-2H-
1,2,4-triazol-3-ylmethoxy)-3-(2-fluor ophenyl)-
1,2,4-triazolo[4,3-b]pyridazine], an Agonist
Selective for {alpha}2- and {alpha}3-Containing
GABA, Receptors, Is a Nonsedating Anxiolytic
in Rodents and Primates. ] Pharmacol Exp Ther
20006 3106:410-422.

Atack JR. The benzodiazepine binding site

of GABA(A) receptors as a target for the
development of novel anxiolytics. Expert Opin
Investig Drugs 2005 14: 601-618.

Lippa A, Czobor P, Stark ], Beer B, Kostakis E,
Gravielle M, Bandyopadhyay S, Russek S}, Gibbs
TT, Farb DH, Skolnick P. Selective anxiolysis
produced by ocinaplon, a GABA(A) receptor
modulator. Proc Natl Acad Sci UsA 2005 102:
7380-738s.

Langen B, Egerland U, Bernoster K, Dost R,
Unverferth K, Rundfeldt C. Characterization

in rats of the anxiolytic potential of ELB139
[1-(4-chlorophenyl)-4-piperidin-1-yl-1,5-
dihydro-imidazol-2-on], a new agonist at the
benzodiazepine binding site of the GaA,
receptor. ] Pharmacol Exp Ther 2005 314:717-
724.

Rabe H, Kronbach C, Rundfeldt C, Luddens H.
The novel anxiolytic ELB139 displays selectivity
to recombinant GABA(A) receptors different from
diazepam. Neuropharmacology 2007 52:796-
8o1.

de Visser S}, van der Post JP, de Waal PP, Cornet
F, Cohen AF, van Gerven JM. Biomarkers for the
effects of benzodiazepines in healthy volunteers.
BrJ Clin Pharmacol 2003 55: 39-50.

van Steveninck AL, Verver S, Schoemaker

HC, Pieters MS, Kroon R, Breimer DD, Cohen
AF. Effects of temazepam on saccadic eye
movements: concentration-effect relationships
in individual volunteers. Clin Pharmacol Ther
1992 52:402-408.

van Steveninck AL, Schoemaker HC, Pieters MS,
Kroon R, Breimer DD, Cohen AF. A comparison
of the sensitivities of adaptive tracking, eye
movement analysis and visual analog lines to the
effects of incremental doses of temazepam in

healthy volunteers. Clin Pharmacol Ther 1991 50:

172-180.
van Steveninck AL, Mandema JW, Tuk B, Van
Dijk )G, Schoemaker HC, Danhof M, Cohen

46

47

48

49

51

52

53

54

55

56

57

AF. A comparison of the concentration-effect
relationships of midazolam for EEG-derived
parameters and saccadic peak velocity. Br ) Clin
Pharmacol 1993 36:109-115.

van Steveninck AL, Gieschke R, Schoemaker
HC, Pieters MS, Kroon JM, Breimer DD, Cohen
AF. Pharmacodynamic interactions of diazepam
and intravenous alcohol at pseudo steady state.
Psychopharmacology (Berl) 1993 110: 471-478.
van Steveninck AL, van Berckel BN, Schoemaker
RC, Breimer DD, van Gerven JM, Cohen AF. The
sensitivity of pharmacodynamic tests for the
central nervous system effects of drugs on the
effects of sleep deprivation. J Psychopharmacol
1999 13:10-17.

Sanna E, Busonero F, Talani G, Carta M, Massa
F, Peis M, Maciocco E, Biggio G. Comparison of
the effects of zaleplon, zolpidem, and triazolam
atvarious GABA(A) receptor subtypes. Eur )
Pharmacol 2002 451: 103-110.

van Steveninck AL, Cohen AF, Ward T. A
microcomputer based system for recording

and analysis of smooth pursuit and saccadic
eye movements. BrJ Clin Pharmacol 1989 27:
712P-713P.

Norris H. The action of sedatives on

brain stem oculomotor systems in man.
Neuropharmacology 1971 10:181-191.

Bond A, Lader M. The use of analogue scales in
rating subjective feelings. Br) Med Psychol 1974
47:211-218.

Wright BM. A simple mechanical ataxia-meter. ]
Physiol 1971 218: 27P-28P.

de Haas, S. L., Schoemaker, R. C., Dingemanse,
J., Hoever, P., Cohen, A. F., and van Gerven, J. M.
A. The pharmacokinetic, pharmacodynamic and
pharmacokinetic/pharmacodynamic effects of
zolpidem in healthy volunteers. 2007.
Lobarinas E, Falk JL. Comparison of
benzodiazepines and the non-benzodiazepine
agents zolpidem and zaleplon with respect

to anxiolytic action as measured by increases

in hypertonic NaCl-solution drinking in rats.
Psychopharmacology (Berl) 2000 149: 176-180.
Rush CR. Behavioral pharmacology of zolpidem
relative to benzodiazepines: a review. Pharmacol
Biochem Behav 1998 61: 253-269.

DundarY, Dodd S, Strobl J, Boland A, Dickson

R, Walley T. Comparative efficacy of newer
hypnotic drugs for the short-term management
of insomnia: a systematic review and meta-
analysis. Hum Psychopharmacol 2004 19: 305-
322.

de Haas SL, de Visser S, van der Post JP, de smet
M, Schoemaker RC, rijnbeek B, Cohen AF, Vega

PHARMACOLOGICAL DIFFERENCES OF GABAERGIC COMPOUNDS: A PHARMACODYNAMIC CHARACTERIZATION



131

5

(o]

JM, Agrawal NG, Goel TV, Simpson RC, Pearson
LK, Li S, Hesney M, Murphy MC, van Gerven MA.
Pharmacodynamic and pharmacokinetic effects
of TPA023, a GABA, {alpha}2,3 subtype-selective
agonist, compared to lorazepam and placebo in
healthy volunteers. | Psychopharmacol 2007 21:
374-383.

de Haas SL, de Visser SJ, van der Post JP,
Schoemaker RC, van Dyck K, Murphy MG, de
smet M, Vessey LK, Ramakrishnan R, Xue L,
Cohen AF, van Gerven JM. Pharmacodynamic and
pharmacokinetic effects of MK-0343, a GABA,
{alpha}2,3 subtype selective agonist, compared
to lorazepam and placebo in healthy male
volunteers. | Psychopharmacol 2008 22:24-32

SECTION 1 * THE ASSESSMENT OF PHARMACODYNAMIC EFFECTS OF NEWLY DESIGNED GABAERGIC

AGENTS IN EARLY PHASE DRUG DEVELOPMENT



132

PHARMACOLOGICAL DIFFERENCES OF GABAERGIC COMPOUNDS: A PHARMACODYNAMIC CHARACTERIZATION



